
ASTROPARTICLE PHYSICS WITH HIGH ENERGY
NEUTRINOS

StevenW. Barwick
�

Departmentof PhysicsandAstronomy

Universityof California

Irvine, CA 92697

ABSTRACT

Interestin cosmicsourcesof high energy neutrinosdatesbackto the
late 1950’s. This paperoutlines the interdisciplinaryscientific agenda,
whichspanthefieldsof astronomy, particlephysics,andcosmicrayphysics.
While the generaldetectionprinciplesbasedon optical Cherenkov radia-
tion have beenunderstoodfor many years,the unusualgeographicloca-
tionsof suitabledetectorsiteshavechallengedtheingenuityof experimen-
talists. Two high energy neutrinoprogramsarenow operating(NT200 in
LakeBaikalandtheAMANDA detector),with theexpectationof ushering
in the eraof multi-messengerastronomy. Two Mediterranean-basedpro-
gramshave madeimpressive progress.Thesedetectorsareoptimizedto
detectneutrinoswith energiesof theorderof 1-10TeV, althoughthey are
capableof detectingneutrinosovera muchbroaderrangeof energies.For�������	��

�

eV, severalnew ideasarebeingexploitedto expandtheeffec-
tive volumeof the detector. Thesetechniquesarebasedon the detection
of neutrino-initiatedcascades.We describetheongoingworldwideefforts
to developexpandabletechniquesandoffer anassessmentof their relative
capabilities.
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Fig. 1. Relevant energy scalesfor variouscosmicmessengers.Due to the weakinteraction

strength,theneutrinocanpropagatethroughouttheUniversewithout attenuation.Thediffuse

infraredbackgroundattenuatesphotonswith energiesabove10TeV. Cosmicrayspointbackto

the sourcesif they have sufficiently high energy, but interactionswith the cosmicmicrowave

backgroundphotonslimit thepropagationlengthto lessthan50Mpc.

1 Introduction

TheUniverseis opaqueto photonsabove several tensof TeV, so informationmustbe

carriedby differentmessengers.Soonafterthediscoveryof theneutrinoin the1950’s,

Reines,Greisen,Markov andothers



immediatelyrecognizedthetremendouspotential

of theneutrinomessengerfor astronomy. At high energies,only neutrinoscandirectly

convey astrophysicalinformationfrom themostdistantreachesof theUniverse(Fig.1)

or from deepinsidethemostbreathtakinglypowerful regionsof thesky weknow.

Neutrinosprovide a uniqueview of how natureacceleratesparticles.In particular,

they clarify therole of stronglyinteractingparticlesin theastrophysicalmilieu. Once

produced,neutrinosareunaffectedby interveningmatteror photons.Beinguncharged,

they propagatethroughtheuniverseundisturbedby magneticfields.Theneutrinomes-

sengermayprovide theonly clearrouteto thesourcesof extremelyenergetic cosmic

rays. The greatversatility of the neutrinomessengeris revealedby the richnessof

the sciencegoalsproposedfor neutrinoastronomy, which spanthe fields of cosmol-

ogy, particlephysics,andastrophysics.At thehighestenergiesyetmeasured,neutrinos

may be the only experimentalprobeof the critical physicsmechanismsaffecting the



evolutionof theearlyUniverse.

Approximatelyfifty yearsafter theneutrinowasfirst suggestedasa powerful new

messenger, detectorsin LakeBaikalandtheSouthPolewerecommissionedto provide

thefirst exploratoryviewsof theneutrinosky at � TeV energies.Theirsuccess,andthe

rapidprogressby similareffortsin theMediterranean,suggestthathighenergy neutrino

telescopesarereadyto inauguratethefield of multi-messengerastronomy. This paper

attemptsto summarizethesciencemotivationandexperimentalprogressachievedthus

far, andto describevariousideason how to improve thesensitivity of neutrinodetec-

tion. Thehighestenergy frontierholdsgreatpromisefor dramaticadvances.

Theoristshave identifieda variety of potentialsitesof high energy (HE) neutrino

production,andseveral extensive reviews of this topic have appearedrecentlyin the

literature.����� For example,Protheroehassummarizedtheastrophysicalpredictionsof

diffuseneutrinointensitiesbetween1 TeV andtheGUT scale.During themid-1980s,

theoreticalwork concentratedon galacticsourcessuchas X-ray binariesor pulsars.

This work wasinspiredby encouragingreportsfrom undergroundmuondetectorsand

air showerarrayssensitiveto � PeVgammarays.Unfortunately, moresensitivedevices

did not confirm thoseobservations,andconsequently, the early optimismhasfaded.

However, the field of extra-galacticgammaray astronomyhasrapidly grown during

the pastdecade.Recently, GammaRay Bursts(GRBs)have occupiedthe theoretical

spotlightwith thediscoverythatthey aredistantextragalacticphenomenaandtherefore

the most energetic transientphenomenonobserved in the Universe. On time scales

of 0.1 - 100seconds,theseburstscanreleaseof order
�	� � � ergsat x-ray/softgamma-

ray wavelengths.WaxmanandBahcall
�

have arguedthatGRBsarethesourcesof the

extremelyhigh energy (EHE: for thepurposesof this lecture,theEHE regimeoccurs

at particleenergiesin excessof
�	��

�

eV) cosmicraysandprodigioussourcesof high

energy neutrinos. The predictedflux is tied to the measuredpower densityof EHE

cosmicrays,which alsohasbeenusedto constrainthe neutrinoflux in protonblazar

modelsof AGN.� Thoughthis procedureis still generatingsignificantdebate,��� � there

is nodoubtthatmodelsshouldnot over-producecosmicrays.

Justasmulti-wavelengthstudieshave provided unparalleledinsight on many as-

tronomicalsources,multi-messengerstudiesby neutrino,gammaray, andgravity wave

detectorsmaybetheRosettastoneof cosmicaccelerators.For example,theAMANDA

neutrinofacility, locatedat theSouthPole,contemporaneouslyobservesthesamesky

asnew, powerfulgammaraytelescopesin thenorthernhemisphere.Coincidenceexper-

imentscanalsobecontemplatedwith space-basedgammarayobservatoriesandgravi-



tationalwavedetectorssuchasLIGO or VIRGO. At theveryhighestenergies,charged

cosmicraysareexpectedto deviateonly slightly from line-of-sighttrajectories.Should

the HiResandAuger Observatoriesidentify sourcesof extremelyenergetic particles,

thenconcurrentobservationsby neutrinotelescopescanprovideadditionalinformation

on thelocalenvironmentof theaccelerator.

Dueto theinterdisciplinarynatureof this field, it is not practicalto fully review all

relatedscienceissues,sono attemptis madeto cover low energy neutrinophenomena

andthosedetectorswhichaddresstheseissues(e.g.MACRO,Soudan-II).A largewater

Cherenkov experimentcalledSuperKamiokandehasprovidedwonderfulresultsonlow

energy neutrinophysics.It wasthesubjectof severalspeakersat this schoolandwill

not bediscussedin greatdetail here. Also, this paperwill not discussrecentideasto

uselargearraysof photomultipliertubesin long baselineoscillationexperiments.Out

of necessity, we provide a ratherincompletesummaryof cosmicray physicsandonly

outline recentadvancesin our understandingof dark matter, but fortunately, several

excellentreviews have recentlyappearedin the literature.� � 

� Finally, the readerwill

noticethat thediscussionis biasedtowardtheAMANDA detector, sincetheauthoris

mostfamiliar with thestrengthsandweaknessesof this program.In any case,in this

shortlectureseries,it is impossibleto providea satisfactoryaccountof theremarkable

achievementsby thecurrentgenerationof theHE neutrinoprojects.

2 Science Overview

With very few exceptions,themajority of modelsof particleaccelerationpredictthat

the flux decreaseswith energy. Currentlyknown technologiesfor neutrinodetection

cannotfully compensatefor thisexpecteddependenceonenergy. In addition,theEarth

attenuatesthe flux of neutrinoswith energies above � ��� 

� eV (or 1 PeV), which

mitigatesthesubstantialadvantagesof usingthemuonmodeof neutrinodetection.This

leadsto astrategy to developexperimentaltechniquesbestsuitedfor neutrinoenergies

between1 TeV and1 PeV. At theseenergies,neutrinosactassurrogatemessengersfor

theextremelyenergetic,but far rarer, cosmicrays. Recently, thepotentialof neutrino

telescopesto observe �	� at energies
� ����

�

(
�

1 EeV) hasbeenemphasized.

!
 � 
 � At

theseenergies, backgroundfrom cosmicray muonsis not significant. The authors

arguethat it maybepossibleto extractsignaleventsfrom theenormousflux of lower

energy backgroundparticles.
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Fig. 2. Neutrinoscanbe detectedover an enormousinterval of energies,spanningmany or-

dersof magnitude. However, if the energy distribution obeys an inversepower law, as ex-

pectedfrom shockaccelerationmechanisms,thenthe technologymustchangeto compensate

for thedecreasingflux. We illustratethe techniquesthathave beenimplementedor suggested

by sketchingtheeffective volumeof thetechnologyasa functionof theneutrinoenergy. Water

andice Cherenkov techniquesdominatethe lower energies,but cascadeandshower techiques

becomemoreattractive at extremeenergies.Thesignalto noiseratio for cascadeeventsis sig-

nificantly improvedby therelatively localizeddepositionof macroscopicquantitiesof energy.

Consequently, muchsparserandcheapersystemscanbeusedto detecttheseevents.



2.1 Astrophysical Sources

The primary motivation to constructvery large neutrinotelescopesis driven by the

dreamto identify galacticor extragalacticsources,which maybepoint-likeor diffuse.

Thehigh energy frontierholdsthemostpromiseto achieve this scientificpriority. The

atmosphericneutrinoandmuonbackgroundsdecreasewith energy, theeffectiveareaof

thedetectorincreaseswith energy, andangularresolutionis likely to improvewith en-

ergy. Detectionof diffusesourcesrequiresgoodenergy resolutionwith well understood

tails,but only marginalangularresolution.

Theoreticalactivity hascenteredonmodelingtwo classesof objects:galaxieswith

activenuclei,or AGN, andgammaraybursts(GRBs).Theseobjectsareknown to emit

high energy photons,andmay alsobe the acceleratorsof the highestenergy cosmic

rays. At TeV energies, the luminositiesof someAGN are observed to flare by an

orderof magnitudein aboutaday, suggestingverycompactcentralengines.Modelsof

theaccelerationmechanismwithin AGN differ ingeniously. The intensityof neutrino

emissionrangesfrom negligible in modelsthat rely solely on electronacceleration

to detectablein the mostoptimistic modelsbasedon hadronacceleration.Neutrino

observatoriesarelikely to playakey role in settlingthedebate.

If hadronicaccelerationis presentin AGN, thenadiffuseglow of neutrinoemission

shouldbeobserveduniformly over thesky, originatingfrom distant(andmorepower-

ful) AGN. Fig. 3 shows the energy spectrumfor a representative sampleof neutrino

models.

Figure4, takenfrom Protheroe,B convertstheneutrinointensitypredictionsinto an

event rate for a detectorwith an effective areaof 0.1 km� . The calculationsinclude

absorptionby the Earth,which becomesimportantfor energies C 100 TeV (Ref. ?).

Severalmodelspredictmoreoptimisticratesshown in Fig.4. For example,quasarcore

models

 � predict340 eventsper yearwhich could be observed by AMANDA-II, but

this rateviolatesthe Waxman-Bahcalllimit. As Fig. 3 shows, presentexperimental

limits from Frejus,� � Baikal NT-200(Ref. 107),andAMANDA � � rule out oneof the

earliestmodelsfor neutrinoemissionfrom thecoreof AGN, andthey arebeginningto

constrainothercoremodelsfor AGN.

Diffusesourcescanbedistinguishedfrom theatmosphericneutrinobackgroundby

a flatteningenergy spectrumabove � 100–1000TeV. Somemodelscanbe differenti-

atedby the their cutoff at the highestenergiesandspectralshape.The lower energy

atmosphericneutrinobackgroundcanbeeliminatedby energy-dependentselectioncri-



Fig. 3. Figureadaptedfrom LearnedandMannheim.� Representative survey of modelspre-

dicting D �FEHGD � emissionfrom sourcesdiffuselydistributedin thesky. Thefluxesof D�I EHGD�I are

similar in mostmodels.In theabsenceof neutrinooscillations,D.J arehighly suppressed.The

atmosphericneutrinofluxesarefrom Agrawal et al.,

 B for bothvertical (lower boundary)and

horizontal(upperboundary)fluxes. Thecurvesincludepromptneutrinosfrom charmproduc-

tion,

 � but thiscontributionis notwell known atthehigherenergies.Numberedlines: (1)Model

of Nellen et al.


�

for the coreemissionfrom 3C273dueto p+p interactions;(2) model

 � for

p+K interactionsin thecoreof AGN; (3) modelfor p+K interactionsin extragalacticsources� ;
(4) representative modelfor blazarjetsaccordingto Mannheimet al.


 � ; (5) modelof neutrino

productionby GZK mechanism


�

; (6) low energy extentionof blazarjet modeldue to p+p

interactionsin hostgalaxiesof blazarjets

 � ; (7) GRBmodelby WaxmanandBahcall

�
; (8) rep-

resentative prediction

 � of aclassof topologicaldefect(TD) models.Experimentallimits: The

energy boundson theAMANDA-B10 limit � � arerestrictedto theapproximateregion of sen-

sitivity of thedetectorfor anassumedspectrumof LNM � . Fly’s Eye� 
 limit from upwardgoing

events.RadioCherenkov techniqueswereappliedto obtainedtheRICE�!� limit. Dottedcurves

areexpectedsensitivity from operating

!


andplanneddetectors�!B � �O� assumingseveralyearsof

operation.



teriaonly if thenon-gaussiantailsof theenergy responsefunctionareunderstoodwith

excellentprecision.It remainsto beseenif themuonresponsefunctioncanbedeter-

minedwith sufficientprecision.The“observed” energy correspondsto thelocal muon

energy, not theenergy at theinteractionpointwhichmaybekilometersdistantfrom the

centerof thedetector, nor theenergy of theneutrino.Muonswith energy aboveseveral

TeV will radiatea few burstsperkilometerwhich deposit� �	�QP of the energy. The

highly stochasticnatureof the energy depositionmay be a usefulsignaturein water

detectors,but it is mitigatedby scatteringin icedetectors.Fortunately, energy informa-

tion gatheredby HE neutrinotelescopesdoesnot needto beextremelyprecise.As the

representative modelsin Fig. 4 show, thereis little reductionin signaluntil theenergy

thresholdexceeds10-100TeV.

At the mostextremeenergiesshown in Fig. 3, EHE neutrinosareproducedwith

nearcertaintyby interactionsbetweentheultra-highenergy cosmicrays(UHECR)and

microwave photons.� � Theflux predictionsvary by anorderof magnitude,depending

on somewhatuncertainassumptionsrelatedto thecosmologicevolution of sourcesof

UHECRproductionandthe assumedextrapolationof the charged-current(CC) cross

section. The most optimistic predictionsmay be testableby the currentgeneration

of HE neutrinodetectorssuchas AMANDA-II. The absenceof signal can be used

to constrainthe neutrinocrosssection,which can approachstronginteractioncross

sectionsin somemodels.� � ���!�
More speculativemechanismsof EHE neutrinoproductionincludetopologicalde-

fectscreatedduringgrandunifiedphasetransitionsor superheavy relic particles.The

decayspectrumof topologicaldefectsis consistentwith all presentobservationalcon-

straints.B � Thedecayof superheavy relic particles(SHP)hasbeena subjectof intense

activity. The flux of SHPscanbe normalizedunderthe Z-burst scenario,wherethe

observedtrans-GZKeventsareproducedlocally by theinteractionof ultrahighenergy

relic neutrinoswith the cosmicneutrinobackgroundradiation.B 
 � B!� In othermodels,

SHPsdecaydirectly to EHEneutrinos.B!B
Theobservationof EHE cosmicraysor neutrinosmaybethemoststraightforward

pathto verify theseremnantphenomena.Therefore,thesearchfor EHEneutrinospro-

vides a beautiful exampleof how HE neutrinotelescopescan be usedto probethe

structureandphysicsof the earlyUniverse,andperhapsthe bestopportunityfor dis-

coverywith thepotentialto alterour“world view”. Sinceneutrinosdonotpenetratethe

Earth,neutrinoobservatoriesmustrely on specializedsignaturesinducedby downgo-

ing neutrinosin theatmosphereor limited columndensityabove theburieddetectors.



Fig. 4. Ratesfor diffuselydistributedneutrinosources.Atmosphericneutrino-inducedmuons

(thick black lines); GRBs(dottedcurves); RSK protonblazar(shortdashedcurves); topological

defectmodel(thin solidcurve),cosmicrayonCMBR (longdashedcurves).Uppercurvesshow

horizontalsignalsandlower curvesshow upward vertical signals. For details,seeProtheroe

review. B
This topicwill becoveredin the“DetectionModes”chapter.

