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Abstract. Recentadvancesin TeV gammaray astronomy
arearesultof theability to differentiatebetweerextensieair
shaversgeneratedy gammaraysandhadroniccosmicrays.
Air Cherenkv telescopesave developedandperfectedthe
“imaging” techniqueover the pastseveral decadesyet until
now no methodof backgroundrejectionhasbeensuccess-
fully usedin air shaver arraysto detecta sourceof TeV
gammarays. The developmentof sucha techniqueis nec-
essanto improvethesensitvity of air shoverarrays.Were-
port on a methodto differentiatehadronicair shaversfrom
gammaray inducedair shaversin the Milagro gammaray
obsenatory. Thetechniques usedto obsene the Crabneb-
ulaathigh significancg4.80).

1 Introduction

Ground-basediammaray astronomywas developedin the
1950%s. Yet it was not until the late 1980’ that the first
sourceof TeV gammarayswascorvincingly obsenedwith
aground-basethstrument.Theinnovationthatchangedhe
field wasthedevelopmenof amethodo distinguishair show-
ersinducedby gammarays and thoseinducedby hadrons
(protonsand heavier nuclei), the so-called“imaging” tech-
nique. The imagingtechniquecateyorizesair shovershby
the shapeandorientationof the Cherenlov light pool asob-
senedin theimageplaneof anair Cherenlov telescopéHillas
1985). This techniqguewasusedby the Whipple experiment
to detectTeV gammaray emissionfrom theCrabnelula, the
first detectedsourceof TeV photons. Sincethe initial dis-
covery of the Crabat least5 othersourcesof TeV gamma
rays have beendetectedHoffman et al. 1999,0ng 1998,
Weeles 2000). Despitethe recentsuccesof imaging air
Cherenlbov telescopesthey have several limitations. Since
they areopticalinstrumentghey canonly obsenethesky on
clear dark (moonlesshights(thetypical duty cycle of these
instrumentss between5 and 10%), and they canonly ob-
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sene a small fraction of the sky at ary onetime (of order
4 x 1072 sr). In contrasta detectorthatdetectshe particles
in the air shaver thatreachthe ground,known asan exten-
sive air shover (EAS) array canoperate24 hours/dayand
cansimultaneouslyiew theentireoverheadsky. Pastefforts
to distinguishhadronicand gammaray inducedair show-
ersin EAS arrayshave relied on theidentificationof muons
At enegiesabore 100 TeV the CASA andCYGNUS arrays
usedshieldeddetectordo identify muonspresentn hadronic
air shavers. While the CASA arrayachiesedvery high lev-
elsof backgroundejection(rejecting94% of the cosmicray
backgroundabore 115 TeV, and99.93%of the backgrounc
above 1175TeV, while retainingover 72% of thegammaray
signal),no signalswereobsenedin theirdata(Borioneet al.
1997).1t is generallybelievedthatthe absencef sourcesat
thesehigh enegiesis dueto the absorptionof high-enegy
photonsby the cosmicbackgroundadiationandthe steeply
falling spectraof astrophysicasources.The Milagro detec-
tor is sensitve to muchlower enegy primary photong~500
GeV)andcanthereforeseesourcesatmuchgreatedistance:
(redshift~0.1). Here we reporton the developmentof a
techniqueto rejectthe hadronicbackgroundn Milagro. We
demonstrat¢he efficacy of thetechniquewith a detectionof
the Crab nehula and discusspossibleimprovementsin the
technique.

2 TheMilagro Detector

TheMilagro TeV gammaray obsenatoryis describedn de-
tail elsavherein theseproceedinggSullivanet al. 2001).
Milagro has 723 photomultipliertubes(PMTs) submeged
in a 6-million gallonwaterreserwir. The detectoiis locatec
at the FentonHill site of Los Alamos National Laboratory
about35 miles westof Los Alamos, NM, at an altitude of
8600’ (750 g/cn?). The reserwir measure8Om x 60m x
8m (depth)andis coveredby alight-tight barriet The PMTs
aresecuredo agrid of sand-filledPVC sitting onthebottom
of the reserwir by a Kevlar string. The PMTs arearrange(
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in two layers,bothona2.8mx 2.8mgrid. Thetop layer of
450 PMTs (submegedunder1.35 metersof water)is used
primarily to reconstructhe direction of the air shaver. By
measuringthe relative arrival time of the air shaver across
the arraythe directionof the primary cosmicray canbere-
constructedvith anaccurayg of roughly 0.75°. The bottom
layer of 273 PMTs (submegedunder6 metersof water)is
usedprimarily to discriminatebetweengammaray initiated
air shaversandhadronicair shavers.

