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Abstract. Recentadvancesin TeV gammaray astronomy
arearesultof theability to differentiatebetweenextensiveair
showersgeneratedby gammaraysandhadroniccosmicrays.
Air Cherenkov telescopeshave developedandperfectedthe
“imaging” techniqueover thepastseveraldecades,yet until
now no methodof backgroundrejectionhasbeensuccess-
fully usedin air shower arraysto detecta sourceof TeV
gammarays. The developmentof sucha techniqueis nec-
essaryto improvethesensitivity of air showerarrays.Were-
port on a methodto differentiatehadronicair showersfrom
gammaray inducedair showersin the Milagro gammaray
observatory. Thetechniqueis usedto observe theCrabneb-
ula athigh significance(4.8� ).

1 Introduction

Ground-basedgammaray astronomywasdevelopedin the
1950’s. Yet it was not until the late 1980’s that the first
sourceof TeV gammarayswasconvincingly observedwith
a ground-basedinstrument.Theinnovationthatchangedthe
field wasthedevelopmentof amethodtodistinguishair show-
ers inducedby gammarays and thoseinducedby hadrons
(protonsandheavier nuclei), the so-called“imaging” tech-
nique . The imaging techniquecategorizesair showersby
theshapeandorientationof theCherenkov light pool asob-
servedin theimageplaneof anairCherenkov telescope(Hillas
1985). This techniquewasusedby theWhippleexperiment
to detectTeV gammarayemissionfrom theCrabnebula,the
first detectedsourceof TeV photons. Sincethe initial dis-
covery of the Crabat least5 othersourcesof TeV gamma
rays have beendetected(Hoffman et al. 1999,Ong 1998,
Weekes 2000). Despitethe recentsuccessof imaging air
Cherenkov telescopes,they have several limitations. Since
they areopticalinstrumentsthey canonly observethesky on
clear, dark(moonless)nights(thetypical duty cycleof these
instrumentsis between5 and10%), and they canonly ob-
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serve a small fraction of the sky at any one time (of order�������	��

sr). In contrast,a detectorthatdetectstheparticles

in the air shower that reachtheground,known asanexten-
sive air shower (EAS) array, canoperate24 hours/day, and
cansimultaneouslyview theentireoverheadsky. Pastefforts
to distinguishhadronicand gammaray inducedair show-
ersin EAS arrayshavereliedon theidentificationof muons.
At energiesabove100TeV theCASA andCYGNUSarrays
usedshieldeddetectorsto identify muonspresentin hadronic
air showers. While theCASA arrayachievedvery high lev-
elsof backgroundrejection(rejecting94%of thecosmicray
backgroundabove 115TeV, and99.93%of the background
above1175TeV, while retainingover72%of thegammaray
signal),nosignalswereobservedin theirdata(Borioneet al.
1997). It is generallybelievedthat theabsenceof sourcesat
thesehigh energiesis dueto the absorptionof high-energy
photonsby thecosmicbackgroundradiationandthesteeply
falling spectraof astrophysicalsources.TheMilagro detec-
tor is sensitiveto muchlowerenergy primaryphotons( � 500
GeV)andcanthereforeseesourcesatmuchgreaterdistances
(redshift � 0.1). Here we report on the developmentof a
techniqueto rejectthehadronicbackgroundin Milagro. We
demonstratetheefficacy of thetechniquewith a detectionof
the Crab nebula and discusspossibleimprovementsin the
technique.

2 The Milagro Detector

TheMilagro TeV gammaray observatoryis describedin de-
tail elsewherein theseproceedings(Sullivan et al. 2001).
Milagro has723 photomultiplier tubes(PMTs) submerged
in a 6-million gallonwaterreservoir. Thedetectoris located
at the FentonHill site of Los AlamosNationalLaboratory,
about35 miles westof Los Alamos,NM, at an altitudeof
8600’ (750 g/cm ). The reservoir measures80m x 60m x
8m(depth)andis coveredby a light-tight barrier. ThePMTs
aresecuredto agrid of sand-filledPVCsittingonthebottom
of the reservoir by a Kevlar string. The PMTsarearranged
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in two layers,both on a 2.8m x 2.8m grid. The top layer
of 450PMTs(submergedunder1.5metersof water)is used
primarily to reconstructthe directionof the air shower. By
measuringthe relative arrival time of the air shower across
the arraythe directionof the primarycosmicray canbe re-
constructedwith anaccuracy of roughly0.75� . Thebottom
layer of 273 PMTs (submergedunder6 metersof water) is
usedprimarily to discriminatebetweengammaray initiated
air showersandhadronicair showers.

