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Neutrinos are elementay particles that camy no electric charge
and haw little mass.As they interact only weakly with other
particles, they can penetrateenormous amounts of matter, and
therefore hawe the potential to directly convey astrophysical
infor mation from the edgeof the Universe and from deepinside
the most cataclysmichigh-energy regions®. The neutrino's great
penetrating power, however, also makesthis particle dif®cult to
detect.Underground detectorshave obsewed low-energy neutri-
nos from the Sun and a nearby supemové, as well asneutrinos
generated in the Eath's atmosphere. But the very low ~uxes of
high-energy neutrinos from cosmic sourcescan be observed only
by much larger, expandable detectors in, for example, deepwater®*
or ice’. Here we report the detection of upwardly propagating
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neutrino detector array (AMANDA). Theseresults establish a
technology with which to build akilometre-scaleneutrino obser
vatory necesary for astrophysicalobsewvations'.

High-enery neutrinos must be generatedn the sameastio-
physical sources that produce high-enery cosmic rays. These
sourcesare a matter of speculationput are thought to residein
shocke or violent ervironments suchasarefound in supernova
remnants, active galactic nuclei, and gamma-raybursters. The
interaction of ary high-energy proton or nucleuswith matter or
radiationin the sourcewill produce neutrinos,someof which will
haweline-of-sight trajectoriego Eath. AMANDA detects)eutrinos
with energiesibo\e a fewtensof GeV by obsering the Eerenlov
radiation from muons that are produaed in neutrinotnucleon
interactionsin the ice surroundingthe detectoror in the bedrock
belovf. This Cererkov light is detectedby an array of photomulti-
plier tubes(Fig. 1), which are buried deepin the ice in order to
minimize the downward "ux of muons producedin cosmic-ray
interactionsin the atmosphee. Thesemuons constitute the main
backgroundior AMANDA. To ensurethat the detectednuonsare
produced by a neutrino, we usethe Earth asa ®lterand look for
upwardly propagaing muons that perfore must hawe beenpro-
ducedbyaneutringthatpassedhroughtheEarth. Fromtherelative
arrivaltimesof the Cerenlov photons,measureavith aprecison of
afewnanosecondsve canremnstructthe track of the muon. The
direction of the neutrino and muon are collinearwithin an ande
Voo m< 1:54E, degeeswher E, is measuedin TeV, thusenabling
usto seach for point sourcesof high energy neutrinos.

Upwaudly propagatingatmosphericneutrinosare a well under
stoodsourcethat canbeusedto verify the detectiontechniqueThe
resuts reported here are from analysesof experimentaldata
acquired in 138 days of net operatingtime during the Antarctic
winter of 1997.At that time the detectorconsistecbf 302 optical
modulesdeployedon ten stringsat depthsof betweert,500m and
2,000m (Fig. 1). Theinstrumentedvolumeis acylinderof appraxi-
mately120m in diameterand 500m in heigh. An optical module
consistsof an 8-inch photomultiplier tube housedin a glass
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Figurel TheAMANDA-8detectandaschematatiagrarofanopticainoduleeach
dotrepresengsopticainoduleél hemoduleareseparateay20montheinnestrings
(1to4),andbyl0montheoutestring$5to10).Thecolouredircleshowpulsesrom
thephotomultipkdora particuleeventthesize®fthecirclesndicatéheamplitudes
ofthepulseandhecoloursorresporidthetimeofaphoton'arrivaEarligimesare
inredandateonesnblue Thearrowndicatethereconstructédcloftheupwardly
propagatimguon.
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pressue vessel A cableprovidesthe high voltageandtransmitsthe
anode current signalsto the data aquisition electronicsat the
surfaceFigurel alsoshowsarepresentativeentthat hassatis®ed
the selectiorcriteriafor an upwardly moving muon. The effective
detectionareafor muonsvariesfrom about3,000m? at 100GeVto
about 43 10'm? for the higherenery muons (> 100TeV) that
would be producedby neutrinos coming from, for example the
samecosmicsourcesthat producegamma-raybursts.