2.1 IdentificationandRejectionof HadronicEvents

It is well known that EAS inducedby hadroniccosmicrays
containmary more muons(from pion decay)and hadrons
thanEAS inducedby gammaraysof comparableenegy. In
Milagro, thetop 6 metersof watereffectively absoritheelec-
tromagneticcomponentof the air shavers and we identify
hadroniceventshby looking for bright, compactclustersof
light in thebottomlayer. UsingMonte Carlosimulationswe
estimatethat 79% of all protonshowersthattrigger Milagro
containa muonand/ora hadronthat entersthe pond, while
only 6% of gammaray inducedair shoverscontaina muon
and/ora hadronthat entersthe pond. The trigger threshold
in the simulationwassetto 50 PMTs,the nominalhardware
triggerrequirementn Milagro.
Theparameteusedto differentiatehadronicshaversis
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whereN B, is thenumberof PMTsin the bottomlayerwith
morethan 2 photo-electrongPEs)and M ax B is the maxi-
mumnumberof PEsin ary PMT in thebottomlayer. Small
bright clumpson the bottomwill give smallvaluesof com-
pactnessyhile shaversthatuniformly illuminatethebottom
with small hits will give large valuesof compactnessFig-
ure 1 shaws the compactnesslistributions for Monte Carlo
protonshavers,Monte Carlogammashawvers,andfor data.
OneseesacleardifferencebetweerMonte Carlogammaray
showvers and proton shavers. Overall the datamatcheshe
Monte Carlo protondistribution reasonablywell. Beyond a
valueof C' = 2.5 onecanseeadiscrepang betweerthedata
andtheMonteCarloprotonshowvers. Thisdiscrepangis due
to problemsn the pulseheightcalibrationof thedetectorand
is beingcorrected seetheappendix).

If all eventswith C < 2.5 are removed (identified as
hadronic),we shouldretain 54% of the gammaray events
and only 9% of the proton events. This resultsin anim-
provementin sensitvity of 1.8. This is oftenreferredto as
the @ factorof the cut.

We shouldnote that even for eventswhereno muonsor
hadronsenterthe pondthereis anobsenabledifferencebe-
tweenair shoversinducedby hadronsandthoseinducedby
gammarays. Usingthe samecut on the compactnesparam-
eter(C < 2.5) theMonte Carlopredictsa ) factorof 1.2for
theseevents(retaining54%of gammaray eventsand20%of
protonevents).Examinationof the electromagnetiparticles
thatstrike thepondshowsthatthey tendto bemoreenegetic
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Fig. 1. Thecompactnesdistribution for Monte Carlogammarays
(solidline) MonteCarloprotons(dashedine) anddata(dottedline).

and more clumpedin hadronicshoversthanin gammaray
inducedshowers.

2.1.1 Enegy Dependencef Compactnes€ut

When analyzingastronomicakignalsit is importantto un-
derstandhe enegy dependencef theinstrument.In partic-
ular this includesthe enegy responsef ary cut performed
uponthedata.An ideal cut would have anefficiency for sig-
nal eventsthatis independentf the enegy of the primary
gammaray. In practicesuchuniformity of responsemay
be difficult to achiese. In Figure 2 we show the efficiency

of the compactnessut asa function of primary gammaray
enegy. The cut reacheb0% efficiency at ~1.5 TeV. This
is below the medianenegy for gammaray shovers (E—24

spectrumlthat trigger Milagro and get reconstructednto a
2.1° squarebin aroundthe source(3.5 TeV). After thecom-
pactnessut is appliedthe medianenepy risesto 4.7 TeV.

Note thatthe compactnessut is relatively uniform for pro-
ton events,while it is arelatively strongfunction of enegy
for gammarays. For a sourcewith a spectralindex similar
to thatof the Crabnehulatheenegy dependencef thecom-
pactnessut doesnot contribute to the improvementin the
significanceof the signal(sinceit preferentiallyremovesthe
lowerenegy gammarays).