2.1 IdentificationandRejectionof HadronicEvents

It is well known thatEAS inducedby hadroniccosmicrays
containmany more muons(from pion decay)andhadrons
thanEAS inducedby gammaraysof comparableenergy. In
Milagro, the top 6 metersof water effectively absorbsthe
electromagneticcomponentof theair showersandwe iden-
tify hadroniceventsby looking for bright, compactclusters
of light in thebottomlayer. UsingMonteCarlosimulations
we estimatethat79%of all protonshowersthat triggerMi-
lagro containa muonand/ora hadronthat entersthe pond,
while only 6% of gammaray inducedair showers contain
a muon and/ora hadronthat entersthe pond. The trigger
criteria in the simulationwasset to 50 PMTs, the nominal
hardwaretriggerrequirementin Milagro.

Theparameterusedto differentiatehadronicshowersis

��� ��� �����������! #"$"% '&)( �+*-,/. �1032547698:8
(1)

where ���  is thenumberof PMTsin thebottomlayerwith
morethan2 photo-electrons(PEs)and

��������� �! ;"$"% ;&
is the

maximumnumberof PEsin any PMT in the bottomlayer.
Small bright clumpson the bottom will give small values
of compactness,while showersthatuniformly illuminatethe
bottomwith smallhitswill give largevaluesof compactness.
Figure1showsthecompactnessdistributionsfor MonteCarlo
protonshowers,MonteCarlogammashowers,andfor data.
OneseesacleardifferencebetweenMonteCarlogammaray
showersandprotonshowers. Overall the datamatchesthe
MonteCarlo protondistribution reasonablywell. Beyonda
valueof

� �=<	>@? onecanseeadiscrepancy betweenthedata
andtheMonteCarloprotonshowers.Thisdiscrepancy is due
to problemsin thepulseheightcalibrationof thedetectorand
is beingcorrected(seetheappendix).

If all events with
�BA <	>@? are removed (identified as

hadronic),we shouldretain54% of the gammaray events
and only 9% of the proton events. This resultsin an im-
provementin sensitivity of 1.8. This is often referredto as
the C factorof thecut.

We shouldnote that even on eventswhereno muonsor
hadronsenterthepondthereis anobservabledifferencebe-
tweenair showersinducedby hadronsandthoseinducedby
gammarays.Usingthesamecuton thecompactnessparam-
eter(

�DA <	>@? ) theMonteCarlopredictsa C factorof 1.2for
theseevents(retaining54%of gammarayeventsand20%of
protonevents).Examinationof theelectromagneticparticles
thatstrikethepondshowsthatthey tendto bemoreenergetic
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Fig. 1. Thecompactnessdistribution for MonteCarlogammarays
(solidline) MonteCarloprotons(dashedline) anddata(dottedline).

andmoreclumpedin hadronicshowersthanin gammaray
inducedshowers.

2.1.1 Energy Dependenceof CompactnessCut

Whenanalyzingastronomicalsignalsit is importantto un-
derstandtheenergy dependenceof theinstrument.In partic-
ular this includesthe energy responseof any cut performed
uponthedata.An idealcutwouldhaveanefficiency for sig-
nal eventsthat is independentof the energy of the primary
gammaray. In practicesuchuniformity of responsemaybe
difficult to achieve. In Figure2 weshow theefficiency of the
compactnesscutasafunctionof primarygammarayenergy.
The cut reaches50% efficiency at M 1.5 TeV. This is below
themedianenergy for gammarayshowers(

��� ON P spectrum)
that triggerMilagro (3.5 TeV). After thecompactnesscut is
appliedthemedianenergy risesto 4.7TeV.

3 Application to the Crab Nebula

As atestof thebackgroundrejectionmethodweapplyit to a
searchfor TeV gammaraysfrom theCrabnebula. TheCrab
nebula wasfirst detectedat TeV energiesin 1989 (Weekes
et al. 1989). Since that time it hasbecomethe standard
candleof TeV gammaray astronomy. With a steadyflux
of QR> < �S���T��UWVX�/Y-Z[6-\�]^� _N P^` m

�  s�ba TeV
�ba

(Hillas et al.,
1998)it is usefulfor crosscalibratingthe sensitivity of dif-
ferentinstruments.

