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Neutrinos are elementary particles that carry no electric charge
and have little mass.As they interact only weakly with other
particles, they can penetrateenormous amounts of matter, and
therefore have the potential to directly convey astrophysical
infor mation from the edgeof the Universeand from deepinside
the most cataclysmichigh-energy regions1. The neutrino's great
penetrating power, however, alsomakesthis particle dif®cult to
detect.Underground detectorshaveobserved low-energy neutri-
nos from the Sun and a nearby supernova2, as well asneutrinos
generated in the Earth's atmosphere. But the very low ¯ uxesof
high-energy neutrinos from cosmic sourcescan be observed only
by much larger, expandabledetectors in, for example, deepwater3,4

or ice5. Here we report the detection of upwardly propagating

atmospheric neutrinos by the ice-based Antarctic muon and
neutrino detector array (AMANDA). Theseresults establish a
technology with which to build a kilometre-scaleneutrino obser-
vatory necessary for astrophysicalobservations1.

High-energy neutrinos must be generatedin the sameastro-
physical sources that produce high-energy cosmic rays1. These
sourcesare a matter of speculation,but are thought to residein
shocked or violent environments suchasarefound in supernova
remnants, active galacticnuclei, and gamma-raybursters.The
interaction of any high-energy proton or nucleuswith matter or
radiation in the sourcewill produceneutrinos,someof whichwill
haveline-of-sight trajectoriesto Earth. AMANDA detectsneutrinos
with energiesabove a few tensof GeVby observing the CÏ erenkov
radiation from muons that are produced in neutrino±nucleon
interactionsin the icesurroundingthe detectoror in the bedrock
below6. This CÏ erenkov light is detectedby an array of photomulti-
plier tubes(Fig. 1), which areburied deepin the ice in order to
minimize the downward ¯ux of muons producedin cosmic-ray
interactionsin the atmosphere. Thesemuonsconstitute the main
backgroundfor AMANDA. To ensurethat the detectedmuonsare
produced by a neutrino, we usethe Earth asa ®lterand look for
upwardly propagating muons that perforce must have beenpro-
ducedbyaneutrinothatpassedthroughtheEarth. Fromtherelative
arrivaltimesof theCÏ erenkovphotons,measuredwith aprecision of
a fewnanoseconds, wecanreconstructthe trackof themuon. The
direction of the neutrino and muon are collinearwithin an angle
vn2 m< 1:5=Î En degrees,whereEn is measuredin TeV, thusenabling
usto search for point sourcesof high energy neutrinos.

Upwardly propagatingatmosphericneutrinosare a well under-
stoodsourcethat canbeusedto verify thedetectiontechnique.The
results reported here are from analysesof experimentaldata
acquired in 138 days of net operatingtime during the Antarctic
winter of 1997.At that time the detectorconsistedof 302optical
modulesdeployedon tenstringsat depthsof between1,500m and
2,000m (Fig. 1). Theinstrumentedvolumeisacylinderof approxi-
mately120m in diameterand500m in height. An opticalmodule
consists of an 8-inch photomultiplier tube housed in a glass
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Figure1TheAMANDA-B10detectorandaschematicdiagramofanopticalmodule.Each
dotrepresentsanopticalmodule.Themodulesareseparatedby20montheinnerstrings
(1to4),andby10montheouterstrings(5to10).Thecolouredcirclesshowpulsesfrom
thephotomultipliersforaparticular event;thesizesofthecirclesindicatetheamplitudes
ofthepulsesandthecolourscorrespondtothetimeofaphoton'sarrival.Earliertimesare
inredandlateronesinblue.Thearrowindicatesthereconstructedtrackoftheupwardly
propagatingmuon.
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pressurevessel.A cableprovidesthehigh voltageandtransmitsthe
anodecurrent signalsto the data acquisition electronicsat the
surface.Figure1 alsoshowsarepresentativeevent that hassatis®ed
the selectioncriteria for an upwardlymoving muon. Theeffective
detectionareafor muonsvariesfrom about3,000m2 at 100GeVto
about 4 3 104 m2 for the higher-energy muons (> 100TeV) that
would be producedby neutrinoscoming from, for example,the
samecosmicsourcesthat producegamma-raybursts7.