A few caveatsshouldbekept in mind wheninterpretingfiguresof differentialdif-

fuseflux. (1) Theonly “background”shown in Fig. 4 is dueto upgoingatmospheric

neutrinos,but therejectionof down-goingatmosphericmuonsrepresentsa non-trivial

hurdlethat mustbe surmounted.Sinceatmosphericmuonscompletelydominatethe

neutrino-inducedmuonsin the downgoingdirection, the atmosphericneutrinoback-

groundis only relevantfor TVU steradiansof theupgoinghemisphere.(2) Pointsources

canbe locatedto within a small fractionof a steradian,andtheatmosphericneutrino

backgrounddecreasesaccordingly. Signalsignificanceincreasesas �XW Y[Z IO\*\V]_^a`�b_c ,
wherêa`�b_c is theangularextentof thesource(or if consideringapoint source,propor-

tional to the angularresolutionof the detector)and YdZ Ie\*\ is the relative increasein

effective areadueto the relaxedrejectioncriteria. (3) Correlatedphotonobservations

of GRBsby BATSEprovideaspecialopportunity. Eventsratesaredeterminedby inte-



gratingoverall GRBevents,andpredictedto be �gf � ] year.
�

However, thebackground

livetimeis only integratedover the durationof the bursts,which is � �	� M � years. In

addition,thesearchfor neutrinoemissionfrom GRBsis greatlysimplifiedby thecon-

temporaneousdirectionmeasurementsby satellites.Assuminga directionalaccuracy

of 6 degrees,thebackgroundis reducedby a factor hSi ]$` TjU c = flk �	� M B . Combining

directionalandtemporalinformationleadsto abackgroundreductionof �mfnk �	� M � rel-

ative to a searchfor steadydiffusesources.Therelaxedrejectioncriteriaincreasesthe

effectiveareaof thedetector. Theincreasein effectiveareais constrainedprimarily by

therequirementto maintainsufficient angularresolution.Alternatively, by raisingthe

energy thresholdof theevents,angularcorrelationmaynot benecessaryto reducethe

backgroundto manageablelevels. It is apparentthatsearchesfor transientphenomena

enjoy many experimentaladvantagesdueto thereducedbackground(andconsequent

improvementin sensitivity).

2.1.1 Physics at the Extreme

The origin of the cosmicrays remainsoneof the mostenduringmysteriesin astro-

physics.It is generallybelievedthat thesourcesof thehighestenergy cosmicraysare

extragalactic,or at the very least,not confinedto the planeof the galaxydueto the

isotropicdistribution of thedetectedevents. Thereis someevidencethata new com-

ponentbecomesimportantat energiesabove
�o�p�	��

�

eV, primarily thehardeningof

the spectrumandchangesin the averagedepthof shower maximum. The energy at

which the extragalacticcomponentdominatesthecosmicray spectrais critical to the

calculationof thetotalpowerrequiredby a putativeclassof sources.

Many “beamdump”modelsof neutrinoproductionpostulatehadronicacceleration

to veryhigh energies.A survey of energeticobjectsrevealsseveralclasses(e.g.AGN,

quasars,GRBs)of sourcesthatsupplythenecessarypowerto createthehighestenergy

cosmicrays. Several calculationsassumea transitionenergy of �rqgk �	� 

� eV and

normalizethe extragalacticcomponentat an energy that is relatively well measured.

However, theuncertaintyin valuefor thetransitionenergy maybeanorderof magni-

tudeor more. Equally, importantis theextrapolationto lower energieswheregalactic

contributionsdominate.Evenif theextragalacticfluxesaresmallerthangalacticfluxes,

mostof the energy contentis at lower energiesif the spectralindex, s , is larger than

2.0 (for simplepower law approximation,hSt ] h � � � MSu ). Recentmeasurementsof

cosmicparticlesthatexceed
��� � � eV, thesocalledtrans-GZKevents,requirerelatively



nearbysources.Thesetoo maycontributepowerat lowerenergies,andthereforemust

besubtractedfrom themeasuredcosmicrayspectrum.

We presenta simpleargumentbasedon energeticsto setthe scalefor event rates

from putativeneutrinosources(which followsthetreatmentof Ref.50). It is generally

assumedthatthesourcesof thehighestenergy cosmicraysgeneratean
� M � differential

spectrum,aspredicted(approximately)by shockaccelerationmodels.Normalizingthe

total integratedenergy densityfor a steeplyfalling energy spectrumis fraughtwith

uncertainty, but severalauthorsobtain vxwzy{�mTdk �	� M 
 � erg/cmB using

vxwg|~} U��� ��� ` � c h � (1)

and
� ` � c |�hSt ] h � . In thesourceregion,theaverageenergy densityin cosmicraysis

relatedto theaverageproductionrateperunit volume, � ` � c , by

vxwg|�� ` � c kg� IO�
�*` � c |�� ` � c kg���!� \*\�` � c |�� ` � c kg�.��� (2)

where � IO�
�*` � c is the time spentin the acceleratingregion, which we replacewith the

Hubble time, �.� in this estimate. Assuminga cosmologicaldistribution of sources,

Eqn.2 leadsto anestimateof �.w�y�� ��� B � erg/MpcB /s. Severalclassesof extragalactic

sourcessatisfythisnumericalrelationship.For example,thedensityof activegalaxies


�

is � �	� M � /MpcB andthetypicalemittedpower is
�	� �!� erg/s.Gammarayburstsflashat

a rateof 1000peryear. If theaverageenergy perburstBO� � B � is q�k �	� � � ergs,thenGRBs

becomesuitablecandidatesourcesof EHE cosmicrays. In termsof energetics,both

GRBsandAGNsareplausiblesourcesof EHE cosmicraysif they accelerateparticles

to sufficiently highenergies,whichalsois plausible.

Theresultfor ��wzy assumesthat theextragalacticspectrumincludesparticleswith

energiesdown to � 1 GeVandis exponentiallycutoff atenergiesabove f�k �	��
 � eV (to

allow for yet anothersourceof trans-GZKevents).Theinjectedpower densitycanbe

estimatedby assumingthat theextragalacticcosmicraysdiffusethroughtheUniverse

with a diffusion time scalecomparableto the Hubble time, ����� �	��

� years. The

diffusionvelocity is assumedto becloseto thespeedof light. Thisassumptionneglects

evolution at large redshiftandpossibleeffectsdueto intergalacticmagneticfields(so

particlescantravel asmuchasoneHubbledistancein the ageof the Universe).The

possibilityof largeintergalacticmagneticfieldsandlocal concentrationof sourceshas

beenconsideredin morethoroughtreatmentsof this issue.

 � � B �

TheconnectionbetweenEHEcosmicraysandneutrinofluxesis givenby

� � ` � c |���k��.w�y ` � c |���k 30events/km� /yr � (3)



where� is theefficiency for neutrinoproductionin cosmicrayinteractionseitherwithin

the sourceor intergalacticmedium. The last expressionwasgeneratedby assuming

that the spectralindex is 2.0 for both the neutrinoandcosmicray energy spectrum.

The Waxman-Bahcallupperbound,� which appliesto sourcesthat aretransparentto

neutrons,is obtainedby setting ��| � . If evolution is included,theestimateproduced

in Eqn.3 maybe increasedby a factorof five if thecosmicray sourcesevolve in the

sameway as star formation. The boundis weakenedbecausephotoproductionand

pair productionattenuateultra-highenergy protonsfrom large redshift,but neutrinos

propagatewithoutattenuation.

Thetrans-GZKeventsmotivatedWeilerB 
 to proposea new mechanismfor cosmic

ray production. If therewasan abundantsourceof ultra high energy neutrinosfrom

the early universe,they would annihilatewith relic neutrinosto producehigh energy

cosmicrayslocally. TheabsorptioncrosssectionattheZ resonanceis verylarge,sothe

event ratescanbemadeconsistentwith observation. The requiredenergy to produce

theresonantinteractionis greatlyreducedif therelic neutrinoshavemass,assuggested

by recentatmosphericandsolardata,���� |�� �� ] T�� � | } k �	� � 
 ` eV] � � c eV � (4)

Neutrinoswith therequisiteenergy arethoughtto beproducedin theearlyuniverse.If

they annihilatewithin theGZK cutoff distanceof 50 Mpc to producea Z-boson,then

thedecayproducts( � 30   , 3 nucleons,28e¡ +eM pairs,and80 � ) canpropagateto the

Earth.Therateof “Z-bursts”maybeenhancedby localaccumulationof relicneutrinos,

but phasespaceconstraintssetanupperbound.Of course,thesourceof thehigh flux

of neutrinosis unknown. To explain thetrans-GZKevents,theflux of � at theresonant

energy mustbeapproximatelythesameastheGZK flux at
�	� � � eV, aratherdiscomfort-

ing requirement.Nevertheless,usingonly standardmodelphysics,theWeiler process

simultaneouslysolvestheGZK mysteryandprovidesthefirst observationof relic neu-

trinos.

Horizontalair shower techniquescanbe employed to explore the neutrinosky at

extremely high energies.B � Conceivably, with � �	� kmB of water equivalent target

volumefor
���N���	� 
 � eV, theAugerair showerarraywill havethesensitivity to search

for neutrinosfrom cosmicray interactionswith thecosmicmicrowavebackgroundand

morespeculativesignalsfrom topologicaldefects.



2.2 Point Sources

The term “point sources”refersto thoseobjectsthat have sufficient intensityto gen-

eratea statisticallysignificantenhancementof �V� -inducedmuoneventsfrom thesame

directionin thesky. Theangulardirectionof themuoncanbemeasuredwith
� �¢f�£¤q¥� �

degreeprecision(dependingon thedetectorarchitecture,muonenergy at thedetector,

and propagationparameters).The angularcorrelationbetweenthe neutrinoand the

outgoingleptonproducedin charge currentinteractionis similar to the experimental

precision( ^jb � � �¦f ]x§ ��� , whereb is in degrees,and
���

hasunitsof TeV). In this sec-

tion, we describethetheoreticalmotivationfor bothgalacticandextragalacticsources

of point emission.Obviously, sucha survey cannotcoverall of theinterestingideasin

theliterature.

Theproductionmechanismfor cosmicraysis notyetfully understood.Shocksfrom

galacticsupernova arewidely believedto acceleratecosmicraysto � �	� 

� eV, while

thesourcesof cosmicraysat themostextremeenergiesareproducedby accelerators

outsideourgalaxy. Plausiblemodelsof particleaccelerationexist for bothgalacticand

extra-galacticsites,but supportingevidenceis largely circumstantial.Theobservation

of high-energy (HE) neutrinosfrom point sourceswould unequivocally confirm the

hadronicnatureof thoseaccelerators.Oncethebasicmechanismis established,models

can evolve quickly in detail and predictive power. Unfortunately, the neutrinoflux

from galacticandextra-galacticpoint sources,suchasactive galacticnuclei (AGN),

is predictedto be very low, althoughthe uncertaintiesin the modelparameterslead

to considerablevariationin theflux predictions.An independentestimateof neutrino

flux canbederivedby naively scalingtheobservedgammaspectrumof sourcesof TeV

photons(assumingthatthey areproducedby hadronicinteractions),but wecautionthat

this scenarioproducesan optimistic valuefor the neutrinoflux if protonsynchrotron

radiationis responsiblefor asizeablefractionof theobservedTeV photons.B �
It appearsthatsupernovaremnants(SNR)areoneof thefew classesof galacticsites

thathave thecapabilityto supplythepower to acceleratethegalacticcosmicrays,but

even thesesitesmustconvert the energy of the shockwave into relativistic particles

with suspiciouslyhigh efficiency (10-30%).Thediffusive shockmechanismnaturally

producesa power law spectrumof hSt ] h � � � M �©¨ 
 , which is consistentwith the

deducedspectralindex of cosmicrays. [The measuredspectralindex is
� M �©¨ � , but the

localmeasurementsmustbecorrectedfor nuclearinteractionsascosmicrayspropagate

in thegalaxy].Recentobservationsof TeV gammaraysfrom plerionssuchastheCrab



Nebulaandsupernovaremnants(e.g.,SN1006)providedirectevidencefor particleac-

celerationto TeV energies. However, theseobservationsdo not provide compelling

evidencefor hadronicaccelerationdueto anunfortunateambiguity: it is possible(and

evenprobable)thatelectronsaresolelyresponsiblefor theseobservations.In particular,

HE gammaraysfrom SNRmaybegeneratedby electronsacceleratedby theSNshock.

But if SNRsarethesourcesof cosmicrays,they mustacceleratehadrons,andaclassof

modelsexploits this idea.They suggestthatbothprotonsandelectronsareaccelerated

by thesupernova shock.High energy photonsaregeneratedby protoncollisionswith

ambientmaterialin theacceleratingregion. Pions,bothneutralandcharged,arepro-

ducedin thenuclearcollisions,which in turndecayto HE gammaraysandneutrinos.

While thenotionof particleaccelerationby supernova shocksprovidesa credible

andlargely consistentpicture,not all observationsneatlyfit this scheme.For exam-

ple, the site(s)of cosmicray accelerationareexpectedto generatesignificantfluxes

of gammaraysvia U � decay,B!� but only oneof thenearbySNR,SN1006,� � generates

anobservationalflux of high energy photons.Moreover, theinferredenergy spectrum

for photonsbetweenGeV andTeV energiesdoesnot supportan
� M � distribution. For

mostof the SNR,upperlimits by the Whipplecollaboration� 
 imply a spectralbreak

betweenMeV andTeV energies,whichis notexpectedif they werethesitesof galactic

cosmicrays. This moderatelydisconcertingstate-of-affairshasmotivatedat leastone

author�ª� to suggestthat mostcosmicraysoriginatefrom extragalacticsources.The

closeconnectionbetweenneutrinoproductionandhadronaccelerationreducessome

of thespeculativeuncertaintyassociatedwith theinformationprovidedby thestudyof

sourcesof high energy gammarays.Alternative sitesfor cosmicray accelerationmay

emergefrom adetailedstudyof theneutrinosky.

Eventhoughthecosmicraypuzzleprovidespowerful motivationto explorethesky

for neutrinoemission,notall sourcesof highenergy neutrinosneedto contributeto the

cosmicray flux. In particular, a powerful galacticacceleratormay be surroundedby

toomuchmaterialto emithighenergy photonsor cosmicrays(they would interactand

cascadedown to lower energies),but the high energy natureof this acceleratorcould

be discoveredby exploiting the neutrinomessenger. For example,a onesolarmass

blackholeaccretingat theEddingtonlimit releases� �	� B � ergs. If 10%of this energy

is convertedinto neutrinoemissionwith an
� M � spectrum,a sourceat a distanceof

10 kpc would produceof order1 neutrinoeventperyearin AMANDA-B10. A more

massive black hole in the galacticcentercould conceivably producea much bigger

signal,but this galacticlocation is not visible to neutrinotelescopesin the southern



hemisphere.

Turningto extra-galacticsources,activegalacticnuclei(AGNs)areamongthemost

luminousobjectsin theUniverseandpromisingsourcesof neutrinos.Presentmodels

constructa centralenginethat consistsof a supermassive black hole surroundedby

an accretiondisk. In thesemodels,high energy neutrinofluxes are generatednear

the centralengineor in the jets of radio-loudAGNs (e.g.,Blazars,a classof objects

wherethejet intersectstheline of sightof theobserver). Neutrinoenergiesmayextend

to � �	� 

� GeV. The fact that gammaray emissionhasbeendetected�ªB from nearby

blazarsMarkarian421and501« providesstrongevidencefor particleaccelerationto

high energies. The time averagedenergy spectrumfrom Mk501 during 1997is con-

sistentwith an unbrokenpower law up to 20 TeV.�ªB In general,high-energy photons

at TeV scalesmay interactwith materialor photonfields in the source,or interact

with thediffuseinfraredbackgroundphotonsduring their flight, losingenergy by the

mechanism �¬­ ¤® ¯	¡�¬°¯ M . Dueto this reprocessing,themeasuredphotonenergy

spectrummay not tracethe energy spectrumof the source.Recentmeasurementsof

thediffuseinfraredbackgroundaremuchlargerthantheoreticallyexpected.�!� Conse-

quently, the attenuationlengthfor photonsin excessof 10 TeV is muchshorterthan

thedistanceto Mk501. After correctionfor absorptionby theinfraredbackground,the

energy spectrumat the sourcerisesdramaticallyabove 10 TeV.� � If the energy spec-

trum of neutrinosis similar in shape,then relatively modestsizeddetectorssuchas

AMANDA-B10 andNT-200possesssufficientsensitivity to testthisassumption.

Recently, it hasbeenargued� � that the rapid time variability of the high energy

photonemissionfrom AGN Blazarsandthe correlatedvariationbetweenX-ray and

TeV regimesdisfavorshadronicaccelerationmodelsfor thisparticularclassof objects,

but othershave shown that rapid andcorrelatedvariability canbe accommodatedby

modestextensionsto theexistinghadronicaccelerationmodels.� ��� � � At leastonemodel

for blazaremission�ª� canproducecomparablefluxesfor � and   . High energy photons

andneutrinosareproducedby thedecayof pions. Thepionsaregeneratedduringthe

collision betweencloudsof gaswith relativistic velocitiesandtheinterstellarmedium

of thehostgalaxynearthecentralengineof theAGN. In any case,thevigorousdebate

suggeststhathigh energy neutrinodetectorscanplay a centralrole in decipheringthe

accelerationmechanism,but the challengeis not easy. In general,the sensitivity of

kilometerscaledetectorsshouldimprove linearly with Z IO\*\ , but the energy response±
Seethe recentreview by Cataneseand Weekes²O³ for a completelist of detectedVHE gamma-ray

sources.



mustimprovecommensuratelyto takefull advantageof thiscapability. To illustratethe

generaldifficulty, Fig.5 (fromRef.50)showsthedifferentialsignalof neutrino-induced

muonsfrom a sourcewith
��� | �6´ where

�$´
is the measuredflux from Markarian

501 during a period of maximumintensity. For this particularsource,the periodof

maximumintensitywasaboutsix monthsduringthelast3 yearinterval,but it is always

possiblethat this situationcanchangeto more favorableconditions. Also shown is

the steeplyfalling backgroundfrom atmosphericneutrinos. The integral underthe

dottedcurve givesa small, but measurable,rateof 30 eventsper yearin a kilometer

scaledetector. However, the curvesdo not includethe dispersionintroducedby the

convolution of the finite energy resolution. It is clear that non-gaussiantails on the

energy responsemustbe controlledwith (perhapsunrealistically)high precisionand

this remainsan openquestion. The signaleventsareassumedto be fully contained

within a circularpatchon thesky with a radiusof 1 degree.This mayberealisticfor

waterdetectorswhich expectto achieve angularresolutionsubstantiallybetterthan1

degree,but it is probablyoptimisticby afactorof afew for kilometerscaleicedetectors

for muonenergiesof 1 TeV.

