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Abstract: ARGO-YBJis a“full coveragé air shaver detectorconsistingof a carpetof Resistve Plate
Chambersjocatedat Yangbajing,Tibet, China, at 4300 m of altitude. Using the datacollectedfrom

July 2006to Februay2007by the centraldetector(5800n7 area) correspadingto atotal time of Moon

obsenationof 558hours thecosmicray shadwing effecthasbeendetectedvith a statisticakignificance
of ~10 standarddeviations,inagreementvith Montecarloexpectations

I ntroduction

Theideaof obseving the shadaing effect of the
Moon on the cosmicray flux was originally sug-
gestedby Clark[1] in 1957, but only 35yeas later
thefirst successfubbserationwasrepated. The
bendirg of thechagedcosmicraysdueto thegeo-
magnetidield (~ 1.6° TeV~!) smeargheshadav
at low enegy, and make possiblethe obsera-
tion of the effect only at relatively high enepies.
Moreover a very good anguar resolutionof the
detector®] and high statisticsare necessangon-
ditionsto detectthe deficit of everts in the cosmic
rayflux. Thefirst obseretion of the Moon shadev
was madeby the CYGNUS air shawver array in
19973], followed by other expeliments such as
CASA, Tibet-ASy, EASTOR, HEGRA, MACRO,
L3+C andMILA GRO.

TheMoon shadav is animportanttool for ground-
baseddetectors.The spreadandthe shapeof the
shadev at enegies where the geomagetic effect
is small, provide a measuementof the angular
resolutionof the detecto, andthe position of the

shadaov allowsto find out possiblepointingbiases.

The obsenation of the Moon shadev canalsobe

usedto perfam an absoluteenepy calibrationof
air shaverarrays[4.

From the astroghysical poirt of view, the Moon
shadaev allows the study of the p conten of cos-
mic raysin the TeV enepgy rang, thanksto the
geomagetic deflectionof primary particles|5 6].
Positively chaged primariesaredeflectedowards
the West, while negatively chaiged onestowards
the East.If antiprdonsarepresenin cosmicrays,
they will geneate a shadwv on the opposite side
of the Moon positionwith respectto the shadav
madeby thedomirantprotonflux.

The ARGO-YBJ experiment

The ARGO-YBJdetectorconsistof asinglelayer
of Resistve Plate Chambers(RPCs) of dimen-
sion 78 x 74 m?2, surromndedby a samplingring
(~1050 m?, equipdarea~20 %)[7]. Thedetec-
tor is logically dividedinto 154 units called Clus-
ters (7.6x5.7m?), eachmadeup of 12 RPCsop-
eratedin streamemode. EachRPC (1.3 x 2.9
m?) is divided into 10 pads(62 x 56 cm?), that
arereadout by 8 strips(62 x 6.7 cm?), providing
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the highestavailable spaceresoldion. The whole
systemis desigred to provide a single hit (pad)
timeresoldion atthelevel of 1 ns,allowingacom-
pleteanddetailedspace-timeeconstration of the
shawer front. In order to corvert a fraction of the
secondar gamnaraysinto electronpositra pairs
andto reducethe time spreadof the shaver front
improving theangula resolutio, the detectomwill
becoveredby a0.5cmthick layerof lead.

SinceJuly 2005, the cental detectorof 130 Clus-
ters(ARGO-130Q hasbeenopeatingwith a multi-
plicity triggerNp.q >20, with arateof ~ 4 kHz.

In this work, the datasamplecollectedfrom July
2006to Febrary 2007 with ARGO-130have been
used.In total the Moon hasbeenobsevedfor 558
hours.

Theshawer diredion is reconstratedby meanf
an iterative procedire, assumingthat the shaver
front hasa conicalshapewith a fixed coneslope
of 0.03 ns m~![8]. The relative time offsets
amongdifferentpadshave beencalibratedwith the
methoddescribedn[9, 10].