Becausea knowledgeof the optical properties of the ice is
essential for track reconstruction, these have been studied
extensively8,9. The absorptionlength of blue and ultraviolet light
(the relevant wavelengthsfor our purposes)variesbetween85m
and 225m, dependingon depth. The effectivescatteringlength,
which combinesthe meanfreepath l with the averagescattering
anglev throughl =…12 hcosvi†, variesfrom 15m to 40m. In orderto
reconstruct the muon tracks we use a maximum-likelihood
method, which incorporates the scatteringand absorption of
photonsasdeterminedfrom calibrationmeasurements.A bayesian
formulation of the likelihood takesinto account the much larger
rate of downward muons relative to the upward signal and is
particularly effectivein decreasingthe chance for a downward

muon to be mis-reconstructedasupward. (Seerefs6 and 10±13
for more information on opticalpropertiesof ice,calibration,and
analysistechniques.)

Certain types of events that might appear to be upwardly
propagating muons must be consideredand eliminated. Rare
cases,suchasmuonsthatundergocatastrophic energy lossthrough
bremsstrahlung, or that arecoincidentwith othermuons,mustbe
investigated.To thisend,aseriesof requirementsor quality criteria,
basedon the characteristictime and spatial pattern of photons
associatedwith a muon trackandtheresponseof our detector, are
applied to all eventsthat, in a ®rst assessment,appear to be
upwardly moving muons.For example,an event that hasa large
number of optical moduleshit by prompt (that is, unscattered)
photons, has a high quality. By making theserequirements(or
c̀uts') increasingly selective,weeliminatecorrespondinglymoreof
the backgroundof false upward eventswhile still retaining a
signi®cantfraction of the true upwardly moving muons.Because
thereisalargespacewithin whichtheparametersde®ningthesecuts
can be optimized, two different and independent analysesof the
sameset of data have beenundertaken. Theseanalysesyielded
comparablenumbers of upwardly propagating muons (153 in
analysisA, 188 in analysisB). Comparisonof theseresultswith
their respective Monte Carlo simulations shows that they are
consistentwith eachother in termsof the number of events,the
numberof eventsin commonand,asdiscussedbelow, theexpected
propertiesof atmosphericneutrinos.

In Fig. 2a, the number of experimentalevents is comparedto
simulationsof backgroundandsignalasafunctionof the(identical)
quality requirementsplaced on the threetypesof events:experi-
mentaldata,simulatedupwardly movingmuonsfrom atmospheric
neutrinos, and a simulatedbackground of downwardly moving
cosmic-raymuons.For simplicity in presentation, the levelsof the
individual cuts have been combined into a single parameter
representingthe overall eventquality. Figure2b shows ratios of
the quantitiesplotted above. As the quality levelis increased,the
ratios of simulated background to experimentaldata, and of
experimentaldata to simulatedsignal,both continue their rapid
decrease,theformertoward zero andthelattertoward0.7.Overthe
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Figure2 Experimentaldataconfrontexpectations.Thenumbersofreconstructed
upwardlymovingmuoneventsfortheexperimentaldata(Exp)fromanalysisAare
comparedtosimulationsofbackgroundcosmic-raymuons(BG)andsimulationsof
atmosphericneutrinos(Atm)asa functionof`eventquality',a variableindicatingthe
combinedseverityofthecutsdesignedtoenhancethesignal.Thecomparisonbeginsata
qualitylevelof4.Cutsweremadeonanumberofparametersincludingthereconstructed
zenithangle(. 100degrees),maximumlikelihoodofthereconstruction, topological
distributionsofthedetectedphotons,andthenumberofopticalmodulesrecording
unscatteredphotons.Theoptimumlevelsofthecutsweredeterminedbycomparingthe
relativerejectionratesforMonteCarlosimulatedneutrinoeventsandbackgroundevents.
b, Ratiosofthequantitiesshownina.
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Figure3 Reconstructedzenithangledistribution.Thedatapointsareexperimentaldata
(fromanalysisB)andtheshadedboxesareasimulationofatmosphericneutrinoevents,
thewidthsoftheboxesindicatingtheerrorbars.Theoverallnormalizationof the
simulationhasbeenadjustedto®tthedata.Thepossibleeffectsofneutrinooscillationson
the¯uxanditszenithangledependenceestimatedfromtheSuper-Kamiokande
measurements20, areexpectedtobesmallinourenergyrange.
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samerange,theratio of experimentaldatato thesimulatedsumof
backgroundandsignalremainsnearlyconstant.We concludethat
the quality requirementshave reducedthe presenceof wrongly
reconstructeddownward muons in the experimentaldata to a
negligible fraction of the signal and that the experimentaldata
behave in the sameway as the simulatedatmosphericneutrino
signalfor eventsthat passthe stringentcuts.Theestimateduncer-
tainty on thenumberof eventspredictedby thesignalMonteCarlo
simulation, whichincludesuncertaintiesin thehigh-energy atmos-
phericneutrino ¯ux, the in situ sensitivity of the optical modules,
and the preciseoptical propertiesof the ice, is +40%/- 50%.The
observedratio of experimentto simulation(0.7) and the expecta-
tion (1.0) thereforeagreewithin the estimateduncertainties.