Thedatasetbeginson June8, 1999andendson April 24,
2001.Becauseof detectordown timeandperiodsof running
at a lower rate(this dataincludesthe time periodwhenthe
detectorfirst begantaking dataandwasoperatingin an en-
gineeringmode)the effective exposureof this time interval
is roughly 1.35 yearof running in our currentmode. Dur-
ing this interval we accumulated50.261billion events.The
resultsof the Crabanalysisaregiven in Table3. We give
the resultsfor the raw dataand for the dataafter the com-
pactnesscut hasbeenapplied. From theseresultswe seea
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Fig. 2. Theenergy dependenceof thecompactnesscut. Thefraction
of gammaray eventsretainedis shown as a function of primary
gammarayenergy in TeV.

realizedQ factorof
� > c , consistentwith MonteCarloexpec-

tations. This cut removes91% of the data,consistentwith
theMonteCarlopredictionof 90%rejection.A clearsignal
with asignificanceof 4.8 � is observedwith thecompactness
cut. Dueto aproblemin thepulseheightcalibration(seeAp-
pendixA) of thedetectorwe expectthedetailsof the result
to change.Updatedresultswill be presentedat the confer-
ence.Figure3 shows a mapof thestatisticalsignificanceof
the excessesin the region aroundthe Crabnebula. At each
point we plot the significanceof any excess(or deficit) in a
2.1 degreesquarebin, centeredon thebin position. Thebin
sizeusedis shown asa circle in the figure. The Crabis at
thecenterof thesamplebin shown. Theleft-handplot shows
thesignificancebeforetheapplicationof thebackgroundre-
jection.Theplot on theright showsthesignificanceafterthe
requirement

�ed <	>@? hasbeenappliedto thedata.

4 Future Improvements

The algorithm describedabove is quite simple, depending
only on theratio of two quantities,independentof theevent
sizeor othercharacteristics.Monte Carlo simulationsindi-
catethat this simple ratio is not independentof othermea-
suredquantitiesin Milagro. Compactnessfor both gamma
raysandprotonsis a functionof thenumberof PMTsin the
bottomlayerwith morethantwo PEs.For example,onsmall
eventswith only a few PMTsilluminatedin thebottomlayer
the compactnessparametermay be quite small even if the
pulseheightin thebrightestPMT in thebottomlayer is be-
low 8 PE.While theseeventswould berejectedashadronic
eventsMonte Carlo simulationsindicatethat they aremost
certainlygammaray events.Similarly for very largeevents
with thecoreon thepond,gammaray showerswill bemis-
takenfor hadronicevents.However, ahadroniccoredeposits
much more energy in the pond than doesan electromag-
neticcore. By examiningthe full two-dimensionalspaceof���/���f�

vs. ���  we shouldbeableto improve the back-

groundrejectionin Milagro. UsingtheMonteCarlowe de-
rivetheprobabilitythatagammarayor protoneventwill fall
at a givenpoint in this space.We usetheMARS algorithm
developedby J.Freidman(Freidman1999)to fit theseprob-
ability densitiesto a setof splinebasisfunctions. For each
point in this spacewe calculatethe ratio of the probability
for agammarayandaprotonto fall at thatpoint in thespace
(
�hg	Y9�7i_jk ;"% ;l

). We thanfind the distribution of
�mg	YW�bi_j^ #"% 'l

for all gammaray andprotonevents. The optimal valueof�mg	YW�bi_j^ #"% 'l
at which to cut thedatais determinedby maxi-

mizing the signalto noiselevel ( n g	YTo n i_jk ;"% ;l , where n is
thefractionof eventsretained).By excludingall eventswithprq V%� g Y9� iOj^ ;"% ;l ]ts <	> � weremove88%of thesimulatedpro-
ton eventsand retain 68% of the gammaray events,for a
predictedquality factorof 2.2 a 20%improvementover the
simplecompactnesscut. An analysisof the Crabdatawith
this cut yields similar results(

� > c � ) to the simplecompact-
nesscut,consistentwith theexpectedimprovement.