Becausea knowledgeof the optical propetties of the ice is
essential for track remnstruction, these hawe been studied
extensiveRF. The absorptionlength of blue and ultraviolet light
(the relevaat wavelengthdor our purposes)variesbetween85m
and 225m, dependingon depth. The effectivescatteringlength,
which combinesthe meanfreepath| with the averagescattering
andevthroughl =12 tcosit, variedrom 15mto 40m. In orderto
remnstruct the muon tracks we use a maximum-likelihood
method, which incorporates the scatteringand absorption of
photonsasdeterminedfrom calibrationmeasuementsA bayesian
formulation of the likelihood takesinto acount the much larger
rate of downward muons relative to the upward signal and is
particularly effectivein decreasinghe chane for a downward
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muon to be mis-re@nstructedasupward. (Seerefs6 and 10£13
for moreinformation on optical propertiesof ice, calibration,and
analysigechniques.)

Cettain types of eventsthat might appearto be upwardly
propagating muons must be consideredand eliminated. Rae
casessuchasmuonsthat undergocatastropit energ lossthrough
bremsstrahlungor that are coincidentwith othermuons,mustbe
investigatedTo this end,aserieof requirementsor quality criteria,
basedon the characteristidime and spatial pattern of photons
associateevith amuon trackandthe responsef our detector are
applied to all eventsthat, in a ®rst assessmengppearto be
upwardly moving muons. For examplean ewvent that hasa large
number of optical moduleshit by prompt (that is, unscatteed)
photons, has a high quality. By making theserequirements(or
‘cuts') increasinty selectiveweeliminatecorrespondinglymore of
the backgroundof false upward eventswhile still retaning a
signi®canfraction of the true upwardly moving muons. Because
thereisalargespaceavithin whichtheparametersle®ninghesecuts
can be optimized, two different and independnt analyse®f the
sameset of data hawe beenundeitaken Theseanalysesjielded
comparable numbers of upwardly propagatigy muons (153 in
analysisA, 188in analysisB). Comparisonof theseresultswith
their respectie Monte Carlo simulations showsthat they are
consistentwith eachother in termsof the number of eventsthe
numberof eventsn commonand,asdiscussetbelow, the expected
propertiesof atmospherimeutrinos.

In Fig. 2a,the number of experimentaleventsis comparedto
simulationsof backgroundandsignalasafunction of the(identical)
quality requirementsplacd on the threetypesof events:experi-
mentaldata,simulatedupwaidly movingmuonsfrom atmospheric
neutrinos, and a simulatedbackgound of downwardly moving
cosmic-raymuons.For simplicity in presetation, the levelsof the
individual cuts have been combined into a sinde parameter
representingthe overall eventquality. Figure 2b showvs ratios of
the quantitiesplotted abowe. As the quality levelis increasedthe
ratios of simulated backgroundto experimentaldata, and of
experimentaldatato simulatedsignal,both continue their rapid
decreas,theformertoward zeo andthelattertoward0.7.Overthe
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samerange theratio of experimentaldatato the simulatedsum of
backgroundand signalremainsnearlyconstant.We concludethat
the quality recquirementshawe reducedthe presenceof wrongly
remonstructed downward muons in the experimentaldata to a
nedigible fraction of the signaland that the experimentaldata
behae in the sameway as the simulated atmosphericneutrino
signalfor eventghat passthe stringentcuts. The estimateduncer-
tainty on the numberof eventspredictedby the signalMonte Carlo
simulation, whichincludesuncertaintiesin the high-energy atmos-
phericneutrino "ux, thein situ sensitivty of the optical modules,
and the preciseoptical propertiesof the ice, is +40%/- 50%. The
obsewedratio of experimentto simulation (0.7) and the expecta-
tion (1.0) therefoe agreewithin the estimateduncertainties.