3 Application to the Crab Nebula

As atestof thebackgroundejectionmethodwe applyit to a
searchfor TeV gammaraysfrom the Crabnetlula. The Crab
nelulawasfirst detectecht TeV enegiesin 1989(Weeleset
al. 1989). Sincethattime it hasbecomethe standardref-
erenceof TeV gammaray astronomy With a steadyflux
of 3.2 x 1077 (E/TeV) 24 m~2s1TeVv~! (Hillas et al.,
1998)it is usefulfor crosscalibratingthe sensitvity of dif-
ferentinstruments.

Thedatasebeginson June8, 1999andendson April 24,
2001.Becaus®f detectordown time andperiodsof running
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Fig. 2. Theenepgy dependencef thecompactnessut. Thefraction
of gammaray events(solid line) and proton events (dashedine)
retaineds shawvn asafunctionof enepy.

at a lower rate (this dataincludesthe time periodwhenthe
detectorfirst begantaking dataandwasoperatingin anen-
gineeringmode)the effective exposureof this time interval

is roughly 1.35year of runningin our currentmode. Dur-

ing this interval we accumulatedO billion events. The re-

sultsof the Crabanalysisaregivenin Table3. We give the
resultsfor the raw dataandfor the dataafter the compact-
nesscut hasbeenapplied. From theseresultswe seea re-

alized Q factorof 4.8. Although someavhatlargerthanthe
predictedvalue, thereis a large error on the obsened ratio

(4.8+1.0/1.0+1.0), drivenby the 1o uncertaintyin thede-
nominator The obsenedexcesswith no cutsis smallerthan
the 2.7¢ predictedby the Monte Carlo simulations,while

thereis excellentagreementvith the Monte Carlo predic-
tion of 50 afterthe compactnessut. The compactnessut
removes 91% of the data, consistentwith the Monte Carlo
predictionof 90% rejection. A clear signalwith a signifi-

canceof 4.8 is obsenedwith the compactnessut. Since
this datawas obtainedwe have improved the pulse height
calibration(seeAppendixA) of the detectorandwe expect
the detailsof the resultto change. Updatedresultswill be
presente@ttheconferenceFigure3 shovsamapof thesta-
tistical significanceof the excessesn theregion aroundthe
Crabnehula. At eachpoint we plot the significanceof ary

excesqor deficit)in a2.1degreesquarebin, centerecn the
bin position. Thebin sizeusedis shovn asacirclein thefig-

ure. The Crabis atthe centerof the samplebin shovn. The
left-handplot shaws the significancebeforethe application
of thebackgroundejection. The plot on theright shavs the
significanceaftertherequirementC' > 2.5 hasbeenapplied
to thedata.

4  Futurelmprovements
The algorithm describedabove is quite simple, depending

only on theratio of two quantities independentf the event
size or othercharacteristics Monte Carlo simulationsindi-

catethat this simpleratio is not independenbf othermea-
suredquantitiesin Milagro. Compactnes$or both gamme
raysandprotonsis a function of the numberof PMTsin the
bottomlayerwith morethantwo PEs.For example,onsmall
eventswith only afew PMTsilluminatedin thebottomlayer
the compactnesparametemmay be quite small eveniif the
pulseheightin the brightestPMT in the bottomlayeris be-
low 8 PE.While theseeventswould be rejectedashadronic
events,Monte Carlo simulationsindicatethat they aremost
certainlygammaray events. Similarly for very large events
with the coreon the pond,gammaray shaverswill be mis-
taken for hadronicevents. However, a hadroniccore de-
positsmuchmore enepgy in the pondthandoesan electro-
magneticcore. By examiningthefull two-dimensionaspace
of MaxzB vs. N B; we shouldbe ableto improve the back-
groundrejectionin Milagro. Usingthe Monte Carlowe de-
rive the probabilitythatagammaray or protoneventwill fall
at a givenpointin this space.We usethe MARS algorithm
developedby J. Freidman(Freidmanl1999)to fit theseprob-
ability densitiesto a setof spline basisfunctions. For eact
point in this spacewe calculatethe ratio of the probability
for agammaray anda protonto fall atthatpointin thespace
(Py/Pproton)- We thenfind the distribution of P,/ Pyroton
for all gammaray and protonevents. The optimal value of
P,/ Pyroton @twhich to cut the datais determinedoy maxi-
mizing the signalto noiselevel (F, /\/Fproton, WhereF' is
thefractionof eventsretained).By excludingall eventswith
In(Py/Pproton) < 2.0 weremove 88%of thesimulatedpro-
ton eventsand retain 68% of the gammaray events,for a
predictedquality factorof 2.2 a 20% improvementover the
simplecompactnessut. An analysisof the Crabdatawith
this cut yields similar results(4.8¢) to the simple compact:
nesscut, consistentvith the expectedmprovement.