Figure6 providesa summaryof modelpredictionsfor theflux of high energy neu-

trinos. It alsocontainstheflux limit reportedby theAMANDA collaborationfor sky

binswith declinationsgreaterthan30degrees.As mentioned,mosttheoreticalmodels

of potentialastrophysicalsourcesof neutrinospredictthattheenergy spectrumis very

hard,approximately
� M � .�©
 Due to the hardenergy spectrumandthe energy depen-

denceof µ , thecrosssectionfor theweakinteraction,therangeof themuon,andthe

effectiveareaof thedetector, themostprobableenergy of thedetectedneutrinois well

above1 TeV (typically 10–30TeV for hardspectra).

2.3 Physics Potential

Obviously, the desireto understandthe optical and physicalpropertiesof the local

environmentcreatemany interdisciplinaryopportunities.Underwaterneutrinoobser-

vatoriesprovide thefacilities to monitor thetime variability of bioluminescence,tem-

perature,salinity, watercurrents,biofouling, etc. TheNESTOR collaborationhasse-

curedfundingto deploy anopticalcablefrom shoreto thesiteoff Pylosinstrumented

with sensorsof interestto oceanographersandneutrinophysicists.
� � Multidisciplinary

opportunitiesencourageinteractionsbetweenseismologistsandneutrinophysiciststo

constructa large seismicarray for tomographicstudiesof the Earth’s interior. The
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Í (8)
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Baikaldetectormonitorstheseasonalwaterexchangeprocessesin thisuniqueSiberian

lake.ÃªÎ
In the next few subsections,we briefly commenton the potentialof HE neutrino

arraysto contributeto questionsin particlephysics.

2.3.1 GRB-related science

It is now known that mostGammaRay Burstsoccurat cosmologicaldistanceswith

redshiftnearunityÃ!Ï (althoughdifferentGRB scenariosdo existÃ!Ð ). Evidenceis accu-

mulatingthatphotonemissionis producedby a relativistically expandingfireball.Í!Ä If

particlesareacceleratedto ultrahighenergies,thenHE neutrinosmaybeproducedby

the decayof pionsgeneratedin photonuclearinteractions.Theneutrinosfrom GRBs

wouldarriveat theEarthin aburstcoincidentwith thephotons.WaxmanandBahcallÃ
point out thatobservationsof HE neutrinosfrom GRBscantestspecialrelativity and

the weakequivalenceprinciple with unmatchedprecisionby measuringthe time de-

lay betweenphotonandneutrinosignals.It is conceivablethat theneutrinomasscan

beextractedfrom the time delaybetweenthephotonandneutrinosignals.Assuming

photonstravel at thespeedof light, thetimedelayis givenby:ÑÓÒÕÔ×Ö�ØÕÙÛÚ�Ü Ý ¿ÞàßNáãâ�äæå Ë Ü~çßéè�êaä Ü{ë ¿Ö á�âìälí (5)

where ç is the distanceto the GRB. The durationtime for HE neutrinoemissionis

unknown, but modelspredictvaluesof theorderof ms. Thetime delaybetweenGeVî emissionand MeV ï emissionis also not known. If the energy thresholdof HE

neutrinoarrayscanbe reducedto
Ô

5 GeV for taggedGRB events,andthe î fluxes

arelargeenoughto producesignals,thenthemassof theheaviestneutrinospeciescan

bedeterminedwith reasonableaccuracy. At theseenergies,thedetectionprobabilities

andevent topologiesof all neutrinoflavor interactionsaresimilar, so the maximum

time delayis relatedto the largestmass.GRBsoffer the exciting possibility to study

neutrinooscillationover cosmologicalbaselines.As in any astrophysicalenvironment

which producesneutrinosfrom ð�ñ­ð or ðòñ�ï interactions,the direct productionofîVó is expectedÍ©É to be
ÔôÖ	Ø å Ã,õéö î	÷Sø . Scenarioswhich transformîV÷ into îVó provide a

reasonablemechanismto dramaticallyboosttheflux of îVó to a level comparableto the

otherneutrinoflavors. Therefore,the appearanceof î	ó providesstrongevidencefor

oscillationoverbaselinesof aGigaparsecor more.

Unfortunately, unambiguousdetectionof îVó is very difficult in HE neutrinodetec-

tors, asdiscussedin section3.1.3. Several potentialsignatureshave beenproposed,



but all faceratherlong oddsfor successunlesscurrentHE î detectorssoonobserve

anastrophysicalsource.This is beautifully illustratedby Alvarez-Muniz,Halzen,and

Hooper.É
Ë They show thattheprobabilityto observetheDoubleBangsignatureis very

low; typically a few percentof theprobabilityto detectî	÷ -inducedmuonswith similar

energies. Unlesscurrentgenerationdetectorssoondiscover îV÷ emissionfrom GRBs,

thelimited effective volumefor DoubleBangeventsstronglydisfavorstheir detection

in kilometerscalearrays.Without adequatestatistics,it will bedifficult to useangular

or energy dependenthandlesto confirm î	ó detection.

HalzenandSaltzbergÍ!Ë haveproposedanothermechanismfor îVó detection,but the

backgroundsaresevereif a comparableflux of î	÷ exist. They point out that theEarth

is not opaqueto î	ó at any energy becausechargedcurrentandneutralcurrentinter-

actionsproducea ù in thefinal state,which in turn decaysbackto a îVó beforelosing

a significantfraction of its energy. Eventually, the energy of the îVó decreasesto the

point wherethe Earthis no longeropaque.The characteristic“transparency” energy

is
Ô

1 PeV, dependingweaklyon thecolumndepththroughtheEarth. At theseener-

gies,theshowerseparationbetweentheinitial interactionandsubsequentdecayof the

tauleptonis too shortto beidentifiedin HE neutrinoarrays.However, a smallexcess

(or pile-up)of eventsis expectedat the transparency energy. Theangulardistribution

of theseeventsis somewhatflatter thanexpectedfrom theotherneutrinoflavors. The

Halzen-Saltzberg signaturemustbeextractedfrom abackgroundgeneratedby charged

current îV÷ interactions.(Obviously, at the characteristictransparency energy, î	÷ can

propagatethroughthe Earthwithout attenuation.)Sincethe detectionprobability for

muonsfrom îVó decaysbelow thedetectoris only 17%of theprobabilityfrom î	÷ , due

to thebranchingratio of the ù to ú channel,thebackgroundrateis substantial.In the

distantfuture,theslightdifferencebetweenangulardistributionsof îVó - and îV÷ -induced

muonsmaybeexploitedif theacquiredstatisticsis veryhigh.

Can îVó from GRB berevealedby measuringcascadeevents?Thesuperiorenergy

resolutionof the cascademodemay be sufficient to show the pile-up featureat the

transparency energy. Unfortunately, thereconstructedangularresolutionis poor, sothe

subtledifferencein theangulardistributionscannotbeexploited.Thebackgroundfrom

NC interactionsand îjû CCinteractionscompoundstheproblem.



2.3.2 WIMP searches

Neutrinosmaybeemittedfrom thecenterof theSunor Earthasa consequenceof the

annihilationof weakly-interactingcolddarkmatterparticles(WIMPs) thataccumulate

at thecentersof theseobjects.GalacticWIMPs,scatteringoff nuclei,loseenergy and

maybecomegravitationally trapped.Oneinterestingclassof WIMP candidatesarise

from minimal supersymmetric(SUSY) theory. Within this framework, Bergstromet

al. Í!Ê andrecently, Feng,etal.Ð havecalculatedthediscoverypotentialfor neutrinoob-

servatoriesandbeautifullyillustratetheir power to complementothersearchmethods.

Apparently, theparameterizedignoranceof SUSYmodelsis too vastto becompletely

constrainedby asinglesearchtechnique.Bergstrometal. haveattackedthisworrisome

deficiency by combiningthelimits from cosmicrayantiprotoninstrumentswith thean-

ticipatedsensitivity of gammaray satellitesandneutrinoobservatories.A comprehen-

sive searchstrategy for SUSYparticlesbenefitsenormouslyfrom thecomplementary

informationprovidedby neutrinotelescopes.Combiningastrophysicaldatafrom spe-

cial purposeandmultipurposesurvey instrumentscreatesan intriguing blueprint for

futuresearchstrategies.

TheAMANDA andBaikalcollaborationsrestricttheiratmosphericneutrinoanaly-

sisto thenearlyverticaldirectionto searchfor highenergy neutrinosfrom thedecayof

weaklyinteractingmassiveparticles(WIMPS) from thecenterof theEarth(seeFig. 7

for oneexample). The detectorsarevery efficient for cos(ü.ý û�þ�øòÿ�� Ø � � . Therefore,

theeffective areais somewhat larger thanachievedby theall sky measurementof at-

mosphericneutrinos.Fromthe lack of excessof eventsin the nearlyverticalangular

bins,flux limits canbeobtained.Figure8 comparestheAMANDA limits with exist-

ing limits for a broadclassof supersymmetricmodels,illustratingthepotentialof the

technique.

2.3.3 Relativistic Monopoles

A magneticmonopolewith Dirac charge ��� ö Ö��
	���
 ø�� emits Cherenkov radiation

if its velocity exceeds0.75� in wateror ice. The particlewould emit morephotons

than a single charged particle by a factor of
Ô Ö	Ø È , and the linear variation in the

photonemissionrateis quitesmallcomparedto anequivalentlybrightmuon.Figure9

summarizesthecurrentstatusof experimentallimits. TheAMANDA andBaikal limits

wereobtainedby searchingfor upwardgoingparticles.ÍªÎ A ratherlargelower limit on

themassof themonopoleis requiredto havetherequisitekineticenergy to traversethe
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Earth.

2.3.4 Supernova Detection

A transientburstof low energyneutrinoemissionfromsupernovaexplosionsor Gamma

RayBursts(GRBs)canbedetectedbyAMANDA-II by summingtherandomnoisesig-

nalsfromthephotomultipliertubesin theopticalmoduleswithin thearray. A supernova

burstwould manifestitself asa statisticallysignificantincreasein thesummedsignal

dueto theexcessphotonsgeneratedby thelow energy neutrinointeractions.Sensitivity

to transienteventsis improvedby embeddingthearrayin anenvironmentsuchaspolar

ice, wherethe randomnoiselevel is low becausethe internally generatednoiseof a

photomultipliertubeis reducedatcoldtemperaturesandtheexternallygeneratedback-

groundlight from radioactive impurities is negligible. The AMANDA collaboration

agreedto join theSupernovaEarlyAlert NetworkÍ!Ð to confirmgalacticsupernovaeand

determinethedirectionby triangulationof theneutrinowavefront,which canprecede

thephotonsignalby severalhoursor more. Thepolar locationof AMANDA simpli-

fiesthetaskof triangulation,but theangularresolutionof elasticallyscatteredelectrons
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in theSuperKamiokandeexperimentÎOÄ maybesuperior. Futureneutrinoobservatories

could searchfor nearbyextragalacticburstsby increasingthe collectionefficiency of

theopticalsensors(largerPMTs,useof wavelengthshifters),implementingtechniques

to reducetheintrinsic noise,andincreasingthenumberof sensorsin thearraybeyond

severaltensof thousand.

The low rateof intrinsic noisegeneratedby photomultipliertubesin Antarctic ice

is a uniquefeatureof the AMANDA detector. It resultsfrom two effects. First, the

concentrationof radioactivecontaminantsin theice is very low comparedto sea-water.

Second,thermionicemissionfrom thephotocathodeis minimizeddueto the low am-

bient temperatures.AMANDA-II hassufficient sensitivity to seeto the centerof our

galaxy,Î�É whereasIceCubeis expectedto extendthereachby afactorof 2.5in distance

to cover themostof galaxy. Therathermodestimprovementin sensitivity is a conse-

quenceof the & ')(+* scaling,ÎOË where ')(+* is the numberof optical modulesin the

array.

2.3.5 Neutrino Oscillation

The growing evidencefor neutrinooscillationÎOÊ in the atmosphericneutrinodatahas

triggeredthe neutrinotelescopecommunityto investigatethe physicscapabilitiesof

theirdetectorsfor thisparticularscienceobjective.Theenergy spectrumof atmospheric

neutrinos(hashedbox, figure taken from Protheroe’s review paperÊ ) is a steeppower

law, suggestingthatthedetectedeventswill bepredominantlymediumenergy andthe

ratewill beinfluencedby theenergy threshold.Therefore,usingatmosphericneutrinos

to searchfor neutrinooscillationrequiresenergy thresholdsof 5–20GeV. Detectors,

suchasBaikal NT-200andNESTOR, or the insertionof high densitystringsinto the

AMANDA-II array, aredesignedto achieve thisgoal.

Atmosphericneutrinosrevealoscillationphysicsin severalways.A deviationfrom

the expectedangulardistribution would be strongevidencefor oscillations. HE neu-

trino detectorscancontributeto this scienceby virtue of their largedetectionareaand

consequentincreasein statisticalsignificance.Unfortunately, thesearedifficult mea-

surementsfor neutrinoarrays.For thesimplestcaseof two oscillatingneutrinospecies,

theprobabilitythata neutrino î of flavor , ö � í ú í ù ø will oscillateinto adifferentflavor- is givenby. ö î�/10 î32Vø � Ú5476 Ë 
 ü Ú5486 Ë:9 Ö � 
�	_Ñ ë Ë ç�ö<; Ù øÝ ¿ ö ßéá�â ø3= í (6)



Fig. 10. Expectedviewing distancefor supernovaesimilar to SN1987a.For thesecalculations,

the ambientnoiseratesandnon-poissonianfluctuationsaretaken from measurementsby the

AMANDA collaboration.Thecolorscorrespondto arrayswith > (+* =100,1000,5000.



where ü is themixing angle,
Ñ ë Ë is thedifferencein masssquaredin eVË of thetwo

masseigenstates,ç is thepathlengthbetweengeneratingvertex anddetector, and Ý ¿ is

theenergy of theneutrino.

Unlesstheneutrino-inducedmuoneventis completelycontainedwithin thedetec-

tor, the neutrinoenergy is not well measured.For the currentgenerationof neutrino

detectors,through-goingupward muonsarethe most likely detectionmode,but this

only establishesa lower limit on theneutrinoenergy. Moreover, theenergy threshold

for muonswhich traversethe arrayis relatively high, so as Ý ¿ increases,angularde-

viationsbecomevery subtle.For parametersof
Ñ ë Ë � 
 � Þ@? Ö	Ø å Ê eVË andmaximal

mixing, theangularandenergy dependenceof thedetectorareamustbedeterminedto

5%or better. It remainsto beseenif thisaccuracy canbeachievedin practice.Also îjû
eventsmustbedifferentiatedfrom îV÷ events,whichhasyet to beshown conclusively.

A secondideatakesadvantageof the particularstrengthsof the existing neutrino

arrays.The linearsymmetryof string-baseddesignsresultsin excellentsensitivity to

nearlyverticaltracks.Thelonglengthsof instrumentationcancontainneutrino-induced

eventsover a large interval of energies. By concentratingon nearlyvertical tracks,

backgroundsareeasierto reject. The small vertical spacingof optical sensors(com-

paredto thehorizontalspacingof thestrings)reducetheenergy thresholdto interesting

levels. Thedetectionefficiency asa functionof energy canbecalculatedmoreaccu-

rately thanfor the entirehemisphere.In addition,the AMANDA arraycancalibrate

its vertical sensitivity with a well definedmuonbeamusingcoincidenceeventsthat

simultaneouslytrigger anotherarrayat 900 meters. If the vertex is containedwithin

the centralpart of the array, then the light from the interactionvertex and outgoing

muoncanbemodeledto establishtheenergy of theneutrinowith sufficient accuracy.

Obviously, theeventratesaremuchlower for a restrictedsolid angle,but thelargede-

tectionarearesultsin sufficientstatistics.However, thesameconcernaboutbeingable

to differentiateîjû and îV÷ eventsappliesto thistechnique.For kilometer-scaledetectors,

a significantfractionof neutrino-inducedatmosphericmuonswill becontainedwithin

the actively instrumentedvolume,so a calorimetricmeasurementof the neutrinoen-

ergy is possible.However, thelargerspacingbetweensensorsresultsin higherenergy

thresholdswhichmaybeabovetheenergiesof interest.Mediumenergy physicsobjec-

tivescanbe retainedif thekilometer-scalearraysurroundsa first generationneutrino

array. The compositedetectorcan identify and rejectatmosphericmuons,reducing

backgroundrejectionrequirementsin thedensercentralregionof thecompositearray.

A third methodto searchfor neutrinooscillationover long pathlengths(or base-



lines)utilize acceleratorsto directabeamof îV÷ particleswith aknown energy spectrum

towardthedetector.

Perhapsthebestmethodto study î	÷ oscillationparametersinvolvesdedicatedlong

baselineexperimentswith high intensityand well-characterizedneutrinobeamsand

largevolumedetectorsplacedatgreatdistances.Long-baselineprogramssuchasK2K

andMinos arecurrentlyinvestigatingoscillationparametersdeducedby atmospheric

neutrinostudies. Next generationlong baselineexperimentsareconsideringseveral

energy rangesfor neutrinobeams.At large distancesor at low energies, the meager

event ratesdictateboth large intensitybeamsandlargevolumefor the enddetectors.