Theshapeof thezenith-angledistribution of the188eventsfrom
analysisB iscomparedto asimulationof theatmosphericneutrino
signal in Fig. 3, where the absoluteMonte Carlo rate has been
normalizedto theexperimentalrate.Thevariationof themeasured
ratewith zenithangleis reproducedby thesimulationto within the
statisticaluncertainty. Wenotethat thetall geometryof thedetector
favours the more vertical muons. The arrival directions of the
upwardly moving muonsobserved in both analysesare shownin
Fig.4.A statisticalanalysisindicatesnoevidencefor point sourcesin
thesesamples.Theagreementbetweenexperimentandsimulation
of atmosphericneutrino signal,asdemonstratedin Figs2 and 3,
takentogetherwith comparisonsfor anumberof othervariables(to
be publishedelsewhere)leadsus to concludethat the upcoming
muon eventsobserved by AMANDA are produced mainly by
atmosphericneutrinos with energiesof about 50GeV to a few
TeV. The background in this event sample is estimatedto be
156 7% events,andis dueto misreconstructions.

From the consistency of the selected event sample with muons
generated by atmosphericneutrinos,and in particular theabsenceof
an excess of high-energy events with a large number of optical
modules that had been hit, we can determine an upper limit on a
diffuseextraterrestrial neutrino ¯ ux. Assuming a hard E- 2 spectrum
characteristic of shockwave acceleration, we expect to reach a
sensitivity of order dN=dEn ˆ 102 6E2 2

n cm2 2 s2 1 sr2 1 GeV2 1. This
valueislow enoughto bein therangewhereanumber of models14±19

predict ¯ uxes, afew of which arelarger15,16. Most recent estimatesare
smaller17±19. The present level of sensitivity and the prospects for
improvingit throughlonger exposuretimesandbetter determination
of muon energy illustrate the ability of large-areadetectors to test
theoretical models that assume thehadronic origin of TeV photons
from activegalaxiesÐ modelswhich would bedif®cult to con®rm or
excludewithout theability to observehigh-energyneutrinos.

Searchesfor neutrinos from gamma-raybursts, for magnetic
monopoles,supernovacollapsesand for a cold dark matter signal
from thecentreof theEarth arealsoin progressand,with only 138
daysof data,yield limits comparableto or betterthan thosefrom

smallerunderground neutrino detectorsthat have operatedfor a
much longerperiod (seerefs10±13).

From 1997to 1999an additional nine stringswereaddedin a
concentric cylinder around AMANDA-B10. This larger detector,
calledAMANDA-II, consistsof 677 optical modulesand hasan
improvedacceptancefor muonsover alargerangularinterval.Data
arebeingtakennowwith thelargerarray. Yet the¯ux esof very high
energy neutrinospredictedby theoreticalmodels14 or derivedfrom
the observed̄ux of ultra high energy cosmicrays19 aresuf®ciently
low that aneutrino detectorhaving aneffectiveareaup to asquare
kilometre is required for their observation and study1,14. Plansare
thereforebeingmadefor amuchlargerdetector, IceCube,consisting
of 4,800 photomultipliers to be deployed on 80 strings. This
proposedneutrino telescopewould havean effectiveareaof about
1 km2, an energy thresholdnear100GeVand a pointing accuracy
for muons of better than one degreefor high-energy events.In
conclusion,the observation of neutrinosby a neutrino telescope
deepin theAntarcticicecap, agoalthatwasoncethought dif®cultif
not impossible,representsan important steptoward establishing
the®eldof high-energyneutrinoastronomy®rstenvisionedover40
yearsago. M

Received15September2000;accepted25January2001.

1. Gaisser, T. K.,Halzen,F. & Stanev, T.Particlephysicswith high-energyneutrinos.Phys. Rep. 258,173±
236(1995).

2. Totsuka,Y. Neutrino astronomy. Rep. Prog.Phys. 55,377±430(1992).
3. Roberts,A. Thebirth of high-energyneutrino astronomy: A personalhistory of theDUMAND

project.Rev. Mod.Phys. 64,259±312(1992).
4. Balkanov, V. A. etal. An upperlimit on thediffuse¯ux of high energy neutrinosobtainedwith the

BaikaldetectorNT-96.Astropart.Phys.14,61±67 (2000).
5. Lowder, D. M. etal. Observation of muonsusingthepolar iceasa CÏ erenkov detector. Nature353,

331±333(1991).
6. Andres,E.etal. TheAMANDA neutrino telescope:Principleof operationand®rstresults.Astropart.