5 Conclusions

Thebottomlayerof Milagro is a coarseimagingcalorimeter
and can be usedto measurethe distribution of energy de-
positedin Milagro. Hadroniccosmicraysgenerateair show-
erswith penetratingparticlesthat depositlocalizedclumps
of energy in theMilagro detector. We havedevelopeda sim-
ple and fast algorithm to differentiateair showers induced
by hadroniccosmicraysfrom thoseinducedby gammarays.
Thissimplecutbasedon acompactnessparameterimproves
the sensitivity of Milagro by a factorof 1.8. We have used
this cut to observe TeV gammaray emissionfrom the Crab
nebula. This is the first demonstrationof the ability of an
EAS arrayto rejecthadronsandenhancethesignificanceof
anobservationof a sourceof TeV gammarays. We arecur-
rentlyinvestigatingmoresophisticatedtechniquesthatutilize
moreinformationto improveourbackgroundrejectioncapa-
bilities. As Milagro is a new anduniquetypeof instrument
we areonly beginning to understandits responseto cosmic
raysandgammarays. As our understandingof this new in-
strumentimprovesweexpectto furtherimprovethesensitiv-
ity of Milagro.
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the LDRD programat LANL, and the IGPP. We would also like
to recognizethehardwork of ScottDelayandMichaelSchnieder,
whosededicationhasbeeninstrumentalin operatingMilagro.

Appendix A Pulse Height Calibration of Milagro

Milagro usesthe time-over-threshold(TOT) techniquefor
measuringthe pulseheightat eachPMT. For a exponential
pulseone expectsthe following relationshipbetweenTOT
andpulseheightmeasuredin PEs:

��� ��u 6-v�whvRx;y
. wherez

is the shapingtime of the electronicsand
u

is a gain de-
pendentnormalization.Thus,theerrorin themeasuredpulse
heightis exponentiallydependentupontheerrorin themea-
surementof the TOT. In Milagro therecanbe a significant
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DataSelection ON Source OFFSource Excess Significance

All Data 8,746,621 8,749,562 2941 1.0 {
Compactness| 2.5 787,503 783,059 4444 4.8 {

Table 1. Observedexcessfrom theCrabnebula,usingall thedataanddataafterthebackgroundrejectionis applied.
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Fig. 3. Significancemapof the region aroundthe Crabnebula. The plot on the left shows the significanceof all the data(no cut on the
compactness).Theplot on theright shows thesignificanceafterthecompactnesscut (C | 2.5) is imposedon thedata.

amountof late light within the detector(dueto large angle
particles,light reflectedfrom thecover, andscatteredlight),
resultingin largeerrorsin themeasurementof TOT. Wehave
minimizedthiseffectby implementingtwo thresholdsonev-
eryelectronicchannel.Thefirst thresholdis setat � 0.25PEs
andthesecondto � 6 PEs.Sincelatelight tendsto bein the
singlePErangethehigherthresholdis relatively immuneto
mis-measurementsof thepulseheight,until up to largeval-
uesof pulseheight.NearthresholdtheTOT techniquehasa
resolutionof � 8%(seeAtkins et al. 2000).

Problemswith the lasercalibrationsystemled us to use
the TOT from the low thresholddiscriminatorup to pulse
heightsof 15-30PEs. The late light in the detectorcauses
thesemeasurentsto have relatively poor resolution � 20%.
Thedistribution is asymmetric,with theerrortypically being
to measurea pulseheightlargerthanthetruepulseheight.

The backgroundrejectiontechniquedescribedin this pa-
per is inherently sensitive to such errors for two reasons:
1) The pulseheightrangeof 8-20 PE is the rangeof pulse
heightsthat a muon producesin the bottom layer and 2)
By selectingthePMT with themaximumvalueoneis most
likely to selectthePMT thatmismeasuredthe pulseheight.
We have recentlyidentifiedandcorrectedthis problemand
arein theprocessof re-reconstructingthedataobtainedfrom
theregion aroundtheCrabnebula. FigureA1 shows anup-
datedcomparisonof the compactnessdistribution for data
with thenew calibrationsandMonteCarlo.Onecanseethat
thedataandMonteCarloarein muchbetteragreement.By
runningontrial datasetsweexpecttheimprovementin sensi-
tivity to besignificant.Theupdatedresultswill bepresented
at theconference.
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Fig. A1. The compactnessdistribution for Monte Carlo protons
(solid line) anddatausingtheupdatedcalibrationconstants(dashed
line).
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