It hasbeensuggestedthat HE neutrinotelescopeslocatedat distancesbetween1000

and10000km could play a role.Î È While mostdiscussionhasinvolved CERN and

plannedneutrinotelescopesin the Mediterranean,the idea works the samefor any

acceleratorandneutrinoobservatoryaslong asa neutrinobeamcanbepointedin the

right direction.Evenwithoutflavor or chargesignID, conventionalwidebandneutrino

beamsdirectedat HE neutrinotelescopescould measurethe sign and magnitudeofÑ ë Ë É
Ê , and ü É
Ê , ü Ë!Ê .
Severalnew ideasfor theenddetectorareunderdiscussionwith performancechar-

acteristicsmoresuitablefor long baselinephysicsthanareavailablefrom HE neutrino

arrays,suchaslow energy threshold,reliablediscriminationbetweenú �A� , andcharge

sign identificationof the lepton. The UNO detectorÎOÃ extendsthe waterCherenkov

technique,usedin SuperKamiokandeandother large nucleondecayexperiments,to

a very largefiducial mass.The initial designenvisionsa fiducial massof
ÔXÖ�Ø Í tons,

makingit anattractivetargetfor high-intensityneutrinobeamsfromanywhereonEarth.

Two scenariosfor long-baselinephysicsarebeingexplored.ÎOÍ Usingabeamfrom a30–

50GeVmuonstoragering (or “neutrinofactory”)severalthousandkm away, hundreds

of thousandsof neutrinointeractionswould be recordedfor eachyearof running. In

additionto averyprecisemeasurementof îV÷ disappearance,wrong-signmuonappear-

ancecouldbeobservedby placinglargemagnetsbetweensub-segmentsof thedetector

to measurethechargeof energeticmuons.A differencein ratebetweenîjû 0 îV÷ andBîjûC0 Bî	÷ transitionswould beclearevidenceof CPviolation in theleptonicsector. At

theotherendof theenergy scale,a100–500MeV î	÷ beamcouldbeexploitedto detectîjû appearancewith negligible background,apartfrom îjû contaminationpresentin the

initial beam.Thecrosssectionfor neutrinointeractionsat suchenergiesis small,but

theverylargetargetmassof UNO wouldallow ameasurablesignalto beobservedeven

2000km from thesource.At thatdistance,the D ë Ë region correspondingto thelarge-



mixing anglesolutionto the solarneutrinoproblemwould be accessible.At shorter

distances,wheremattereffectsin theEarthareunimportant,CPviolationcouldalsobe

probed.

3 Detection Principles

The essentialcharacteristicsof a neutrinotelescopehave beenknown for morethan

two decades.ÉFE Î!Î Markov suggestedin 1960that theoceanwould bea suitablesitefor

constructinga large neutrinodetectorbasedon the detectionof Cherenkov light, and

mostimportantfeatureswerediscussedandspecifiedduringa seriesof workshopsde-

votedto developingtheDUMAND concept.HalzenandLearnedÎOÏ introduceda twist

on the generalschemeby promotingpolar ice asa suitablemedium. Until recently,

workableimplementationsof thesesensibleideashavebeenthwartedby unusualtech-

nical andlogisticalchallengesassociatedwith the remotedeploymentof hardwarein

mediathatdiffer from ordinarypurifiedwaterin severalimportantdetails.All current

architecturesfor high energy neutrinofacilities bury a sparsearrayof optical sensors

within deepice,oceanor lakewaters.Theopticalsensorsrespondto theUV dominated

Cherenkov radiationemittedby neutrino-inducedmuonsor neutrino-inducedhadronic

andelectromagneticcascades.Large detectorvolumesarerequiredbecausethe pre-

dictedflux of cosmicneutrinosandtheknown interactionprobabilitiesat theenergies

of interestarerelatively small. Thedetectionprobability, definedastheratio between

the rangeof the muonto the interactionmeanfree pathof the neutrino,is only
Ö�Ø å Í

for a î	÷ with an energy of 1 TeV. Moreover, the raresignaleventsmustbe extracted

from a largeflux of atmosphericmuonbackground.For example,at sealevel thenum-

ber of backgroundmuonsper unit areaexceedsthe expectedneutrino-inducedmuon

signalby
Ô Ö�Ø É!É , so neutrinodetectorsareconstructedat large depthsto reducethis

unwantedsignal.Evenatdepthsof 2 km of waterequivalent,down-goingbackground

exceedspredictedsignalby a factorof
Ô Ö	Ø Ã . Thecombinationof largevolume,large

overburden,anddesireto minimizematerialcostsleavesexperimentalistswith few op-

tionsotherthanto constructadetectorwithin aremote,naturallyoccurring,transparent

mediumsuchas ice or water (no excavatedcaves or minesare large enough). The

formidabletechnicalchallengeof remoteoperationdistinguisheshigh energy neutrino

facilities from existing solarandaccelerator-basedneutrinodetectors.It is onefactor

which hasspurredthecontinuingdiscussionof surfacedetectors(e.g.,GRANDE and

HANUL ÎOÐ ) despitethedauntingbackgrounddifficulties.
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Fig. 11. Schematicof detectionmethodfor chargedcurrent GIH signature.Muon trajectories

canbereconstructedby timing thepassageof theCherenkov wavefront.



Cherenkov techniquesarenow well understoodandare illustratedin Fig. 11. A

high energy neutrinocanbe detectedonly if it convertsto a chargedlepton,suchas

a muon,or inducesa cascade.Astronomyis possiblebecausethe muondirectionis

alignedwith theincidentneutrinoto within adegree,if theenergy is greaterthan1 TeV.

Theangularcorrelationbetweenchargedleptonandneutrinoimprovesasthe J3K:L M ,

so eventuallymultiple Coulombscatteringbecomesthe dominantfactorin the angu-

lar resolution.Conceivably, neutrinodirectionscanbe determinedto NPORQSJ�T in some

designs.UFV Sourcelocalizationcanbe improved by the detectionof multiple events,

but unlessthe event rateis unexpectedlylarge, the angularresolutionis not competi-

tive with conventionalastronomy. Thereforesourcesmustbe identifiedstatistically-

by searchingfor a classof objectsthat lie within theangularerrorboxes. Confidence

will bebolsteredif theoreticalmodelsof thatclassof objectsareconsistentwith high

energy neutrinoproduction. The relatively limited numberof potentialsitesof high

energy neutrinoproductionsuggeststhatsourceconfusionis unlikely to beaproblem.

Themuonisdetectedby distributingphotonsensors(largediameterphotomultiplier

tubes— PMTs)over thelargestpossiblevolumeof transparentmediumandrecording

the arrival timesand intensityof the Cherenkov wavefront. Accuratereconstruction

relieson actively trackingeventsover lineardimensionsexceedingtensof metersand

measuringthearrival of theCherenkov wavefrontto tensof nanosecondsor better. Ge-

ometriesof thearraysareoptimizedaccordingto theopticalpropertiesof thedetector

media– thosemediathatgeneratelessprecisionin thearrival time of theCherenkov

wavefrontcanbecompensatedby largerdetectorswith greateraveragepathlength.The

instrumentedvolumecanbeincreasedby utilizing amediumwith a largeopticalatten-

uation length. Naturally, volumesincreasewith with additionalsensors,so per unit

costsbecomeanimportantdesignfactor.

Muonsfrom neutrinointeractionsaredistinguishedfrom thevastlymorenumerous

atmosphericmuonsby direction; upward-traveling muons(throughthe detector)can

only originatefrom nearbyneutrinointeractions.TheEarthfilters out all otherknown

particles.Greatcaremustbetakento rejectthe“down-going”atmosphericmuons.In

practice,muonsareproperlyreconstructedif they traversetypically NWJ�O�O m of path-

lengthwithin the boundariesof the arraydefinedby the outermoststrings,although

densearrayshavedemonstratedgoodreconstructionwith shortertracks.Complications

arisefrom the lack of fixedfiducial volume,the presenceof eventscontainingmulti-

ple muons,decayingmuonsin flight, andfluctuationsin thegenerationof Cherenkov

photonsresultingfrom highenergy physicsprocesses.Muon trajectoriescanpassnear



enoughto triggerthearray, but too far outsidethedetectorboundaryfor properrecon-

struction.

Reconstructionis tied to specificassumptionsabouttheeventtopology. For exam-

ple,it is usualto assumethatthecharacteristicsfor aneutrino-inducedmuoneventare:

1) oneandonly oneparticle traversingthe array, 2) continuous,uniform production

of photonsfrom a minimally ionizing chargedparticle,3) propagationat thespeedof

light, and4) traversalof theentireinstrumentedvolumeof thedetector. Deviationfrom

theseassumptions,suchasstoppingmuonsor decays-in-flight,multiple-muonevents,

or energeticmuon-bremsstrahlung,resultin poorerreconstructionof theevent trajec-

tory andenergy. Oncetheeventis reconstructed,selectioncriteriaareappliedto reject

eventsthat arelikely to be poorly reconstructed.It is obviously desirableto develop

selectioncriteriathatmaintaingoodefficiency for signalevents.

As mentioned,thedominantsourceof backgroundin highenergy neutrinodetectors

is downwardmuontracksgeneratedby cosmicray interactionsin theatmosphere.This

backgroundcanbeavoidedby constructingadetectorat X 10kmwe(kilometersof wa-

terequivalent)depths,butsuchdepthsarelogisticallyimpossibletoattain.Rather, large

volumedetectorsareconstructedat intermediatedepths,andthebackgroundmustbe

removedby othermethods.In principle,theangulardirectiondistinguishesastrophys-

ical neutrinosignalsfrom thebackgroundof atmosphericmuons— muonsoriginating

from below thehorizonmustoriginatefrom neutrinointeraction.However, errorsin the

reconstructeddirectionof themuontrajectorycanresultin misinterpretingdown-going

muonsasupwardgoingmuons.For detectorsitesatdepthsbetween1 and4 kmwe,and

energy thresholdsof NYJ�O GeV, therateof down-goingmuonsexceedspotentialsignal

ratesby factorsof J�O[Z#\PJ�O[] (assumingatmosphericneutrinosarethebaselinesignal).

Therefore,an importantdesignspecificationinvolvesthe rejectionfactor, ^ , defined

as ^`_�acbedfd:gih�j<kmlon:prq�Ksa bidfd:g<tujFh3q , where a bidfd:g<tujFh3qC_�vxwzy{a bidfd:g<|~}���wCq , acbedfd�g<|~}���w�q
is theeffective areafor thedetectionof down-goingmuons,and vxw is the fractionof

down-goingmuonsmisidentifiedasupwardgoing.Therejectionfactormustbegreater

than J�O[Z for thebestcaseconditions,andtypically J�O[� for detectorslocatedatdepthsof

2 kilometerswaterequivalent(kmwe).In thesimplestdescription,vxw is aconstant,but

it maybetreatedasanangulardependentscatteringprobability �@gr�m�����8q in morecom-

plex descriptions.As the energy thresholdof the detectoris increasedto N�J�O�� ] eV,

theratioof downgoingatmosphericmuonsto expectedsignaldecreases,reachingunity

in the vicinity of 1 PeV. Sincethe requiredlevel of rejectionis lessat higherenergy

thresholds,event selectioncriteria canbe optimizedto achieve muchlarger effective



areasthancould be achieved with larger rejectionrequirements.Detectionmethods

with sufficientenergy resolutionto identify PeVeventscanbeusedto searchtheentire

sky. Simulationsshow U �F� UF� that the energy of ��b -inducedcascadesmay be measured

with sufficient accuracy, assumingthe vertex is containedwithin the volumeof the

array. Thequotedvaluesin theliteraturefor effectivedetectionareacausemuchconfu-

sionbecausethey area functionof leptonenergy, zenithangle,andrequiredrejection

factorwhich differsbetweenphysicsobjectives.Theeffective volumebecomesuseful

whenthe rangeof the muonis comparableto the largestdimensionof thearray. For

muondetectionat mediumenergies(andfor all cascadeevents),theeffective volume

becomesa convenientparameterof detectorsensitivity, but it too dependson energy

andrejectionfactor.

Atmosphericneutrinosform an irreduciblebackgroundin thesensethat they can-

not be differentiatedfrom non-terrestrialneutrinosignalson an event by event basis.

Sincetheenergy spectraandangulardistributionsof atmosphericneutrinosarereason-

ablywell known from measurementandcalculation,statisticaltechniquesusingenergy

spectra,spatialandtemporalcorrelation,etc.canconfirmor rejectahypothesisinvolv-

ing atmosphericneutrinos.

3.1 ����� 1 PeV: Detection Modes of Optical Cherenkov Arrays

In thissection,wediscussthemostcommondetectionsignaturesfor HE neutrinotele-

scopes.Theneutrinosignaturedependson flavor andwhethertheneutrinoinitiatesa

chargedcurrentor a neutralcurrentinteraction.

1. Chargedcurrent(CC) interactionsinitiatedby � H . For M H@� 1 TeV, therangeof

the muonexceedsseveralkilometersandthe effective volumecangreatlyexceedthe

instrumentedvolume,whichis thereasonwhy thismodehasbeentheprimaryfocusof

recentdetectordesignsutilizing opticalCherenkov radiation.

2. Cascadesinitiated by neutralcurrent(NC) interactions,��b and N 80% of ���
chargedcurrentinteractions.

3. DoubleBangeventsaregeneratedby ��� . For M�� � J�O�� � eV, the decaylength

of thetauleptonis comparableto thescaleof theinstrumentedvolumeof high energy

neutrinoarrays.The initial interactionproducesa large hadroniccascadeasdoesthe

eventualdecayof the tau lepton. The distinct separationof two large cascadeevents

provides a uniquesignature. However, sincethe verticesof both cascadesmust be

contained,theeffectivevolumeof thismodeis a few percentof theCC � H signature.



Table1 summarizesthe primary backgrounds,advantages,anddisadvantagesfor

themostcommondetectionmodes.

Table1. Primarymodesof detectionavailableto HE neutrinotelescopes.
Mode Background Advantages Disadvantages�F� atm. �F� , downgoingatm H Best �������� � cascades H -brem, ���R � BG systematics ¡ V5¢ � � ������£�¤�¥§¦ � V TeV poorangularresolution�F¨ DoubleBang little cleandowngoingsignature mustbecontained,¡ V5¢ V � � ��©�ª�

longbaselineoscillation
£m«o¬

1-10PeV, only downgoing� ¨ by excess� � � � and � �m � low energy � ¨ very challengingsignature

Thefollowing sectionsgivemoredetailoneachdetectionmode.

3.1.1 Muon Detection

Thelargesteffective detectorvolumesareachievedby measuringtheflux of high en-

ergy muons. For energiesbetween0.1 TeV and1000TeV, the enormousflux of at-

mosphericmuons,generatedcosmicray collisionsin theatmosphere,overwhelmsthe

meagersignal expectedfrom neutrinos. Restrictingthe observationsto upgoingdi-

rectionscaneliminatethis background.The Earthfilters out the atmosphericmuons,

leaving only muonsinducedby neutrinosthathappento interactneartheactivevolume

of the detector. Assumingthat the rangeof the muonis larger thanthe characteristic

dimensionof theactivevolumeof thedetector, thesignalrateis theconvolution­ jrk�lon�p~N®a bedfd°¯±^ H ¯³²´��grM@�5µ¶q~¯P·+�[� (7)

wherê H is themuonrangein g/cm� , µ¸_ £ «f¹ £ �£m« is themeaninelasticityso Jº\@µ is the

fractionof energy transferredto themuon,and a bidfd is theenergy dependenteffective

areaof the detector. The rangeandcrosssectionboth increaselinearly with energy

into the TeV region. Stochasticprocessesbegin to dominateover continuousioniza-

tion lossesatenergiesabove0.5TeV, andthereforetheenergy lossperunit lengthalso

increases.AssumingalinearscalingbetweenCherenkov emissionand»�M)K[»�¼ , highen-

ergy muonsbecome“brighter” andmorereadilydetected.Theeffectiveareaincreases

with energy becausethe muoncanbe detectedfrom greaterdistances.Sincemuons

canbe detectedbeyond the instrumentedvolume,it is possiblefor the effective area

to be larger thanthe instrumentedcross-sectionalareaof thearrayof photomulitplier

tubes.In practice,strongbackgroundrejectionrequirementsusuallyresultin effective

areasthataresmallerthanthegeometricarea.Theenergy dependenceof a bedfd mustbe

includedin thecalculationsof theeventrate.



