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Abstract. TheMilagro cosmicray detector, a large-areaex-
tensive air shower (EAS) waterCherenkov experiment,eas-
ily detectsthe blockageof TeV cosmicrays by the moon.
Theabsenceof thesecosmicrayscanbeusedto calibratethe
absoluteenergy scaleand the directionalevent reconstruc-
tion of Milagro using the Earth’s magneticfield asa mag-
neticspectrometer. Thesedatacanalsobeusedto setlimits
on theantiparticleflux of TeV cosmicrays.

1 Introduction

Milagro is a large-areaEAS waterCherenkov groundarray
locatedatLosAlamosNationalLaboratoryatanatmospheric
depthof 750g/cm

�
. Therearetwo layersof photomultiplier

tubes(PMTs), oneunder1.35metersof waterandanother
below it under6 metersof water. For this studyonly data
from thetop layerof PMTsareused.As in otherEAS array
experiments,the directionof an air shower is reconstructed
usingpulsetimesfrom thePMTs. Theexperimentis sensi-
tive to airshowerswith primariesfrom afew hundredGeVto
10’s of TeV. For moreinformationabouttheexperimentsee
Sullivan(2001).

TheMilagro experimenteasilydetectstheblockageof cos-
mic raysby themoon. Figures2 and3 demonstratethis ef-
fect. As observedfrom theEarththemoonis approximately��� �����

degreesin diameter. Over the yearanda half of op-
erationMilagro hasobtained3776hoursof observationtime
on themoonwhenit was 	 ��� or moreabove thehorizon. In
this time

�
� � 	��	 ����������� eventsper squaredegreealong
the path traveledby the Moon triggered45 or morePMTs
in Milagro. Thusoneexpectstheblockageof approximately��� ��� ��	 ��������� cosmicrays.Of theseevents,Milagro mea-
sures

��� � ��	 ��������� ��� ��	 ��� missingeventswithin  � of
thecenterof themoon’s shadow (Figure1). Thesenumbers
dependon thecriteriausedto selectevents.

BetweentheEarthandtheMoon thepathsof cosmicrays

Correspondence to: samuelson@mailaps.org

benddueto theEarth’smagneticfield. At thetypicalenergies
detectedby Milagro, thisdeflectionis around

���  � c/TV. This
deviation is useful in estimatingMilagro’s energy sensitiv-
ity andpossiblydifferentiatingparticlesfrom antiparticles,
which bendin oppositedirectionsin the Earth’s magnetic
field.

2 Map Creation and Background Estimation

To createa mapin theregionof a sourcein thecelestialsky,
thedirectionsof reconstructedeventsaremappedaccording
to somelocal two dimensionalsphericalcoordinatesystem
suchasthe equatorialcoordinatesystemthat useshour an-
gle and declinationaxes. A secondmap, which is rotated
by thecurrenthourangleof thecelestialsourcewith respect
to the first map, is also created. As the hour angleof the
sourceis continuouslychanging,this rotationis alsochang-
ing. This secondmapis thesourcemap,having its position
constantwith respectto thecelestialsource.If thefirst map-
ping is in equatorialcoordinatesthenthesecondmappingis
in celestialcoordinateswith axesof right ascensionanddec-
lination. For our purposesthe mapswereapproximatedas
two-dimensionalhistogramswith

��� 	 � � ��� 	 � bins,necessi-
tating a changein the rotationanglebetweenthe two maps
every24 siderealseconds.

To estimatethebackgroundin thesourcemap,we divide
the local coordinatemap (the first map) by the numberof
eventsusedto constructthatmap,giving a normalizedprob-
ability distributioncoveringeverypointof intereston thelo-
cal sky. This distribution is thenconvolved with the event
rateasa functionof thesource’shourangle(or equivalently,
siderealtime) to give give the expectedbackground. This
methodis effectively similar to methodsoutlinedin section
2.5 of Alexandreas(2001). For displaypurposesonly, both
thesourceandbackgroundmaparesmoothedby a uniform
distribution of a sizeon the orderof the point spreadfunc-
tion.

Figure2 showsaplot of theeventexcessin thevicinity of
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Fig. 1. Plotsof cumulative excessesasa functionof anglefrom thecenterof thedeficit causedby themoon.Theplot on theleft is in units
of standarddeviations.Theplot on theright is actualnumberof EAS events.

themoonusingtheabovemethodexactly asoutlined.Map-
ping themoonin this way hastwo drawbacks.First, in this
plot all cosmicraysarenot deflectedin the samedirection
with respectto themoondueto themoon’s motion through
the sky with respectto the local magneticfield. This effect
elongatesthe moon in the vertical direction. Second,the
methodoutlined above includesthe areaaroundthe moon
in the estimationof the expectedbackgroundof the moon.
This is statisticallyincorrect.After ayearandahalf of oper-
atingMilagro themoonhasblockedenougheventsthat it is
necessaryto removeeventsin theregionof themoonto cor-
rectly estimatethe expectedbackground. Including events
from theregionof themoonleadsto anunderestimateof the
backgroundalongthestripof themoon’smotionthroughthe
sky andanonstatisticalbackgrounddistribution.

