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Preliminary results on the Moon shadow with ARGO-YBJ
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Abstract: ARGO-YBJis a “full coverage” air shower detectorconsistingof a carpetof Resistive Plate
Chambers,locatedat Yangbajing,Tibet, China,at 4300 m of altitude. Using the datacollectedfrom
July 2006to Februay2007by thecentraldetector(5800m

�
area),correspondingto a total timeof Moon

observationof 558hours,thecosmicrayshadowing effecthasbeendetectedwith astatisticalsignificance
of � 10 standarddeviations,inagreementwith Montecarloexpectations.

Introduction

The ideaof observing theshadowing effect of the
Moon on the cosmicray flux wasoriginally sug-
gestedby Clark[1] in 1957, but only 35 years later
thefirst successfulobservationwasreported. The
bending of thechargedcosmicraysdueto thegeo-
magneticfield ( � �
	 ��

TeV � � ) smearstheshadow
at low energy, and make possiblethe observa-
tion of the effect only at relatively high energies.
Moreover a very good angular resolutionof the
detector[2] andhigh statisticsare necessarycon-
ditionsto detectthedeficit of events in thecosmic
rayflux. Thefirst observation of theMoonshadow
was madeby the CYGNUS air shower array in
1992[3], followed by other experiments such as
CASA, Tibet-AS� , EASTOP, HEGRA, MACRO,
L3+C andMILA GRO.

TheMoon shadow is animportanttool for ground-
baseddetectors.The spreadandthe shapeof the
shadow at energies where the geomagnetic effect
is small, provide a measurementof the angular
resolutionof the detector, andthe positionof the
shadow allowsto find outpossiblepointingbiases.
The observation of the Moon shadow canalsobe

usedto perform an absoluteenergy calibrationof
air showerarrays[4].

From the astrophysical point of view, the Moon
shadow allows the studyof the �� content of cos-
mic rays in the TeV energy range, thanksto the
geomagnetic deflectionof primary particles[5, 6].
Positively chargedprimariesaredeflectedtowards
the West, while negatively charged onestowards
theEast.If antiprotonsarepresentin cosmicrays,
they will generatea shadow on the oppositeside
of the Moon positionwith respectto the shadow
madeby thedominantprotonflux.

The ARGO-YBJ experiment

TheARGO-YBJdetectorconsistsof asinglelayer
of Resistive Plate Chambers(RPCs) of dimen-
sion 78 � 74 m

�
, surroundedby a samplingring

( � 1050 m
�
, equippedarea� 20 � )[7]. Thedetec-

tor is logically dividedinto 154unitscalledClus-
ters (7.6 � 5.7m

�
), eachmadeup of 12 RPCsop-

eratedin streamermode. EachRPC (
�
	 � ��� 	 �

m
�
) is divided into 10 pads(

� ����� � cm
�
), that

arereadout by 8 strips(
� ��� ��	�� cm

�
), providing
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the highestavailablespaceresolution. Thewhole
systemis designed to provide a single hit (pad)
timeresolution at thelevel of 1 ns,allowingacom-
pleteanddetailedspace-timereconstruction of the
shower front. In order to convert a fraction of the
secondary gammaraysinto electron-positron pairs
andto reducethe time spreadof theshower front
improving theangular resolution, thedetectorwill
becoveredby a 0.5cm thick layerof lead.

SinceJuly 2006, thecentral detectorof 130Clus-
ters(ARGO-130) hasbeenoperatingwith a multi-
plicity triggerN �! #"%$ 20,with a rateof � 4 kHz.

In this work, the datasamplecollectedfrom July
2006to February2007 with ARGO-130havebeen
used.In total theMoonhasbeenobservedfor 558
hours.

Theshowerdirection is reconstructedby meansof
an iterative procedure, assumingthat the shower
front hasa conicalshape,with a fixedconeslope
of 0.03 ns m � � [8]. The relative time offsets
amongdifferentpadshavebeencalibratedwith the
methoddescribedin[9, 10].

In ouranalysis,theeventselectionwasdoneby im-
posingthe following criteria on the reconstructed
data:

(1) The reconstructedcorepositionshouldbe lo-
catedinsidethearray;

(2) Thenumberof firedpadsN �! #" shouldbelarger
than500(corresponding to amedianenergy of � 5
TeV);

(3) The zenith angle of the incident direction
shouldbelessthan &'� � .
After thesecuts, � 	 �(� �!) � events in a window of� � � � � centeredon theMoon positionhave been
selected.

Data analysis

To measure the deficit of cosmic ray from the
Moon, thenumberof events detectedin a circular
window of radius *,+ )�	 -��

aroundtheMoon po-
sition is comparedwith theexpectedbackground.

The significance of the event deficit is calculated
as ./+1032547698:254<;=;
>7?�@ 0325476BAC2D47;=;E? � > .
2 476 0F2 47;=; > is thetotalnumberof events in on(off)
sourcewindows. The off-sourcewindows are 6

windows having thesamesizeandzenithangleof
theon-sourceone.

Figure 1: The significancemap of the Moon
shadow obtained in 558 hours of observation, se-
lecting the events with a number of fired pads
largerthan500.