The usualprocedurefor calculatingthe flux involvesseveral simplifying approx-

imationsto estimatethe event rate(andavoid the convolution calculation).First, the

charged-currentcrosssectionis usuallyaveragedoverthe µ -distribution,andsmalldif-

ferencesin theaveragebetween� and ½� areignored.ThisapproximationisexcellentforM�� � J�O � ] eV. Themeanvalueof µ convergesto 0.2for theneutrinoandanti-neutrino,

andonly weaklydependsonenergy. Second,theenergy dependenceof thedetectorcan

befactoredout of theconvolution by calculatingtheneutrinoinducedmuonspectrum

at thedetector, »:¾ H K[»:M . Theflux of muonswith energy M H inducedby neutrinoswith

energy M�� is» � ¾ H»:M H »:M�� _À¿@ÁV »�ÂÃ¿ £m«£ � »:M �H kogÄÂ���M H ��M �H q¶¾ÆÅ »:²»�M �H »�¾Æ�»:MÇ� (8)

wherethe last two factorsare,respectively, the chargedcurrentcrosssectionandthe

differentialenergy spectrumof the neutrinos.The factor, k , is the differentialproba-

bility thata muonproducedwith energy M �H travelsa distanceÂ andretainsanenergyM H . By ignoringrangestragglingÈ of themuon, k canbewritten:

kogÄÂÉ��M H ��M �H q N _ Ê gÄÂË\ÌÂ V qÍ g�JÏÎÑÐxM �H K Í q (9)

wheretheconstantsin rockare Í N _ 2 MeV/(g/cm� ) and Ò°_ Í K�Ð{_ 510GeV. Thesepa-

rametersvaryby lessthan20%from 10� � –10�FV eV. Lipari andStanev UFZ havediscussed

a moreaccuratetreatmentof muonpropagationat high energy. If thesmallvariations

in theseparametersareignored,then Â V is determinedby

ÐºÂ V _WÓ8Ô�Õ MÆ�H ÎÖÒM H ÎÖÒ�× Q (10)

Usingtheseapproximations,we seethat thedifferentialmuonenergy spectrumat the

detectoris relatedto thedifferentialneutrinospectrum,·+� = »:¾Ø��KÙ»�M�� , by» � ¾ H»:M H »:M�� N _ »�¾Æ�»:MÇ� »:�§�»:M H _ »:¾Ø�»:M�� ¾ÆÅÍ gªJ#ÎÑÐxM H K Í q ¿ £ «£ � »
²»:M �H »:M �H � (11)

wheretheprobabilitythata neutrinoof energy MÇ� directedtowarda detectorproduces

adetectablemuonis �§� . Theeventratecannow becalculatedfrom Equation11:­ jrk�lon�pÚ_ ¿ Á£ ¤Û¥� ¿ ÁV » � ¾ H»�M H »:MÇ� a bedfd�grM H q¶»:MÇ�Ü»:M H (12)Ý
Rangestragglingrefersto thevariationin rangedueto fluctuationsin energy losses.Therefore,abeam

of particleswith identicalenergy will not travel thesamedistancefor thesameenergy loss.



_ ¿ Á£ ¤Û¥� ¿ ÁV »�¾Æ�»:MÇ� »:�§�»:M H acbedfd:grM H q¶»�M��º»:M H (13)

_ ¿ ÁV ¿ Á£ ¤�¥� »�¾Æ�»:MÇ� »:�§�»:M H acbedfd:grM H q¶»�M H »:M��[Q (14)

Accordingto Eqn.14,theintegratedprobabilityof detectionmustbeweightedaccord-

ing to the effective areaof detection. If the energy dependenceof a bidÞd is assumed

small,then a bedfd canberemovedfrom theintegral:­ jrk�lon�pÚ_ a bidÞd§¿ ÁV ¿ Á£ ¤�¥� »:¾Ø�»:M�� »:�§�»�M H »:M H »:MÇ� (15)

_ a bidÞd§¿ ÁV »:¾Ø�»�M�� �§�Ü»:M��[� (16)

where M �àßH is theminimumdetectablemuonenergy for a givendetector, which in gen-

eraldependson thezenithangleandthe rejectionrequirementsof theanalysis(i.e, it

is analysisspecific). Note that the probability, �x�
grM��3qá_ãâ Á£ ¤�¥�®äªå «ä £ � »:M H only depends

on theminimumdetectablemuonenergy, not the initial neutrinospectrum.Graphical

illustrationsUeæ andanalyticalexpressionsfor �x� canbe found in literaturefor several

valuesfor M �àßH , with theassumptionof constanteffectivearea.Theseanalyticalexpres-

sionsareusefulfor order-of-magnitudeestimates,but it is importantto keepin mind

therestrictions.

For theenergy interval J�O ¹ Z�ç M�� ç J TeV, theprobabilityis averagedfor identical

fluxesof neutrinosandanti-neutrinos

�x� èéJ[Qëê¸yìJ�O ¹ � g<MíKÙîxïsðØq �5¢ � Q (17)

Thescalingwith energy directly reflectsthe energy dependenceof theneutrinocross

sectionandtheaveragerangeof themuon.Thecrosssectionis proportionalto energy

below 1 TeV, but thenchangesto a weaker energy dependencedueto theeffect of the

W propagator. A similar changein theenergy dependenceoccursfor therangeof the

muon,sofor J ç MÇ� ç J�O[Z TeV, theprobabilitybecomes

�x� èéJ[Qëê¸yìJ�O ¹ � g<MíKÙîxïsðØq V5¢ U Q (18)

For energiesgreaterthan10 PeV, the effect of the W propagatorbecomesmorepro-

nounced,andthecrosssectionsUF] scalewith energy approximatelyas MØV5¢ ZF� . Unfortu-

nately, thecrosssectionsarenot well determinedbecausedifferentassumptionsabout

the partondistribution functionsat very small ¼ leadto uncertaintiesof a factorof 2



Muon Effective Area versus Zenith Angle
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Fig. 12. Theeffectiveareafor muondetectionasafunctionof zenithanglefor øùH between0.1

TeV and100TeV ( úfû�ü T is verticallyup in localdetectorcoordinates).

at J�O �FV eV. Keepingtheselimitations in mind, the probability for muondetectionis

approximatedas:

�x� èéJ�O ¹ � grM)K[ýþïsðØq V5¢ æ � (19)

whereM is now in unitsof EeV( J�O � U eV).

Thecurrentgenerationof HE neutrinodetectorsareconstructedwith approximate

cylindrical symmetry, andorientedvertically. This leadsto angulardependencein the

effectivearea,a bedfd�gr�[q , where� is thezenithangle.As figure12shows,this is certainly

thecasewith AMANDA. Moreover, theenergy dependenceof a bidfd cannotbeignored.

To allow for theseeffects,wecanwrite Eqn.12moregenerallyas­ jrk�lon�p~_ ¿@Á£ � ¤�¥Ùÿ���� ¿ ÁV »:¾ H»:M H »:M�� acbedfd:grM H ����q¶»:MÇ�~»�M H Q (20)



Neutrinoswith M�� ç J�O[O TeV arenotstronglyattenuatedby theEarth,andmuchof the

solidanglenearthehorizonremainsaccessibleto energiesaslargeas1 PeV. Although

theEarthis transparentto low energy neutrinos,anEarthdiameter( J[Q7J¸y J�O[] kmwe)

exceedstheinteractionlengthof neutrinoswith energy higherthanabout40 TeV. It is

convenientto introduceanexponentialfactorto accountfor theabsorptionof neutrinos

asthey travel alongthechordof theEarth, Â gr�[q ,� g<MÇ�Ù����qþ_ »�¾Æ�»:MÇ��� ¹�� ¤�	<¤ ÿ £m« ��

���#ÿ���� � (21)

whichassumesthatthereactionproductsgeneratenodetectablesignal.Theattenuation

factorcanbeaveragedover azimuthangleUF] to producea “dif ferentialshadow factor”

that is equivalentto the effective solid anglefor upward traveling muons.Uncertain-

ties in thedensityprofile of theEarthandtheneutrinocrosssectioncontribute to the

error in this calculation.For neutrinoenergiesabove J�O �FV eV, horizontalandslightly

downgoingneutrinosencountersufficient materialto attenuatetheflux (keepin mind

thatwearediscussingundergrounddetectorswith overburdensof severalkilometersof

waterequivalentor more). Thereis onenotableexceptionto theseconclusions.Tau

neutrinoswill regeneratethemselvesbecauseboth thechargedandneutralcurrentin-

teractionsproduceatauneutrinoin thefinal state.Regenerationcausesthetauneutrino

to loseenergy until N J�O:� ] eV, the energy at which theEarthbecomestransparentto

all neutrinoflavors. In practice,this signatureis difficult to useto identify �3� if the

cosmologicalsourcesproducenearlyequalfluxesof � H and �3b with power law spectra.

Undertheseassumptions,thehigh energy ��� signalwill beoverwhelmedby thesignal

from lower energy � H . At this point, statisticaldiscriminantsmustbeemployedbased

onangulardependenceof thesignalor a rarehighenergy eventtravelingverticallyup-

ward. Unfortunately, thestatisticsof high energy eventsby currentor next generation

detectorsis unlikely to behighenoughto utilize thisdiscriminanteffectively.

The calculationsabove ignorerangestragglingandotherdetailsof muonenergy

loss. They arevalid only if the rangeof the muonis lessthanthe columndensityof

mattersurroundingthedetector. For upgoingneutrinospenetratingtheEarth,thiscon-

dition is valid, but doesnothold for detectorsat relatively shallow depthsfor neutrino-

inducedmuonsin thedownwarddirection.As aconsequence,downgoingsignalsfrom

neutrinosareconcentratednearthe horizontaldirection,wherethe columndensityis

greatest.



3.1.2 Cascade Detection

Thereareseveral importantprocessesthatgeneratecascadesof high energy particles,

whicharesummarizedbelow:

�3b�gÞ½��b5qºÎÖ¾ � � ¹ g � � quÎ hadrons� (22)���rgÞ½���7qºÎÖ¾ � ���igf½���8quÎ hadrons� (23)½�3bÜÎ � ¹ � � ¹ � ÂÉQ (24)

Neutrino-inducedelectronsproduceelectromagneticcascadesthatgenerateverybright,

localizedburstsof Cherenkov photons.Thelongitudinaldevelopmentof hadronicand

mixedcascadesis somewhatlesslocalizedon average,andthey occasionallyproduce

muonsthattravel for 50m. Thenarrow resonancereactionindicatedby thethird lineUF�
canbeusedto calibratetheenergy responseof thedetector, but theeventratesinduced

by atmosphericneutrinosis negligible for kilometerscaledetectors.� However, if astro-

physicalsourcesof 6.4 PeVneutrinosexist, thenthis reactionmaybecomeimportant

in kilometerscaledetectors.While theenergy resolutionfor cascadeeventsis expected

to bemuchbetterthanthat for muontracks,whetherit is sufficient to extractresonant

eventsfrom thecontinuuminducedby chargedcurrentreactionson nuclei remainsan

openissue. Initial studiesof the IceCubedetectorperformanceUF� shows that this re-

quirementrepresentsanon-trivial challenge.

Althoughthedirectionalinformationis poorcomparedto muontracks,theenergy

resolutionis far superior. In mediawith moderatescattering,the sensorsnearestthe

cascadevertex provide thedirectionalinformation,while distantsensorssamplefrom

a expandingdiffusivewavefrontto providea calorimetricmeasurement.Thespherical

topologyof thecascadeeventsreadilydistinguishesthemfrom themostcommonatmo-

sphericmuonbackgrounds.For example,atmospheric�3b arehighly suppressedatthese

energiesbecausethemuonsproducedin theair shower arefar morelikely to interact

thandecay. At energiesabove1 TeV, theirreducibleflux of atmospheric�3b is lessthan� H becausefewer atmosphericmuonsdecaybeforereachingthedetectorasthemuon

energy increases.Therefore,neutralcurrentinteractionsby � H -inducedbremsstrahlung

andpair productionare the dominantbackground,apartfrom instrumentalenhance-

mentof themoreabundant,lower-energy phenomena.Recentwork hasshown thatthe

latter two physicsbackgroundscanbe eliminatedwhile retaininggoodefficiency for

signalevents.Oncethesebackgroundsarerejected,neutralcurrentinteractionsby at-

mospheric� H form anirreduciblebackground.In thissense,thetechniquesof detecting



� H and ��b arecomplementary. Thegoodangularprecisionandsuperiorsensitivity of

muondetectionis tradedfor improvedenergy resolutionandlower backgroundrates.

For kilometer-scaledetectors,the largespacingbetweenstringsleadsto a ratherlarge

energy thresholdfor simpletriggerschemes,but fractionalenergy resolutionof N������
is expected.UF�

Onecommonpracticeseenin the literatureis to presentintegral limits in plotsof

differentialspectra,which is acceptableif theenergy resolutionof thedetectoris rather

poor. However, thispracticemakesit difficult to interprettheresultsandgivesanoverly

optimistic impressionof the sensitivity of the detector. Given the energy resolution

expectedfor cascadeevents,it is more informative to plot differentialsensitivity as

a function of neutrinoenergy. This point is illustratedin Fig. 13, which was taken

from Ref.82. Thefigureshows thatseveralmodelscanbeprobedby currentandnext

generationHE neutrinodetectors. In general,differential limits convey information

moretransparently, but in practice,eachmodelmustbe comparedon a case-by-case

basisby calculatingthe expectedevent ratefor eachuniqueflux predictionandthen

comparingto backgroundratesto obtainflux limits.

Dueto thesuppressionof theatmospheric�3b flux at high energies(relative to � H ),
hadroniccascadesinducedby neutralcurrentinteractionsof atmospheric� H generate

anirreduciblebackgroundfor astrophysicalsources,unlessit becomespossibleto dis-

tinguishNC interactionsfrom �3b -initiatedcascades.Thebackgroundshown in Fig. 13

hasseveralimportantconsequences.First,it is possibleto searchfor adiffuseflux of ��b
by integratingover thecompletesky ( ��� sr) by imposinga softwareenergy threshold

of 100 TeV. Sensitivity to downgoingneutrinosis particularlyimportantfor energies

above J�O � ] eV becausethe columndepthsaretoo small to significantlyattenuatethe

neutrinosignal. It will be very difficult to usethe muonmodeto searchfor down-

going muonswith comparableenergies,so cascadesmay be the only mechanismfor

a singledetectorto integratesignal from the completesky. Second,WuUF� estimated

the effective volumefor ��b in a typical kilometer-scaledetectorafter the application

of backgroundrejectioncriteria. It is comparableto the effective volumefor the � H
modein AMANDA-II. Sincethe beststudiedmechanismsfor high energy neutrino

productionpredictcomparablefluxesof � H and �3b , mostmodelsaccessibleto studyby

the ��b modein kilometerscaledetectorswill betestedby thecurrentgenerationof HE

neutrinodetectors.Discoveryby currentgenerationdetectorswill providestrongincen-

tive to optimizethenext generationdetectorfor flavor compositionstudiesof neutrino

emission.



Fig.13. Diffuseflux predictionsandexperimentallimits for cascadeeventsinitiatedby G b . The

experimentallimits wereobtainedfrom AMANDA-A, U � Frejus�F] (triangle),andtheBaikalNT

detector.��� AMANDA-B diff andAMANDA-B int are the differentialand integral limits.U��
The curve labeledIceCubeG b (1) correspondsto the minimumdetectableflux for oneyearof

livetime,assumingan ø ¹ � differentialspectrumandignoring atmosphericbackground.The

curve labeledIceCubeG b (2) is theminimumdetectabledifferentialflux, takinginto accountthe

irreduciblebackgroundfrom NC interaction.Theatmosphericneutrinoflux,UFZ GRB flux ] and

AGN flux UFU areshown for comparison.



3.1.3 ��� detection using Double Bang mode

Thestronginterestin neutrinooscillationandflavor compositionof the neutrinoflux

from astrophysicalsourcesstronglymotivatesexperimentaliststo find a mechanismto

identify tauneutrinos.LearnedandPakvasa�F� suggestedthat the tauneutrinomaybe

identifiedby observinganeventcharacterizedby pair of energeticcascadesseparated

by theflight distanceof thetau lepton. Thesignatureis known asthe“Double Bang”

mechanism.

Theflight distance, , of thetauleptonproducedin CC interactionsis givenby

 _"!$#¶MíKÙt�� _ %'&)(+*J�Q &-, % M��J/.§ïÞð , Q (25)

Theflight distanceis approximately100m for MC� = 2 PeV, which is large enoughto

observewith aHE neutrinofacility. Theinitial cascadefrom thechargedcurrentinter-

actioncontainsN 30%of M�� . Theenergy lost by the tau leptonis largely ionization,

sincetheheavy masssuppressesbremsstrahlungandpair production.Thesubsequent

decayof the tau leptonproducesan even morespectacularcascadecontaining70%

of the neutrinoenergy. Thesimultaneousobservationof two cascadesseparatedby a

minimally ionizing trackwouldbeunambiguousandprofound.

Thebackgroundsfor theDoubleBangsignatureareexpectedto bevery small,but

theeffective volumein opticalarraysis greatlyreducedby therequirementto contain

both showers.� �F� � � The lack of reconstructiontools for this unusualtopologymakes

it difficult to estimatetheminimumandmaximumseparationsthatproducesufficient

energy resolutionand backgroundrejection,but first passestimatesof the effective

volume is only a few percentof the volumefor � H . Apparently, event rateswill be

verysmallcomparedto othermodesaccessibleto currentHE neutrinodetectors.Also,

therequirementfor well-separatedshowersconstrainsthelowerenergy limit to several

PeV. At this energy, attenuationby the Earthbecomessevereso only half the sky is

accessible.Despitetheseobstacles,thediscoveryof oneor moreastrophysicalsources

by currentgenerationdetectorswill motivatethedevelopmentof analysistools tuned

for theDoubleBangsignature.

At EeV energies,theDoubleBangsignatureis morereadilydetectedby facilities

employing theair fluorescencetechniquessuchasHiRes,Auger, andEUSO/OWL. In

thiscase,thedetectionstrategy utilizesa variantof thehorizontalair showermethod.