Figure3 showsarotatedmappingwheretheexpectedcos-
mic ray deflectionis along the abscissa.The expecteddi-
rectionof cosmicray bendingwascalculatedfrom a simu-
lation that tracedcosmicraysthroughthe Earth’s magnetic
field (Wascko, 2001). Thesevalueswerethenusedto rotate
the mapsuchthat directionof magneticdeflectionappears
horizontalandto the left. The analysisin Figure3 alsore-
movesthe areaaroundthe moonfrom the calculationof its
own background.A backgroundis thencalculatedasbefore
with arenormalizationto thelocaleventprobabilitydistribu-
tion. This correctionis necessaryfor calculatingthe proper
excessesas in Figure 1. Both correctionslead to a moon
shadow that is moreelliptical, elongatedin the directionof

the magneticdeflections. The actualshapeof the shadow
with deflectionsat largeanglesfrom themoonbecomesap-
parent.

3 Energy Calibration

Absoluteenergycalibrationof EASdetectorsis difficult, and
relies on computersimulationsof air showers. However,
the blockageof cosmicraysby the moonand their deflec-
tion in the Earth’s magneticfield providesMilagro with a
simulation-independentenergy calibration.Theapparentde-
flection themoon’s cosmicray shadow from thepositionof
the moon dependsonly on the Earth’s magneticfield and
therigidity of theprimarycosmicraysthat triggerMilagro.
If we take the Earth’s magneticfield as a known quantity,
andusetheparticlemassdistribution arounda TeV asmea-
suredby balloonexperiments(Wiebel-Sooth,2001;Asaki-
mori, 1998),we canusethe observed shadow deflectionto
constrainthemedianenergy of thecosmicrayswhoseshow-
erstriggerMilagro.

The meandeflectionof particlescan be measuredaccu-
rately, dueto thelargedeficit causedby themoon.However,
thedeflectionangleis relatively small ( ! ��� "�� ) comparedto
the point spreadfunction of Milagro, ascanbe seenin the
Figures,andit is inverselyproportionalto themedianrigid-
ity of the cosmicraysthat trigger Milagro (Wascko, 2001).
Thus,small errorsin the measureddeflectionleadto larger
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Fig. 2. Milagro eventmapof theregionaroundthemoonusingright ascensionanddeclinationcoordinates.Contoursarelabeledin unitsof
standarddeviationsfrom a normaldistribution. Theestimatedbackgroundusedto make this mapincludesdatafrom theregionof themoon
itself. This resultsin thesmallexcessesseento theleft andright of themoon’s positionat 0 relative declination.

errorsin medianenergy estimation.Giventheselimitations,
wecansetlimits within afactorof 2 onthemedianenergy of
thecosmicraysthattriggerMilagro. Betterupperandlower
limits will bepresentedat theconference.

4 Evaluating Event Reconstruction

Since the expecteddeviations due to the Earth’s magnetic
field lie alongtheabscissain Figure3, theverticalspreadof
thedeficit in thatplot shouldbedueonly to thepoint spread
function of Milagro convolved with the shapeof the moon
itself. Thisallowsusto setfirm upperlimits onthestatistical
error of EAS directionalreconstruction(“pointing”) by the
Milagro array. Whenwe deconvolve themoonfrom vertical
spreadof the deficit in Figure3, we obtaina valueof XX.
The valueobtainedvia this techniqueis an upperlimit be-
causetheobservedspreadcanonly beworsethanthestatis-
tical errorof thepointing.We expectevenbetterpointingon

astrophysicalsourcesof gammarays,assimulationsindicate
thatgammaray-initiatedairshowersarebetterreconstructed
thanhadronicair showersdueto their greaterlikelihoodof
triggeringMilagro at smalldistancesfrom thedetector. This
upperlimit is consistentwith anothermeasurementof Mila-
gro’s statisticalpointing error, #$&% (Atkins, 2000). A more
exactupperlimit on thestatisticalpointingerrorwill bepre-
sentedat theconference.

5 Antiparticle search

Justaswe observe a shadow offset in the directionthat we
expect(to the left of the moonin Figure3), we cansearch
for a complimentaryshadow dueto antiparticlesto theright
of themoon.Thisproblemis complicatedby Milagro’slarge
point spreadfunctionthatsmearstheparticleshadow across
the moon’s location. Sucha searchyields limits at around
the10%level. More accuratelimits will bepresentedat the
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Fig. 3. Milagro eventmapof theregion aroundthemoon. Contoursarelabeledin unitsof standarddeviationsfrom a normaldistribution.
Theexpectedcosmicraydeflectionsareto theleft of themoonalongtheabscissa.Theestimatedbackgroundusedto makethismapexcludes
theregion aroundthemoonitself. Deflectionsat largeanglesto left arereadilyapparent.

conference.
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