Theshapeof the zenith-ande distribution of the 188ewentsfrom
analysi3 iscomparedto asimulationof theatmospherimeutrino
signalin Fig. 3, where the absoluteMonte Carlo rate has been
normalizedto the experimentatate. Thevariationof the measued
ratewith zenithandeis reproducedby the simulationto within the
statisticalincertainty. We notethat thetall geomety of thedetector
favours the more vertical muons. The arrival directions of the
upwadly moving muonsobsered in both analysesre shownin
Fig 4. A statisticahnalysisndicatesho eviden@for point souresin
thesesamplesThe agreemenbetweerexperimentand simulation
of atmosphericneutrino signal,asdemonstratedn Figs2 and 3,
takentogethemwith comparisongor anumberof othervariablegto
be publishedelsewhere)eadsus to concludethat the upconing
muon eventsobseved by AMANDA are produced mainly by
atmosphericneutrinos with energiesof about 50GeV to a few
TeV. The backgound in this event sampleis estimatedto be
156 7% eventsandis dueto misreconstructions.

From the consistercy of the sdected event sanple with muons
generated by atmospheric neutrinos,and in particular theabsence of
an excess of high-energy ewents with a large number of optical
modules that had been hit, we can determine an uppe limit on a
diffuse extraterrestrial neutrino “ux. Assuming a hard E % spedrum
charaderisic of shockwave acceleration, we expect to reach a
sengtivity of order dN=E,~ 10?°E22cm?2s?tsr? 1 Gev2 L. This
vaueislow enoughto bein therangewhere anumber of modds
predict ~uxes, afew of which arelarger>*®. Mog recert esimatesare
smaller'™, The preent leve of sensitivity and the prospects for
improvingit throughlonger exposuretimesand better determination
of muon ereny illustrate the ability of large-areadeectors to teg
theaetica modds that assume the hadronic origin of TeV photons
from adivegdaxiesb moddswhich would be dif®ult to con®m or
exclude without the ability to obseve high-energy neutrinos.

Seachesfor neutrinos from gamma-raybursts, for magnetic
monopoles supernovacollapsesand for a cold dark matter signal
from the centreof the Eatth arealsoin progressand,with only 138
daysof data,yield limits comparableto or betterthan thosefrom
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Figure4 Distributhin declinatiomndrightascensioof theupwardlgropagating
event®nthesky.The263eventshowrnerearetakerfromtheupwaranuons
containeit bothanalysidandanalysiB. Themediadifferenceetweethetrueand
thereconstatedmuorangless abouB to 4 degrees.
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smallerundergound neutrino detectorsthat have operatedfor a
much longerperiod (seerefs10+13).

From 1997to 1999an additional nine stringswereaddedin a
concentric cylinder around AMANDA-B10. This larger detector
called AMANDA:-1I, consistsof 677 optical modulesand hasan
improvedaceptanefor muonsover alargerangularinterval. Data
arebeingtakennowwith thelargerarray. Yet the ux esof very high
enery neutrinospredictedby theoreticaimodels® or derivedfrom
the observedux of ultra high energ cosmicrays® are suf®ciently
low that a neutrino detectorhaving an effectiveareaup to asquare
kilometreis required for their obsewation and study*** Plansare
therefoebeingmadefor amuchlargerdetectorlceCube,consisting
of 4,800 photomultipliers to be deployd on 80 strings. This
proposedneutrino telescopavould have an effectiveareaof about
1km? an energ thresholdnear100GeVand a pointing accuacy
for muons of better than one degreefor high-energy events.In
conclusion,the obsewation of neutrinosby a neutrino telescope
deepin the Antarcticicecap agoalthatwasoncethought dif®cultif
not impossible representsan important steptoward establishing
the®eldof high-energy neutrinoastonomy®rstervisionedover40
yearsaga M
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