3.2 ���10 2 PeV: Optical Cherenkov

TheAMANDA collaboration�F� hasrecentlysuggestedthatpresentgenerationoptical

arrayscanbeusedto detect� H with energiesabove J�O � U eV. Themuonis ejectedwith

80%of theneutrinoenergy andpropagatesfor tensof kilometers.Exceptnearthehori-

zon, the limited columnthicknessabove the detectorsuggeststhat the energy losses

aremodest.Sincethe muonsaredetectedwith energiesclosethe productionenergy,

the effective areaof AMANDA is very large. Simulationsshow that muonswith M H
= J�O�� U eV canbe detectedmorethan500m from the centerof the array. The arrival

timedistributionof photonscharacterizesthedistance,while thequantityandtopology

characterizestheenergy. Atmosphericmuonbackgroundsaresmallat theseenergies,

but instrumentalartifacts(from cross-talkin theelectronics,for example)mustbeun-

derstood.Theresponseof theopticalsensorsto largelight levelscanbecalibratedby in

situ light sources.An earlystageof analysis,which includesbackgroundrejectioncri-

teria,shows thattheapertureof AMANDA is N 5–10kmZ sr, comparableto theAuger

sensitivity from horizontalair showers.Theexpectedsensitivity for AMANDA atEHE

energiesis indicatedby thedottedcurvesin Fig. 3 andcomparedto Auger, OWL, and

RICE.

Most of theEHE eventsaredetectedwell outsidethe instrumentedvolumesoan-

gularreconstructionandenergy resolutionarenot likely to bevery good.Sincesignal

eventstendto arrive from thehorizonwhile backgroundeventsclusternearzenith,the

lack of angularreconstructioneliminatesthis powerful statisticaltest. Fortunately, it

is probablethat IceCubecanreconstructthe angularparametersof EHE muonswith

muchbetteraccuracy. Theenergy thresholdcouldbereducedrelative to AMANDA-II

becausebackgroundtopologiesareeasierto recognize.Eventhoughtheoverall sensi-

tivity of IceCubewill becomparableto AMANDA andAuger, it canverify discovery

claimswith improved performance(relative to AMANDA) or with independentsys-

tematicerrors(relative to Auger).

3.3 ���10 2 PeV: Alternative Techniques

Above NWJ�O PeV, thepredictedevent ratesfor opticalarraysarerathermeager.U43 Al-

ternative techniquesfor J�O 3 GeV neutrinosarebeingconsideredthroughcoherentra-

dio3FV6573F� or acoustic3FZ pulses.At EHEenergies,acousticandice-basedradiotechniques

runoutof rateunlessanenormousextrapolationin sizeis assumed.Instead,new tech-

niqueswhichutilize theenormousenergy depositionby EHE � ’s interactionsareunder



development.Webrieflydiscusshorizontalair showermeasurementswith conventional

arrays�FZ or with fluorescentlight eitherfrom theground3eæ or from orbitingdetectors.�eæ
3.3.1 Radio and Acoustic Techniques

Nearly40 yearsago,Askaryan3F] predictedthat thedevelopmentof high energy elec-

tromagneticcascadesin normalmattershouldproducea charge excess. Photonand

electronscatteringprocesses8 thatpull electronsfrom thesurroundingmaterialinto the

cascadecreateanexcessnegativechargeof 20-30%.Thiseffecthasbeenconfirmedby

abeautifulmeasurementatSLAC FinalFocusTestBeamFacility.3F�
Techniquesbasedonthedetectionof coherentradioemissionfromneutrino-induced

electromagneticcascadesarebeingpursuedin several ways. The RICE experiment

exploits the dielectricpropertiesof cold Antarctic ice. At radio wavelengths,the at-

tenuationlength in ice is approximately1 km, nearly an order of magnitudelarger

thanopticalabsorptionlengths,suggestingthatmuchlargervolumesof ice canbein-

strumentedfor a given numberof sensors.Relatively little of the neutrinoenergy is

transformedinto radiopower, sotheenergy thresholdof this techniqueis ratherhigh.

However, thelargeattenuationlengthsatradiowavelengthsassuresthatoncethesignal

to noiseexceedsunity for a givenreceiver, it will remaindetectableto largedistances

betweencascadeandreceiver. At themoment,morethana dozenradio receiversare

buriedin thesameholesusedby theAMANDA collaboration.Thesensorsareplaced

at depthsof severalhundredmeters,which stemsfrom two competingconditions.At

increasingdepths,the ice temperatureincreases(soattenuationlengthis reduced)and

thetransmissionof high frequency signalsbecomesmoredifficult. At shallow depths,

theindex of refractionchangesrapidlydueto thechangingdensityof thefirn ice layer.

The primary aim of the RICE collaborationis to studyreliability, backgrounds,cali-

bration,andthepositionresolutionof vertex reconstruction.�F� Presentanalysisshows

that thevertex of thecascadecanbedeterminedwith a resolutionof 10m. TheRICE

collaborationis developinghighergain antennasand new transmissiontechnologies

basedonopticalfibersto increasethebandwidth.D. Seckel3�� hasspeculatedthatradio

techniquesmay be the besttechniquewith the capabilityto achieve an effective vol-

umeof 100kmZ . Long termissuessuchaspower, signaltransmission,servicing,and

triggeringovervastdistanceson theAntarcticplateauremainto besolved.

Theinteractionof EHEneutrinosnearthesurfaceof thelunarregolith mayproduce9
positivechargeis removedby in-flight annihilationof positronsin thecascade



radio frequency pulses.3F� The large target masscompensatesfor the small solid an-

gle andlimited exposuretime on largetelescopes.Theacceptanceof this techniqueisNéJ�O[Z kmZ sr for MÇ� � J�O[�FV eV, which is a factorof 100largerthanexpectedfor optical

arrays.However, theexposuretime for opticalarraysis typically yearswhereastime

allocationon radio telescopesis typically a few days.Backgroundsfrom high energy

cosmicraysmayposea problem.Recentwork scannedthe limb of themoon. It was

thoughtthattotalinternalreflectionwouldsuppressradioemissionbycascadesinitiated

by cosmicrays. However, recentwork which hasincludedtheLPM effect hasshown

thedetectionprobabilitiesfor cosmicray eventsdominatenearthe limb. 3FU Imperfec-

tions from sphericityon the lunarsurfacemaycreatebackground“hot spots”aswell.

Fortunately, theneutrinodetectionprobabilitiesdominatecosmicrayprobabilitiesnear

thecenterof themoon,but refractionreducestheacceptance.

Both waterandice mediacanbe usedto detectacousticpulseswhich aregener-

atedby cascadeswhenionizationenergy lossesareconvertedinto heat.While heatis

depositedinto themediumveryquickly (a few nanoseconds),it dissipatesveryslowly.

Theapproximatestepfunctionexpansioncreatesacoherentbipolarpressurewave. The

signalstrengthscaleslinearlywith energy, asgivenby

��: ; M< ^ » � � (26)

where� is theamplitudeof thepressurewave, ; is theexpansioncoefficient,
<

is the

heatcapacity, » is thediameterof thecascadedevelopment,̂ is thedistancebetween

the cascadeanddetector, and M is the energy of the neutrino. Note that the “seeing

distance”is linearly proportionalto depositedenergy for a fixed receiver sensitivity.

Thisexplainswhyacoustictechniquesbecomeattractiveat � PeVenergies.Onecritical

parameteris thebulk coefficient of thermalexpansion,; , which increaseswith water

temperature,whichmakestherelatively warmwaterof theMediterraneananexcellent

site.

The pressureamplitudefrom backgroundnoise(which is highly variabledue to

surfacewaves)decreasesas J3K � , whereasthermalnoisein thereceiversscaleslinearly

with frequency. Thermalnoisedominatesabove 20 KHz, which setsanupperbound

for theoptimalfrequency of operation.Therecentreview by LearnedandMannheimæ
summarizesthecurrentexperimentalefforts to developthis technique.



3.3.2 Horizontal Air Shower Technique

Giventhegeneralpowerlaw dependenceof theneutrinoflux expectedfrom mostmod-

els, the lowestenergiesarebestexploredby optical Cherenkov detectors.Radioand

acoustictechniqueshave thepotentialto extendthesearchto theenergy interval J�O � ] –J�O�� U eV becausethey candetectdowngoingneutrinoswith greatersensitivity thanop-

tical methods.Theupperlimit is approximate,determinedby eventrate,eventhough

the effective volume for thesetechniquesis potentially several ordersof magnitude

greaterthankilometerscalearrays.At thehighestenergies,largeareasparsearraysof

particledetectorsaresensitive to themacroscopicquantitiesof energy depositedin the

atmosphereduringthedevelopmentof extensive air showers(EAS). We usetheword

“shower” insteadof “cascade”to remindusthattheeventextendslaterallyoverseveral

kilometers. At theseenergies,impressively large areasarerequiredto observe a few

eventsperyear. For example,theAugerprojectZ�� is now constructinga3000km� array

in Argentina,andplansto duplicatethateffort in thenorthernhemisphere.

The previous methodrequires“contained”eventsin the sensethat particlesmust

strike the detectorsin theactive volume,necessitatinglarge areasof instrumentation.

Alternatively, pixellatedoptical telescopeshave the sensitivity to detectoptical pho-

tonsgeneratedin theair showerdueto nitrogenfluorescenceandCherenkov radiation.

Thede-excitationof thenitrogenatomsis isotropic,while Cherenkov radiationis co-

alignedwith thedirectionof theshower. Therefore,telescopesdesignedto searchforN TeV particlesrely on Cherenkov radiation,whereashigherenergiesarebestprobed

by fluorescencetechniquesbecausethe particletrajectoryneednot point at the tele-

scope.Comparedto surfacearrays,far feweropticaltelescopesarerequiredto achieve

thesameaperture,but they aremuchmoresophisticatedandoperateonly onmoonless

nights( N 10%dutycycle). TheAugerprojectemploysbothtechniques.

Horizontalair shower techniquescanbe employed to explore the neutrinosky at

extremelyhigh energies.Z�� � �FZ In the verticaldirection,the atmosphereis about10 in-

teractionlengthsthick, but thecolumnthicknessgrows with zenithangle.No shower

initiated by a stronglyinteractingparticlecanpenetrateto the detectorfrom nearthe

horizon. Therefore,horizontalair showerscanonly becreatedby deeplypenetrating

particles,suchasneutrinosandmuon-inducedbremsstrahlungcascades.Evenat EHE

energies,theinteractionlengthof weaklyinteractingparticlesis verylongcomparedto

thecolumnthickness,socascadeverticeswill beuniformly distributedthroughoutthe

atmosphere.In particular, a largefractionof neutrinointeractionsoccurat largedepths.



Neutrino showers can be differentiatedfrom electromagneticshowers by exploiting

differencesin theshapeandtiming parametersof theshower front, but systematicdif-

ficultiesinvolvedin boththedetectionandanalysisof inclinedshowershashampered

efforts in thepast.343 Conceivably, with anacceptanceN=�[O kmZ sr of waterequivalent

target volumefor MÇ� � J�O � 3 eV, the Auger air shower arraywill have the sensitivity

to searchfor neutrinosfrom cosmicray interactionswith thecosmicmicrowave back-

ground,andfor morespeculativesignalsfrom topologicaldefects.

Fluorescencetechniquesmeasurethe longitudinaldevelopmentof the shower, so

energy determinationandbackgroundrejectionarestraightforwardgivenan accurate

trajectory, andtheEUSO/OWL project�eæ is designedto takeadvantageof this. Initially,

a largefield-of-view mirror with pixellatedlight sensorsis installedontheInternational

SpaceStation.Flying at altitudesof N 400km, downward-orientedmirrorscanscana

very largevolumeof theEarth’s atmosphere.Preliminarysimulationsof performance

show that theneutrinoapertureis sufficient to detectof order10 eventsperyearfrom

GZK or from themoreoptimisticparameterizationsof topologicaldefectandZ-burst

models. The effective volumeof the detectorsystemcanbe increasedby eventually

launchingseveralmirrorson free-flyingsatellitesto higheraltitudes.Potentially, this

systemincreasesthesensitivity to HE particlesby severalordersof magnitudebeyond

Auger if the technicalhurdlesare overcome. The “Double Bang” signaturefor tau

neutrinosis quite striking at EHE energies. For M��É_ J�O�� 3 eV, the shower pairsare

separatedby 500km. In additionto fluorescencephotonsfrom horizontalair showers,

Cherenkov photonsfrom upward traveling verticaleventscanbe usedto identify tau

neutrinos. As mentionedin section 2.3.1, the Earthfilters all known particleswith

energiesabove 1 PeVexcept �3� . At the transparency energy, tau leptonsproducedin

CC �3� interactionswill travel adistance>'!$# of approximately50m (or N 50mwesince

mostof theseinteractionsoccurin theocean).For interactionslessthan50m beneath

thesurface,the tau leptonwill emergeanddecayto generateanextensive air shower.

This processyieldsa targetmassof J�O � æ metric tonsat a transparency energy of J�O � ]
eV for abaselinetargetareaof J�O[� km� .

SincetheCherenkov photonsarestronglypeakedin theforwarddirection,theen-

ergy thresholdis greatlyreducedfor thoseeventsthattravel towardtheinstrument.The

vertical trajectorysuggeststhat few pixelsdetectlight, sobackgroundsandtriggering

will bechallenging.For example,theevent rateof upward traveling muonsfrom CC� H will dominatethe �3� flux dueto themuchlongerrange.A fractionof thesemuons

mayradiatehighenergy photonsthatmayconfuseflavor indentification.



Fig. 14. Geographicallocationof operatingor plannedhighenergy neutrinofacilities.

4 High Energy Neutrino Detectors

4.1 General Considerations

Thevisionarydecisionby theDUMAND collaborationover 25 yearsagoto construct

a large telescopenearly5000m underthe oceanand40 km from shorelaunchedthe

experimentaleffort to constructa neutrinoobservatory. The designgoalsthenwere

muchthesameasthey arenow: thresholdenergy of NÀJ�Oí\ÀJ�O�O GeV, optimizedfor

muonenergiesof 1–10TeV, effective detectionarea= 20,000m� , numberof optical

sensors= 200. Unfortunately, this pioneeringeffort fell victim to expensive logistical

difficultiesandwasde-funded.

At present,four groupsarecompetingin theconstructionof high energy neutrino

observatories:two in theMediterranean— NESTOR� VFV � ]F� andANTARES� V � — onein

Lake Baikal,Siberia,calledNT-200� VF� — andonein deepice at theSouthPolecalled

AMANDA. � VFZ65 � VF] Baikal’s NT-200 andAMANDA-II aretaking data,andfeasibility

studiesarebeingcarriedout at the Mediterraneansites. Thegeographicallocationis

shown in Fig. 4.1.

AMANDA anchorstheeffort in thesouthernhemisphereandcomplementsthesky

coverageof theSiberianandplannedMediterraneanobservatories,asshown in fig. 15.

Several new conceptsfor surfaceneutrinoobservatoriesarebeingdiscussed,�?3 anda

new effort to studyunderseasitesnearSicily andPonzaIslandin Italy (NEMO),� VF� but

I will notcover thoseideashere.



Fig. 15. Comparsionof sky coverageby northernhemispheredetectors(top) andAMANDA

(bottom).Thetop scaleindicatesthefractionof time observinga givenregion of thesky. The

darkestpatchesshow theregionsof greatestefficiency. Thefigureshowsthatbothnorthernand

southernhemispheredetectorsarerequiredfor uniformsky coverage.



Therelative meritsof eachsiteandtechnologicalimplementationsaresufficiently

attractive to warrantseveralon-goingefforts becausethe decisiontreeis not yet ma-

ture. Many factorscontribute to a complex matrix of projectcost. Theseincludeop-

tical properties,temporalandspatialvariability of themedium,deploymentcomplex-

ity, logistical support,physicsemphasis,sensordensityandoverall geometry, in situ

componentreliability, systemarchitecture,signaltransport,sophisticationof front end

electronicsand dataacquisitionsystem,repair, maintenance,etc. Photonscattering

concernsstronglyfavor water, but absorptionlengthsarelargestin ice. Thereis little

doubtthat track reconstructionis easierin water, but AMANDA hasshown that they

cancopewith the scatteringpropertiesof ice. Intrinsic noiseratesin thephotomulti-

plier tubesarehigherin sea-water, but local coincidencetechniquesprovide a robust

solution. Largerdepthsreducebackgroundbut strainmechanicalandpenetratorcon-

nections.In addition,theBaikal NT-200andAMANDA have shown thatbackground

rejectionis possiblefor theshallower depths,sogreatdepthsarenot necessary. Short

distancesto the surfaceoffer greaterfreedomin the choiceof architecturesto avoid

singlepoint failures,but standardengineeringpracticesprovide redundantreliableso-

lutionsfor long distancecommunication.Givensufficient time andresources,thereis

no reasonto doubteventualsuccessfor any of theprogramsdiscussedin thenext few

sections.At the endof the day, what mattersmost is reliableoperationof deployed

sensors.

4.2 NT-200 at Lake Baikal

TheBaikal collaborationhasbeenaccumulatingexperiencewith theconstructionand

operationof water-basedneutrinoobservatoriessince1993, the longesttrack record

of any group. Thoseinitial efforts werefollowedby intermediatestagesof construc-

tion that includedconfigurationswith 96 and144opticalsensorsandculminatedwith

NT-200,which wascompletedin April 1998(seefigure16). It consistsof 192optical

sensorspositionedat a depthof 1.1 km below thesurfaceof thelake. Thesensorsare

arrangedin pairsandoperatedin coincidenceto suppressunrelatedsignalsfrom biolu-

minescenceandinternallygeneratedrandomnoise. Deployment,the “Achilles Heel”

of remotelylocatedneutrinoobservatories,hasbeensolved by utilizing the seasonal

icecoveronLakeBaikal. Thesolidplatformcanbeaccessedfor significantperiodsof

time,enablingreliabledetectorassemblyandrepairof detectorelements.