Fig.1 shows the significancemap of the Moon
shadow from ARGO-130data. A peakof � 10
standarddeviations canbe seen,shiftedby 0.04

�
toward the Westand0.14

�
toward the North with

respectto thenominal Moonposition.

From the spreadof the deficit distribution in the
North-South direction,wherethegeomagneticef-
fect is almostnegligible, wecanevaluatetheangu-
lar resolution of thearray.

Fig.2shows thedistributionof theobserveddeficit
eventsprojectedalongtheW-E andN-Saxes.The
datapointscanbewell fitted by a Gaussdistribu-
tion. TheGausswidth is GIH �KJ + )L	 & �E�NMO)L	 )P�Q�
for the W-E distribution and GSR �IT + )�	 � � � M)�	 )
�'�

for theN-Sdistribution.

TheN-S width is in goodagreement with theval-
ues of the angular resolutionobtainedby other
methods[11].

Fig.3 shows the cumulative number of deficit
eventsplotted as a function of the Modified Ju-
lian Date(MJD), during8 months,comparedwith
theexpectedone. Theexpectednumber of deficit
events2 "VUW; is approximatively givenby:
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Figure 2: Distributions of the number of events
of the observed deficit projectedalong the W-
E and N-S axes, superimposedto the bestfitted
Gaussfunctions,with width respectively GSH �XJ +)�	 & �'�YMC)L	 )P�Q� and GZR �IT + )L	 � �[�\M])�	 )
�E� .
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Figure3: Thenumberof missingevents compared
to the expectation,asa function of time (days in
JulianDate),during8 months of datataking.

2D"VUc;9+edf�g29hi4<4W6 (1)

d(+ � 8:j �lk!m �=nIo7p qlrFs (2)

where 2Dhi47476 is the numberof events intercepted
by the Moon, * is the radius of the observation
circular window, and G is the Gaussdistribution
width. In the figure the expecteddeficit hasbeen
calculatedfor Gt+uG R �KT = 0.51

�
and for G =

0.46
�
, i.e. theaverage betweenG H �XJ and G R �IT .

Dataarein good agreementwith expectations,in-
dicatingthestabilityof thearrayoperation.

Monte Carlo simulation

A detailedcomparison betweenthe position and
thesignificanceof theobserved deficit andtheex-
pectedonehasbeenperformedbyafull simulation
procedure.

The IGRF model[12] was chosento describethe
geomagneticfield for altitudesmallerthan600km
andthe dipole model (dipole moment M=

-�	 )'� ��!) �7�
Gausscm

�
) for altitudeabove600km.

The primary particlesare assumedto be protons
with a differential power law spectrumas v�� � m w
with energy ranging from 1 TeV to 1000 TeV.

The simulatedevents aregeneratedon the top of
the atmosphere, randomly distributed along the
Moon’s orbit during theobservationperiod. Then,
wereversethechargeof eacheventandshotit back
toward the Moon, taking into account the deflec-
tion dueto thegeomagneticfield.

The events hitting the Moon are collectedas the
“missing events” andarestudiedin detail, simu-
lating thecascadein atmosphere(usingtheCOR-
SIKA6200 -QGSJETpackage[13]), the detector
response(using a package basedon GEANT-3)
andperforming the standard event reconstruction.
After all, 1260“missingevents” survive theevent
selectioncriteria.

TosaveCPUtime,theangulardistributionof back-
ground eventswasdirectlytakenfromtheobserva-
tion.

Whith this method we performed1000toy Monte
Carlo experimentsandfor eachwe calculatedthe
positionandthesignificance of theshadow.

The distribution of the significance of the simu-
lateddeficitsareshown in Fig.4.Theexperimental
significanceis in agreement with expectations.

Thedistributionof thepositionof theshadow cen-
ters are shown in Fig.5. The meanposition of
theshadow centeris shiftedtowardtheWestby �
0.3
�
, dueto thegeomagneticdeflection.

Thepositionof thecenterof theobserved shadow
shows a shift of � 0.25

�
with respectto the ex-

pectedposition.
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Experiment Data

Figure4: Thesignificancedistributionof theMoon
shadows obtainedin 1000 toy MonteCarloexper-
iments.Theredstaris theobservedsignificance.

Figure5: The distribution of the simulatedMoon
shadow centers.The red circle is the Moon posi-
tion andtheblackstaris theobserved positionof
theMoonshadow center. Thecolorscaleindicates
thenumberof toy MC experiments.

Summary

ARGO-130datatakenfrom July2006to February
2007have beenanalysedin order to observe the
Moon shadow on cosmicrays. With this prelimi-
narysetof data,theMoonshadow is obtainedwith
asignificanceof � 10standarddeviationsselecting
theeventswith a numberof firedpads$ 500.

Theeffectscausingashift of � 0.25
�

of theshadow
with respectto theexpectedpositionarecurrently
underinvestigations.

Studyingtheshadow width alongtheNorth-South
axis, wherethe magnetic deflectionis negligible,
we obtainedfor the detectorangularresolutiona

value of G = 0.51
�
, in excellent agreementwith

MonteCarloexpectations.
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