5 Conclusions

Thebottomlayerof Milagro is acoarseémagingcalorimete!
and can be usedto measurethe distribution of enegy de-
positedin Milagro. Hadroniccosmicraysgenerateir show-
erswith penetratingparticlesthat depositlocalized clumps
of enegy in the Milagro detector We have developeda sim-
ple and fastalgorithmto differentiateair shaversinducec
by hadroniccosmicraysfrom thoseinducedby gammarays.
This simplecutbasedn a compactnesparameteimproves
the sensitvity of Milagro by a factorof 1.8. We have usec
this cut to obsene TeV gammaray emissionfrom the Crab
netula. This is the first demonstratiorof the ability of an
EAS arrayto rejecthadronsandenhancehe significanceof
anobsenationof a sourceof TeV gammarays. We arecur-
rently investigatingmore sophisticatedechniqueshat uti-
lize moreinformationto improve our backgroundejection
capabilities.As Milagro is a new anduniquetype of instru-
ment, we are only beginning to understandts responsdo
cosmicraysandgammarays. As our understandingf this
new instrumentimproveswe expectto furtherimprove the
sensitvity of Milagro.
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| DataSelection

| ON Source| OFFSource| Excess| Significance]

All Data 8,749,562 | 8,746,621 | 2941

1.00

4444

Compactness 2.5 787,503 783,059

480

Table 1. Obseredexcessfrom the Crabnelula, usingall the dataanddataafterthe backgroundejectionis applied.

26

25 4

Declination D

23

22

21

20

19
= -4

86 87
Right Ascension

80 81 82 83 84 85

Declination I:I

26

25

£

24 2

N

23

22

o

21

N

20

19 11 il
=l

83 84

80 81 82 85 86 87

Right Ascension

Fig. 3. Significancemap of the region aroundthe Crabnehula. The plot on the left shawvs the significanceof all the data(no cut on the
compactness).The plot on the right shavs the significanceafter the compactnessut (C>2.5) is imposedon the data. The large circle
representgheintegrationareausedin the signalsearch.The smallcircle indicatesthe positionof the Crabnehula.
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Appendix A Pulse Height Calibration of Milagro

Milagro usesthe time-overthreshold(TOT) techniquefor
measuringhe pulseheightat eachPMT. For anexponential
pulse one expectsthe following relationshipbetweenTOT
andpulseheightmeasuredn PEs: PE = aeT9T/8, where
B is the shapingtime of the electronicsand « is a gainde-
pendentormalization.Thus,theerrorin themeasuregulse
heightis exponentiallydependentiponthe errorin themea-
surementf the TOT. In Milagro therecanbe a significant
amountof late light within the detector(dueto large angle
particles light reflectedfrom the cover, andscatteredight),
resultingin largeerrorsin themeasuremerdf TOT. We have
minimizedthis effect by implementingwo thresholdon ev-
eryelectronicchannel Thefirstthresholds setat~0.25PEs
andthe secondo ~6 PEs.Sincelatelight tendsto bein the
singlePE rangethe higherthresholds relatively immuneto
mis-measurements the pulseheight,until up to large val-
uesof pulseheight. Nearthresholdthe TOT techniquehasa
resolutionof ~8% (seeAtkins et al. 2000).

The initial pulse-heightcalibration of Milagro usedthe
TOT fromthelow thresholddiscriminatorupto pulseheights

of 15-30PEs.Thelatelight in the detectorcauseshesemea-
surentgo have relatively poorresolutiona20%. The distri-
bution is asymmetricwith the error typically beingto mea-
surea pulseheightlargerthanthetrue pulseheight.

The backgroundejectiontechniquedescribedn this pa-
per is inherently sensitve to such errorsfor two reasons
1) The pulseheightrangeof 8-20 PE is the rangeof pulse
heightsthata muonproducesn the bottomlayerand2) By
selectingthe PMT with the maximumvalue, one is most
likely to selectthe PMT that mismeasurethe pulseheight.
We haverecentlydevelopedamethodthatallows usto utilize
the laser calibration systemto obtain reliable pulse-heigh
calibrationsfor smallvaluesof the high thresholdTOT, cor-
respondingo 6-10 PEs. This will significantlyimprove the
pulse-heightesolutionin this critical region.
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