An umbrella-like framemaintainseightverticalstringsof opticalsensors,consist-



Fig. 16. Schematicdiagramof theNT-200neutrinoarraylocatedin Lake Baikal. Thesmaller

arrayon theright is aview of thepartialdetectordeployedin 1996.



ing of a glasspressurevesselanda photomultipliertube(PMT) with a diameterof 37

cm. The operationandperformanceof the Baikal detectoris understood.They have

shown thattheopticalpropertiesof thewatermediumand1.1km depthareadequateto

measuretheangularspectrumof atmosphericmuonswith goodaccuracy andto iden-

tify atmosphericneutrinos(Fig. 17). This resultbodeswell for theMediterraneansites

becausethey aredeeper(so lessbackgroundfrom atmosphericmuons)andthe opti-

cal propertiesarebetter. Neutrinoeventswereextractedfrom 234 daysof livetime.

After reconstruction,neutrinoeventswereselectedby imposinga restrictionon the

chi-squaredof the fit andrequiringconsistency betweenthe reconstructedtrajectory

andthe locationsof sensorsregisteringphotons. In this context, sensorsthat do not

registerphotonscarry importantinformationaswell. Finally, the non-gaussiantails

of the angulardistribution werereducedby imposingthe condition that eventsmust

traversemorethan35m within thearray.

The high PMT densityof the NT-200designresultsin a low energy threshold—

advantageousfor medium-energy sciencegoals— but limits theeffective areaat high

energiesto N��ÇyuJ�O Z m� , presumablytoosmallto detectneutrinosfrom non-terrestrial

sources.A strawmandesignfor a 2000sensorarrayhasbeenpresented.Theeffective

areawouldbe N J�O[] m� , while retaininga10–20GeVenergy threshold.It couldfill the

nichebetweenthecurrentgenerationof neutrinodetectorsandfuturekilometer-scale

arrayswith, presumably, muchhigherenergy thresholds.

4.3 ANTARES

A flurry of researchanddevelopmentactivitieshaveoccupiedtheANTARES(Astron-

omy with a NeutrinoTelescopeandAbyssenvironmentalRESearch— hopefully, it

soundsbetterin French)collaborationasthey assesstherelevantphysicalandoptical

parametersof theirsite.Deploymentmethodsarebeingdevelopedandrefinedthrough

a seriesof operationsusingbarges,researchandmilitary vessels.The NESTOR and

ANTARESgroupsenvisionquitedifferentdeploymentschemes,arraydesigns,andsig-

nalprocessing.Technologicalsolutionsarebeingsoughtwhichareaffordable,reliable,

andexpandable.

Over thepastfew years,theANTAREScollaborationhasmethodicallydetermined

thecritical opticalparametersof a2400mdeepsiteoff thecoastof Toulon,France.Sig-

nificantR&D hasconcentratedonstringdeploymentandretrieval. They have reported

thatonestringhasbeeninstalledat thesiteandrecoveredafteroneyearof flawlessop-
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Fig. 17. Angulardistribution of atmosphericneutrinosignalby NT-200experiment.� V�� The

shadedhistogramis thedistribution expectedfrom MonteCarlosimulations.



Demonstrator String ResultsDemonstrator String Results
•• Over 50k Over 50k 7-fold coincidences7-fold coincidences have have

been recordedbeen recorded

•• Angular distributionAngular distribution comparing data comparing data
with with single + single + multimulti--muonmuon MCs  MCs is inis in
good agreementgood agreement

•• Real data Real data timing residualstiming residuals - fit with 2 - fit with 2
GaussiansGaussians for single and  for single and multimulti--
muons muons - agrees well with values- agrees well with values
from MCfrom MC

•• more than more than 1350 reconstructed1350 reconstructed
events per dayevents per day are observed are observed

angleangle

((nsns))

Fig. 18. Downgoingangulardistribution of cosmicray muonsfrom the ANTARES single

string prototype.� VFU The figure shows good agreementbetweenthe expectedand measured

distributions.



eration.This successpavestheway for morecomplex anddifficult operations,suchas

thedeploymentof a fully functionalstringof sensors,deploymentof multiple strings,

or theinsertionof astringwithin anexistingarray.

Precisionattenuationandscatteringmeasurementsat a wavelengthof 450nm are

extremelyencouraging.The collaborationhasreportedan absorptionlengthgreater

than50m andscatteringlengthgreaterthan200m for blue wavelengths.� V43 � �F� V En-

vironmentalstudiesat theToulonsiteshow thatupward facingPMTs losesensitivity

over time dueto theaccumulationof organicdebris,sotheANTARESdesignconsists

of only downwardlookingPMTs.Deepseacurrentshavebeenmeasuredoveraperiod

of a yearandshow no unusualexcursionsfrom expectedvalues. The collaboration

concludesthat theopticalandenvironmentalpropertiesat theselectedsitesatisfythe

requirementsof their telescopedesign.

Simulationsof anarrayconsistingof 15 triadsof strings( N J�O�O�O PMTs) indicate

that neutrinoeventscanbe cleanly identified. Randomnoiseexceeding50 kHz per

opticalsensorhasbeenmeasured,but canbeeliminatedby straightforwardcoincidence

requirementsbetweenneighboringelementsin thearray. Bioluminescentflashesdonot

affect local coincidenceratesdueto therelatively weakintensityof theoutputandthe

relatively long durationof the burst. Muon directionsshouldbe identifiedwith sub-

degreeangularresolution.

To gainexperiencewith the complex deploymentprocedures,a demonstratorline

wasdeployed. This 350m line consistsof two verticalcablessupporting16 framesof

a pair of optical modules.It wasequippedwith appropriatesensorsfor preciseposi-

tioning of thedetectorelementsandmeasuringenvironmentalparameters.A seriesof

deploymentoperationsin 1998demonstratedreliablesolutionsfor deployment,posi-

tioning,andrecoveryof stringsin thedeepsea.�F� V Thestringwasthenequippedwith 8

opticalmodulesandsignaltransmissionelectronicsanddeployedto adepthof 1100m

for longtermoperation.Signalsweretransmittedto shoreusinganelectro-opticalcable

37 km in length. Figure18 shows theangulardistribution of downgoingatmospheric

muonsthatwerereconstructedfrom a subsetof datacollectedsinceNovember, 1999.

Theexcellentagreementbetweenthemeasuredandpredictedangulardistributionsrep-

resentsanimportantmilestone� VFU for underseadetectors.



Demonstrator String EventsDemonstrator String Events

•• Example of Example of reconstructed down-going reconstructed down-going muonmuon events with  events with 7-fold7-fold
coincidencescoincidences in the demonstrator string in the demonstrator string

•• curve shows result of a curve shows result of a hyperbolic fithyperbolic fit
•• boxed hitsboxed hits are background  are background hits due to hits due to 4040KK and have been and have been

identified by the reconstruction softwareidentified by the reconstruction software

Fig.19. Reconstructeddowngoingmuonevent.� VFU Datacollectedby thesinglestringprototype

installedby theANTAREScollaborationin Mediterranean.



4.4 NESTOR

NESTOR� VFV � �F�F� plansto deploy anarrayof 168opticalsensorsatadepthof 3.5–4.0km.

Thesiteis located7.5milesoff thecoastof Pylos,Greece.Thelargedepthsignificantly

reducesthebackgroundof down-goingatmosphericmuons,but placesgreaterstresson

the penetratorconnections.Hexagonalfloors, ratherthanstrings,comprisethe basic

unit. Thearrayconsistsof 12 floors,fixed in placewith anextensive network of wire

guides,and assembledto form a 200m tall tower. Horizontal separationsbetween

opticalmoduleson a givenfloor areslightly larger than34 meters.At eachcornerof

thehexagonalfloor is a pair of two photomultipliertubes,15 inchesin diameter(one

facingup andtheotherfacingdown). TheNESTOR collaborationplansto deploy the

completearrayin 2001.

TheNESTOR collaborationhasbeenactive since1991. Theflux andangulardis-

tributionof atmosphericmuonswasmeasuredatdepthsasgreatas4200m. Sitetesting

is complete,showing excellentopticalproperties.For example,theattenuationlength

at blue wavelengthsis 55m. Like the Baikal design,a symmetricup-down arrange-

mentof PMT orientationswill insurebetteruniformity in its angularacceptance.At

theNESTORsite,it is believedthatupwardfacingPMTswill notsuffer from obscura-

tion dueto sedimentationor biologicalgrowth. Thearraydesignis expectedto achieve

a low energy thresholddueto therelatively highdensityof opticalsensors.

Recently, the NESTOR collaborationhasperformedmechanicaltestsby success-

fully towingasinglefloorouttoseaanddeploying it to adepthof N 2600m. In thenear

future,they havea farmoreambitiousplanto deploy two, fully instrumented,floorsto

depth.It is hopedthatthesetestswill establishtheelectro-mechanicaldurabilityof the

signalprocessingandtransmissionsystems.Assumingoperationalsuccessof thefirst

tower, the collaborationanticipatesseekingfunding for six additionaltowers. They

would bedeployedin a hexagonalpatternaroundthefirst tower, ata radialdistanceof

150m. This arraywould have aneffective detectionareaof J�O ] m� for 1 TeV muons,

andprovide1 degreepointingresolution.

4.5 AMANDA

The AMANDA-B10 high energy neutrinodetectorwas constructedbetween1500–

2000mbelow thesurfaceof theAntarcticicesheetwheretheopticalpropertiesaresuit-

ablefor trackreconstruction� � (seeFig. 20). Theinstrumentedvolumeformsacylinder

with outerdiameterof 120m. Thesurfaceelectronicsarelocatedwithin a kilometer



AMANDA

Fig. 20. Schematicrepresentationof the AMANDA detector. AMANDA-A consistsof 80

optical modules(OMs) deployed to a depthbetween800–1000meters. It wasthe first array

deployedin Antarctica.AMANDA-B10 is thecentral10stringsof 302OMsdeployedbetween

1500–2000meters. An explodedview of AMANDA-A and AMANDA-B10 appearsin the

centercolumn. The first phaseof AMANDA-II constructionbegan with the deployment of

threestringsbetween1150–2350m. Datawascollectedwith the 13-stringarrayduring1998

and1999.AMANDA-II wascompletedin January, 2000. It consistsof 19 strings(677OMs),

but doesnot includeAMANDA-A.

of the Amundsen-ScottResearchStationat the geographicSouthPole. The detector

wascommissionedin February1997,�F� � � �F� Z andinitial scientificresultswerepresented

at the XXIVth InternationalCosmicRay Conference.� � Reconstructionmethodsand

detectorcalibrationtechniqueswereintroducedin apreviouspublication.� Veæ
AMANDA-B10 consistsof 302opticalmodules(OMs) that containan8 inch di-

ameterphotomultipliertube controlledby passive electronicsand housedin a glass

pressurevessel.They areconnectedto thesurfaceby anelectricalcablethatprovides

highvoltageandtransmitsthesignalsfrom theOM. Thesimple,reliablesystemarchi-

tectureis responsiblefor the low fractionof OM failure( ç 10%afterseveralyearsof



operation,althoughmostof thefailuresoccurwithin aweekof deployment).

In January, 2000, AMANDA-II was completed. It consistsof 19 stringswith a

total of 677OMs arrangedin concentriccircles,with thetenstringsfrom AMANDA-

B10formingthecentralcoreof thenew detector. New surfaceelectronicsconsolidates

several triggering functionsand addsfunctionality. New scalerswere installedthat

providesmillisecondresolution— importantfor supernova studies.Several technolo-

giesweredeployedto evaluatetheirutility andreadinessfor futureexpansionto larger

systems.The analysisprocedureutilizes two essentialcharacteristicsof the signalto

simplify theanalysisrelative to atmosphericneutrinomeasurements.First, thesources

areassumedto be point sourcesin the sky, so only eventswithin a selectedangular

region areconsidered.Secondly, we usethetopologicalcharacteristicsof a spectrally

hardneutrinosignalto rejectpoorlyreconstructedatmosphericmuonsandatmospheric

neutrinos,bothof whichhavesofterspectra.Topologicalvariablesincludeanestimate

of muonenergy andanassessmentof thespatialfluctuationof thedetectedsignalsin a

givenevent.Thecompletesuiteof variableswasableto differentiatesignaleventsfrom

severalclassesof backgroundtopologies.Severalimportantresultsfrom thesimulation

programsweretestedby comparingthebackgroundsimulationto theexperimentaldata

at variousstepsalongtheanalysischain.

Monte Carlo basedsimulationprogramsdeterminedthe effective areafor back-

groundandneutrino-inducedmuons. Simulationsfor upgoingsignalsof several en-

ergies are shown in Fig. 21. AMANDA-B achieved an importantmilestoneby be-

comingthefirst 10,000m� -classdetector, while AMANDA-II is expectedto breakthe

30,000m� barrierfor 1 TeV muons.Thespaceangleresolutionshouldimproveto 1–2

degrees,andthefractionalenergy resolutionfor muoneventsis expectedto improveto

a factorof 2–3.

The searchfor point sourcesof HE neutrinoemissionusedan iterative analysis

procedureto maximizethe
­ K:L @BA , wherethesignal,

­
, wascomputedwith anenergy

spectrumproportionalto M ¹ � for the source. @CA is backgroundfrom atmospheric

muons. After optimizing the analysisparameters,the sensitivity was evaluatedfor

power law spectrawith indicesbetween2.0and3.0.

Thespaceangleresolutionis determinedfrom simulation.Theupperpanelof Fig-

ure22showsthatthemedianresolutionis 3 degrees,andthelowerpanelindicatesthat

this valueonly weakly dependson neutrinoenergy. Two studieswereusedto check

theangularresolutionandabsoluteoffset. First,eventsthatsimultaneouslytriggerthe

GASP ACT�F� æ and AMANDA provide a “test beam”containingsingle muonswith
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anglefor simultedsignaleventswith energy spectraproportionalto PRQ�S�T . Top: distribution of

erroraveragedover declination.Bottom: Spaceangleerrorasa functionof neutrinoenergy.

directionalinformationprovidedby GASP. To improve the statisticalaccuracy of the

investigation,a secondstudyinvolvedeventswhichsimultaneouslytriggertheSPASE

air shower arrayU4UWV andAMANDA. The geometricrelationshipbetweenSPASE and

AMANDA is shown in Fig. 23. Althoughthe interpretationof thesespecialeventsis

complicatedby thepresenceof multiple muons,which tendto reconstructwith worse

angularprecisionthansinglemuonevents,theresponseof thedetectorto theseevents

appearsto becorrectlymodeled.

The point sourceanalysisyields an event sampleof 1097 eventswhich are dis-



Fig. 23. Sideview of thegeometricrelationshipbetweensurfaceair shower arrays(SPASE1

andSPASE2)andAMANDA. Eventsthathave simultaneouslytriggeredboth theSPASE and

AMANDA detectorswereusedto confirmthattheangularresponseof theAMANDA arrayis

well describedby thedetectorsimulationprograms.
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Fig. 24. Sky distribution of 1097eventsin point sourceanalysis.CoordinatesareRight As-
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tributedon thesky asshown in Fig. 24.

Guidedby the estimateof angularresolution,the sky wasdivided into 319 non-

overlappingangularbins. The distribution of countsper sky bin is consistentwith

randomfluctuations,whichweredeterminedby selectingall eventswithin adeclination

bandandrandomlyredistributing themin RightAscension.

Theneutrinolimits werecomputedaccordingto

\^]`_�ab_�cQ dWe Qgf e ah_�iQ jlk m d6nporqsnpt$ju ]`_�v7wlxzy{x | Qw?}$} q (27)

where | Qw~}�} is the neutrinoeffective areaweightedby the assumedneutrinoenergy

spectrum.This quantityis relatedto themuoneffective areashown in Figure12. The

factor
u ]�_�v�w is thelivetime,and y is theefficiency duetofiniteangularresolutionandalso

accountsfor non-centralsourceplacementwithin anangularbin. Theterm m d6nporqsn�tsj
generatesthe90%CL accordingto FeldmanandCousinsU4UW� for signaleventsgiventhe

measurednumberof eventsin thebin, npt andtheexpectedbackgroundn�o determined
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Also, neutrinoabsorptionby theEarthis takeninto account.

from theeventsin the declinationbandcontainingthe sourcebin. The resultsof this

calculationareshown in Figure25 for variousassumedspectralindices.

Oneexampleof particularinterestis thesearchfor neutrinosfrom Markarian501

(seeFig. 26). The limit clearly contradictsa modelwherethe neutrinospectrumat

thesourceis identicalto a photonspectruminferredby ProtheroeandMeyer.��V If the

resultsof ProtheroeandMeyer areconfirmed,the neutrinolimit providesadditional

evidencethatnonstandardphysicsis involvedin eithertheproductionor transitof the
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Fig. 26. (Plot takenfrom talk presentedby theauthorat Neutrino2000.)Timeaveragedspec-

trum of gammaraysfrom Markarian501observed in 1997U4U6� andcorrectedfor absorptionin

theinfraredbackground.��V Severalmodelsof neutrinoflux fromMarkarian501arecomparedto

theAMANDA limit assuminganenergy dependenceproportionalto P S�T . Themodelsassume

that thetime averagedneutrinoflux is identicalto thegammaray flux observed in 1997.U4U6� A

secondmodelassumesthattheneutrinoflux is identicalto thegammaray flux aftercorrection

for absorptionby theinfraredbackground.��V
gammarays.