Phys.13,1±20(2000).
7. Waxman,E.& Bahcall,J. N. High-energyneutrinosfrom cosmologicalgammarayburst®reballs.

Phys.Rev. Lett.78,2992±2295(1997).
8. Askjeber, P. etal. Opticalpropertiesof thesouthpoleiceatdepthsbetween0.8and1km. Science267,

1147±1150(1995).
9. Price,B.P. Implicationsof opticalpropertiesof ocean,lake,andicefor ultrahigh-energyneutrino

detection.Appl.Opt.36,1965±1975(1997).
10.Wischnewski,R.etal. in Proc.26thInt. CosmicRayConf.,SaltLakeCityVol.2(edsKieda,D.,Salamon,

M. & Dingus,B.) 229±232(1999).
11.Dalberg,E.etal. in Proc.26thInt. CosmicRayConf.,SaltLakeCityVol.2(edsKieda,D.,Salamon,M. &

Dingus,B.) 348±351(1999).
12.Bay, R. etal. in Proc.26thInt. CosmicRayConf.,SaltLakeCity Vol. 2 (edsKieda,D., Salamon,M. &

Dingus,B.) 225±228(1999).
13.Niessen,P. etal. in Proc.26thInt. CosmicRayConf.,SaltLakeCityVol. 2(edsKieda,D.,Salamon,M. &

Dingus,B.) 344±347(1999).
14.Learned,J. G.& Mannheim, K. High-energyneutrino astrophysics.Ann.Rev. Nucl.Sci. 50,679±749

(2000).
15.Szabo, A. P. & Protheroe,R.J. Implicationsof particleaccelerationin activegalacticnucleifor cosmic

raysandhigh-energyneutrino astronomy. Astropart.Phys. 2, 375±392(1994).
16.Stecker, F. W. & Salamon,M. H. High-energyneutrinosfrom quasars.SpaceSci. Rev. 75,341±355

(1996).
17.Nellen,L.,Mannheim, K. & Biermann,P. L. Neutrinoproductionthroughhadroniccascadesin AGN

accretion disks.Phys. Rev. D 47,5270±5274(1993).
18.Mannheim, K.,Protheroe,R.J. & Rachen,J. P. Cosmicrayboundfor modelsof extragalacticneutrino

production.Phys. Rev. D 63,023003-1±023003-16(2001).
19.Waxman,E.& Bahcall,J.N. High energyneutrinosfrom astrophysicalsources.An upperbound.Phys.

Rev. D 59,023002-1±023002-8(1999).
20.Fukuda,Y. etal. (Super-KamiokandeCollaboration)Measurementof the ¯ux andzenith-angle

distribution of upward through-goingmuonsby Super-Kamiokande.Phys. Rev. Lett.82,2644±2648
(1999).

Acknowledgements
This researchwassupportedby the following agencies:USNationalScienceFoundation,
Of®ceof PolarPrograms;USNationalScienceFoundation,PhysicsDivision;Universityof
WisconsinAlumni ResearchFoundation;USDepartment of Energy; Swedish Natural
ScienceResearchCouncil;SwedishPolarResearchSecretariat;Knut andAlliceWallenberg
Foundation,Sweden;GermanMinistry for EducationandResearch;USNationalEnergy
ResearchScienti®cComputingCenter(supportedby theOf®ceof Energy Researchof the
USDepartment of Energy); UC-Irvine AENEASSupercomputerFacility; Deutsche
Forschungsgemeinschaft(DFG). D.F.C.acknowledgesthesupport of theNSFCAREER
programmeandC.P.d.l.H. acknowledgessupport from the EuropeanUnion 4th Frame-
work of Training andMobility of Researchers.

Correspondenceandrequestsfor materialsshould beaddressedto F.H.
(e-mail:halzen@pheno.physics.wisc.edu).

letters to natu re

NATURE| VOL 410| 22MARCH 2001| www.nature.com 443

90°

Ð90°

24 h 0 h

Figure4 Distributionindeclinationandrightascensionof theupwardlypropagating
eventsonthesky.The263eventsshownherearetakenfromtheupwardmuons
containedinbothanalysisAandanalysisB.Themediandifferencebetweenthetrueand
thereconstructedmuonanglesisabout3 to 4 degrees.
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