Theinferredlimits onneutrinoflux applyto pointsourceswith continuousemission

(or episodicemissionaveragedover a time interval of approximately0.6 years)and

power law energy spectrawith a fixedspectralindex above theenergy thresholdof the

detector. Thelimits for sourcesat largepositivedeclinationarecomparableto thebest

publishedlimits in theSouthernsky.�4V
The known sourceof atmosphericneutrinoscanbe usedto confirm the absolute

sensitivity of the AMANDA detector, to within a systematicerror of �g���)� . In a

recentpaper,U4UW� the AMANDA collaborationprovided evidencefor the detectionof

atmosphericneutrinos.Theabsoluterateandangulardistribution of eventsis consis-

tentwith predictionsgeneratedby computersimulation.Thedistributionsof simulated



backgroundeventsagreewith dataat low rejectionlevels,but disagreeafter stronger

rejectioncriteria are applied. A large numberof “event quality” distributionswere

comparedat thestrongestselectioncriteria,andthey agreewith atmosphericneutrino

simulations,including thedistribution of the numberof opticalmodulesparticipating

in anevent, nB�^� . This parameteris crudelyrelatedto the energy depositednearthe

array. Thefinal eventsamplein thesearchfor point sourcescontainsbothatmospheric

neutrinosandpoorly reconstructeddowngoingmuons.The fractionof atmospheric�
in thesamplecanbeenhancedat theexpenseof sensitivity. Experimentaldatais domi-

natedinitially by backgroundevents— typically downwardgoingatmosphericmuons

with poorlyknown directions.Thiscanbeseenin figure27,asindicatedby theflat be-

havior for lessrestrictiveselectioncriteria(quality � �¢¡�£ ). As selectioncriteriabecome

progressively morerestrictive (increasingvaluesalongthe ¤ -axis),theasymptoticflat-

teningof theratio (experimentaldata)/(SignalMC Atm. � ) indicatesthattheevolution

of theexperimentaldatabecomesconsistentwith signalexpectationin thevicinity of

theplot wherethe(BG MC)/Expratioapproacheszero.Fromthisevidence(andvisual

inspectionon theindividualevents),they concludethatthecontaminationin theatmo-

sphericneutrinosamplefrom known physicseffectsis small( �¦¥�§ %) for valuesof the

eventquality parametergreaterthanfive. Backgroundsimulationswith muchgreater

statisticalprecisionareunderway.

Figure28 shows that theangulardistribution of 188eventsis alsoconsistentwith

the simulateddistribution of atmospheric� events. Due to the elongatedcylindrical

geometryof AMANDA-B10, theacceptanceshowsstrongdependenceonzenithangle.

Thus, the angulardependenceof the atmosphericneutrinosampleis consistent

with expectationandbackgroundsimulationsindicatethatcontaminationfrom known

physicsbackgroundsis small. Finally, the distribution of the numberof OMs in an

eventis alsoconsistentwith expectation(seefigure29).

Unlike detectorswith well-definedtriggersthatinsurethatparticlestravel within a

fixedgeometry, theeffectiveareafor high-energy neutrinodetectorsdependson muon

energy andzenithangle.Also, theenergy thresholdof thedetectormustbeunderstood

in greatdetail for thosephysicsobjectivesthatinvolvesteeplyfalling power law spec-

tra,sincethedetectedmuonsignalsaremostlyfrom thelowestenergy neutrinos.This

is particularlytrue for the measurementof atmosphericneutrinos.Sincethe designs

for high energy neutrinodetectorsinvolve no obvious fiducial volume, the effective

areasmustbeestimatedby detectorsimulationprograms.Thepredictionsof thepro-

gramscanbeconfirmedby studyingknown physicssignalssuchasdowngoingatmo-
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sphericmuonsandatmosphericneutrinos,althoughthesystematicuncertaintiesin flux

areratherlargeat theenergiesof interest.T. GaisserU4UW« hasestimatedtheuncertainty

in theabsoluteneutrinoflux to be �p���)� , which is dominatedby two components:the

uncertaintyin theflux of theprimarycosmicraysanduncertaintyin thekaonproduc-

tion crosssection.AMANDA capturesneutrino-inducedmuonswith energiesbetween

50 GeV and somewhat larger than2 TeV (seefig. 30). The energy of the primary

cosmicray particles(whichare85%protonsat theseenergies)responsiblefor thepro-

ductionof theseneutrinosspansfrom 1 TeV to 10 TeV. Unfortunately, relatively few

measurementsof the cosmicray spectrumexist for energies above 100 GeV, so the

systematicuncertaintyis ¬­£�§�� , if estimatedfrom the variationin the absoluteflux

measurements.

Theprimarycosmicray spectrumis not theonly sourceof uncertaintyin theflux

calculations.Several sourcesof theoreticaluncertaintyare introduceddue to inade-

quateunderstandingof theproton-nucleusinteractioncrosssection.In particular, the

differentialkaonproductioncrosssectionsarenot well measuredaretherelevantval-

uesof Feynman ¤ , andtheoreticaluncertaintiesdueto modelvariationsarerelatively

large.This limitation becomesimportantfor HE neutrinodetectorsbecausekaondecay

(not pion decay!) is thedominantsourceof atmosphericneutrinosfor energiesabove

200GeV. It appearsthatuncertaintiesintroducedby muontrackingprograms(suchas

Mupropor Mudedx)arerelatively smallexceptnearthehorizon.

Additional systematicerrorsaregeneratedby uncertaintiesin descriptionandim-

plementationof detectorresponse.Althoughtheseuncertaintiesaredetectorspecific,

in general,it maybe instructive to discussthe issuesfor oneof thearchitectures.For

AMANDA, thespatialandwavelengthvariationof theopticalparametersof thebulk

ice createsdistinct calibrationchallenges. Additional complicationarisesfrom the

modificationof the local opticalpropertiesassociatedwith there-frozenhole. Water-

baseddetectorshave a distinct advantagedue to the uniformity of the optical prop-

erties. All detectorsmustcontendwith uncertaintyfrom obscurationby cablesand

harnesshardware,wavelength-dependentquantumefficiency andabsorptionby glass

andopticalcouplingmaterials.Thecollectionefficiency (thefractionof photoelectrons

producedat thecathodethatstrike thefirst dynodein thephotomultipliertube)is not

easyto measurein practiceU T t andit maybeaffectedby ambientmagneticfields. The

efficiency is correlatedwith the directionof the magneticfield relative to the dynode

structure,but this informationis not easilyobtainedfor remotelydeployedstringsof

sensors.Nor is it easyto control theazimuthangleduringdeploymentof long strings
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of cables,andno effort wasmadeby the AMANDA collaborationto control the az-

imuthal orientation. Underwaterdetectorsmay be able to reducethis systematicby

placingmagnetometersat several locationsalongeachstringor floor. Experiencehas

shown that the uncertaintyin the detectionefficiencyof 1 photoelectronsignals̄ and

uncertaintiesin the in situ geometryof thearrayandtransittime calibrationaresmall

comparedto theotheruncertainties.Thecombineddetector-relateduncertaintyis likely

to becomparableto theflux uncertainties,but thesedetailsrequireadditionalstudy.°
Detectionefficiency is definedasthe fractionof 1 photoelectronsignalsfrom the PMT thatexceeda

minimumdiscriminatorthreshold.Typically, thisefficiency is greaterthan85%.



5 New techniques

5.1 Kilometer scale arrays

It maynot bestrictly accidentalthatdeploymentmethodsbasedonsolidsurfaceshave

enjoyed greatersuccessat this moment,but thereis no reasonto doubt that present

off-shore,deep-watereffortswill developappropriatedeploymentmethods.In thelong

term, they will bechallengedto demonstratethat reliability andbudgetissuesremain

competitive with AMANDA and NT-200. While the currentgenerationof neutrino

observatoriesrepresentremarkableachievements,they areonly a fraction of the size

ultimately requiredto probethe hadronicsky. In fact, all currentprogramshave the

potentialfor expansionto kilometerscales— it is oneof theimportantdesignrequire-

mentsof thecurrentgenerationof neutrinodetectors.Severalargumentshavebeenused

to coalescearoundadetectorwith kilometerdimensions.A survey of theoreticalmod-

elsof neutrinoemissionfrom GRBsandAGN producefluxesthatcouldbedetectable

with kilometer-scaledetectors— with ordersof magnitudebracketing the maximum

andminimum flux predictions.Given the currentstateof theoreticaluncertainty, the

biggerthedetector, thebetterthechances,althoughtheimprovementcanbemodestfor

several objectives. More persuasively, the symmetricshapeandlarger volumesoffer

significantexperimentaladvantages:particletrajectoriesarereconstructedwith much

higherefficiency, down-goingatmosphericmuonbackgroundwill besimplerto reject,

and energy resolutionwill be improved, perhapsdramatically. The simulatedevent

topologiesshown in Fig. 31 andFig. 32 illustratethepoint that it maybepossibleto

distinguisheachof thethreeknown neutrinoflavors.U T U
Severalworkshopshavebeenheldworldwideto discussideasfor futureexpansion

of theneutrinoobservatories.Scientificgoalsandprioritieswereactively debated,and

thesensitivity of severalstrawmandesignswerestudied.TherelativelymatureIceCube

conceptwasoptimizedwithin theroughconstraintof 5000OMs distributedon fewer

than80 strings. A reasonableestimateof cost,scalingfrom the default analog-based

technology, is $7000per optical sensor. Systemswith superiortechnicalcapabilities

arebeingevaluatedduring the conceptstudyanddesignphasesof the project. De-

ployment,logistics,quality assurance,datamanagement,dataprocessing,dataacqui-

sition,andprojectmanagementtasksintroducenon-trivial extrapolationsfrom present

systems. Remotelylocatedsystems,by their very nature,tend to be manpower in-

tensive. After engineeringandtechnicalreviewswhichevaluateddesign,construction,



Fig. 31. Schematicof a 1 PeV electronneutrinoevent in IceCube.The energy is contained

within thevolume,resultingin excellentenergy resolution.Theeffective detectionvolumefor

thissignatureis 10percentof thevolumefor ¨²± .
personnel,inflation,risk andcontingency issues,theIceCubeprojectis expectedto cost¬ $250M.This figurerepresentsa reasonablelower limit for thebaselinecostfor any

future kilometer-scalearray, unlesssystemdesignsrequirelittle R&D. The construc-

tion of IceCubeshouldbecompletedbeforetheendof thedecade,givena reasonable

projectionof thedrilling capacityandstandardcontingency estimatesfor construction

delays.TheBaikal collaborationenvisionsanexpansionto 2000OMs. Similarly, the

NESTOR andANTARESgroupsanticipatesignificantexpansionaftersuccessfulop-

erationof thefirst generationdetectors.

We summarizetheperformanceandsensitivity of kilometerscaledetectorsto var-

ious astrophysicsand physicsgoals. If the scalingis linear, then limits shouldim-

prove by an orderof magnitudeor moreif the systemis operatedfor 5–10years. If

thepresentlyoperatingarraysarecapableof “backgroundlimited” operation,thenthe

minimum detectableflux of future arraysscalesasthe squareroot of the productof

exposuretime and ³ w?}$}µ´¶|·w?}$}¹¸»º ± . Of course,therearecaveatsthatmayimprove



Fig. 32. Schematicof a10PeVtauneutrinoeventin IceCube.Theenergy is containedwithin

the volume,resultingin excellentenergy resolution. The effective detectionvolumefor this

signatureis a few percentof thevolumefor ¨ ± .



thescalingrelationship.

A few commentsare in order. From table 2, it is clear that transientand point

sourcephysicsprovidesthe main experimentalmotivation for kilometer-scalearrays.

The backgroundcanbe reducedto negligible levels for transientsourceswith exter-

nal tagsfrom satellitesor surfacemonitors,sosensitivity shouldimprove linearly for

kilometer-scaleandlargerarrays.Thepromiseof flavor ID dependson the resultsof

presentgenerationof neutrinotelescopes.Assumingapproximatelyequalfluxes,then

detectablefluxesof � w or �½¼ shouldberevealedby the � ± modein thenearfuturewith

presentarrays. On the otherhand,the lack of signal in currentandnext generation

detectorswould begin to constrainmodelsthat predictdissimilarflavor composition.

Clearly, discovery by presentgenerationdetectorsis preferred.If so, the next gener-

ation detectorsshouldmeasureenergy andangularparameterswith muchbetterres-

olution. Finally, thesensitivity to cascadesinducedby � w interactionsis listedwith a¾ becausenext generationdetectorsfaceabackgroundfrom NC interactionsby atmo-

spheric� ± .
Table 2. Summaryof scalingrelationshipsfor variousphysicsobjectivesproposedfor kilometer-

scaledetectorsrelative to presentgenerationdetectors(e.g.,AMANDA-II, ANTARES).The ¿ symbol

indicatesthat theminimumdetectableflux improvesasthesquareroot of theproductof exposuretime

andeffectivevolume.
PhysicsGoal Scalingof Sensitivity

GRB linearÀ
PeVdiffuse ÁÀ
PeVpoint linear

WIMP from Earth Á
WIMP from Sun linear

SNa Á
EHEdiffuse ÁQ oscillation(atm.) requireslow energy thresholdÂ oscillation(LongBaseline) notoptimalÂ4Ã few % of Â4ÄÂ4Å , cacades Æ U t % of Â ÄÇ -rayastronomywith muons Á
Glashow ÈÂ Å Á

exotica(PBH,monopoles,etc.) ?

6 Conclusions

The late FredReines,fatherof neutrinophysics,wasfond of sayingthat oneshould

chooseto work on physicstopicsworthy of a lifetime’s study. Thebroaddiversityof



scientificcapabilitiesandenormouspotentialof highenergy neutrinoastrophysicscer-

tainly qualifies.In view of thelargenumberof possiblesourcesdiscussedby theorists

andevenlargervariationin theirpredictedintensityof neutrinoemission,it is plausible

thatsomewill bedetectedby current,or soon-to-beupgraded,neutrinodetectorssuch

asAMANDA-II. If historyis aguide,therewill besurprisesaswell, asthesedetectors

begin to survey thegreatcanvasof theunknown.

High energy neutrinofacilities aredevelopingduring an eraof exciting discover-

iesin relatedareasof particleastrophysics:thedetectionof rapidlyvaryingmulti-TeV

gammaray signalsfrom AGN, thediscovery thatGRBsareextremelydistant,there-

portsof cosmicraysexceedingÉ½ÊÌË4Í eV — beyondtheGreisen-Zatsepin-Kuzminlimit

— andstrongevidencefor neutrinooscillationfrom atmosphericneutrinodata.At the

closeof themillennium,thehadronicsky is beingprobedwith first generationneutrino

detectors.They constitutebold, essential,first stepstoward the realizationof multi-

messengerastronomy.

TherecentlycommissionedAMANDA-II detectorshouldachieveseveralimportant

milestones.For diffusely distributedsourcesandWIMP searchesfrom the Earth, its

sensitivity afterseveralyearsof operationwill be limited by theatmosphericneutrino

backgroundup to energiesof Î 1 PeV. Futurearrayscanonly improve asthe square

root of theexposure,which is proportionalto ÎÐÏ·Ñ?Ò$Ò ¸ livetime.At EHE energies,the

sensitivity of AMANDA-II will becomparableto Auger(now underconstruction)and

to future kilometerscalearrays,becausethe muoncanbe detectedat greatdistances

from theinstrumentedvolumeof thedetector. Opticaltelescopesin space,suchasthe

EUSO/OWL concept,representthenext real leapin sensitivity at theseenergies. The

effectivevolumeof AMANDA-II for Ó�Ô is comparableor largerthantheeffectivevol-

umeof cubickilometerarraysfor the Ó�Ñ or Ó�Õ detectionmodes.Therefore,AMANDA-

II (or ANTARESor NESTOR, whencompleted)mustdetectastrophysicalsourcesof

neutrinosin orderfor thenext generationdetectorto determinetheflavor composition

of neutrinoemission,unlessa reasonablemodelcanbeconstructedto produceÓ�Õ with

significantlygreaterefficiency thanthe otherflavors. Justasimportantly, the lack of

signal in AMANDA-II offers critical guidancefor the designof the next generation

kilometer-scaledetector. Cubic architecturesmay needto be re-evaluatedif the hor-

izontal Ó�Ô modebecomesthe mosteffective tool to extendthe sensitivity. However,

thesensitivity for GRBs,WIMPsfrom theSun,andpointsourcesshouldgrow linearly

with exposureand Ï·Ñ?Ò$Ò becausethesescienceobjectivesarenot backgroundlimited

at the energiesof interest. In somescenarios,the factorof ten or so improvementin



sensitivity canbeachievedontimescalesmuchshorterthansuggestedby the7–10year

constructionschedule.For example,placing20%of thestringsenvisionedfor IceCube

aroundAMANDA-II createsa compositesystemwith aneffective areaof ÎÖÊØ×�Ù kmË .
Considerationof “backgroundfree” scienceobjectivesarguesfor optimizedsensitiv-

ity for Ú Â between10–100TeV, andfortunately, theseobjectivescanbeattackedin the

shorttermby modestextensionsto existingarraysor detectorsunderconstruction.This

fortuitousconditionis aconsequenceof theslow growth of Ï·Ñ?Ò$Ò , approximatelyasthe

squareroot of thenumberof opticalsensorsfor fixed lengthstrings,andthepresence

of powerful arraysof 200-700OMs. Not surprisingly, it is conceivablethattheresults

from thecurrentgenerationof HE neutrinodetectorswill stronglyimpacttheoptimal

architecturesfor thenext generationarray. However, this prudencemustbebalanced

by thecompetingdesireto develop thenext generationdevice asquickly aspossible.

Fortunately, themulti-yearconstructionscheduleanticipatedfor kilometerscalearrays

providesan opportunityfor significantmodificationduring the latter phasesof con-

struction,if consistentwith standardengineeringpractices.Givenacarefullydesigned

architecturefor thenext generationdetector, it is not unreasonableto imaginethat the

insightsrevealedby theneutrinomessengerwill soonrival thosededucedby observing

theelectromagneticsky. This is thechallengefor thismillennium.
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