In ouranalysistheeventselectionvasdoneby im-
posingthe following criteria on the reconstrated
data:

(1) The recorstructedcore positionshouldbe lo-
catedinsidethearray,

(2) Thenunberof fired padsN 4 shouldbelarger
than500(correspondirg to a medianenepgy of ~5
TeV);

(3) The zenith angle of the incidert direction
shouldbelessthan45°.

After thesecuts, 2.2 x 10° evertsin awindow of
6° x 6° centerecbn the Moon positionhave been
selected.

Data analysis

To measue the deficit of cosmicray from the
Moon, the nurmber of everts detectedn a circular
window of radiusR = 0.8° aroundthe Moon po-
sitionis comparedwith the expectedbackgourd.

The significane of the evert deficit is calculated
asS = (Non_Noff)/ (Non+Noff/6)-
Non(Noysy) is thetotal nunberof everts in on(off)
sourcewindows. The off-sourcewindows are 6

windows having the samesizeandzenithangleof
theon-sourceone.
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Figure 1: The significancemap of the Moon
shadaov obtéaned in 558 hours of obsevation, se-
lecting the events with a numter of fired pads
largerthan500.

Fig.1 shavs the significancemap of the Moon
shadov from ARGO-130data. A peakof ~10
standarddeviations canbe seen,shifted by 0.04°
toward the Westand0.14° toward the North with
respecto thenomiral Moon position

From the spreadof the deficit distribution in the
North-Sauth direction,wherethe geomagetic ef-
fectis almostnggligible, we canevaluatetheangqu-
lar resolutiaon of thearray

Fig.2 shavs thedistribution of the obsered deficit
eventsprojectedalongthe W-E andN-S axes.The
datapointscanbe well fitted by a Gaussdistribu-
tion. TheGausswidthis og_w = 0.43° £ 0.07°
for the W-E distribution andony_gs = 0.51° £+
0.09° for the N-S distribution.

The N-S width is in goodagreemenwith theval-
ues of the anguar resolutionobtainedby other
methods]1].

Fig.3 shavs the cumuldive nunber of deficit
events plotted as a function of the Modified Ju-
lian Date(MJD), during8 morths, conparedwith
the expectedone. The expectednumbe of deficit
eventsNg. ;s is appoximatively givenby:
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Figure 2: Distributions of the nunber of everts
of the obsered deficit projectedalong the W-
E and N-S axes, superimpsedto the bestfitted
Gausdunctions,with width respectidy 6w =
0.43° £0.07° andoy_g = 0.51° £ 0.09°.
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Figure3: Thenumberof missingeverts compaed
to the expectation,as a function of time (days in
JulianDate),during8 montts of datataking.

NdeszIXNmoon (1)
n= 1— e—O.E’)X(%)2 (2)

where N,,.0n 1S the nunber of everts interceped
by the Moon, R is the radius of the obsenration
circular window, and ¢ is the Gaussdistribution
width. In thefigure the expected deficit hasbeen
calculatedfor ¢ = onx_s = 0.51° andfor o =
0.46°, i.e. theaverag betweervg_w andoy_gs.
Dataarein goad agreerentwith expedations,in-
dicatingthe stability of thearrayopeation.

A detailedcompaison betweenthe position and
the significanceof the obsered deficitandthe ex-
pecteconehasbeenperfamedby afull simulation
procedire.

The IGRF modelfLl2] was chosento describethe
geomageticfield for altitudesmallerthan600km
andthe dipole model (dipde moment M=8.07 x
1025 Gaussn?®) for altitudeabove 600km.

The primary particlesare assumedo be pratons
with a differential power law spectrumas E 27
with enegy rangirg from 1 TeV to 1000 TeV.

The simulatedeverts are geneatedon the top of
the atmosplere, randanly distributed along the
Moon'’s orbit during the obserationperiod Then,
we reversethechagge of eacheventandshotit back
toward the Moon, taking into account the deflec-
tion dueto thegeanagnetidield.

The everts hitting the Moon are collectedas the

“missing events” and are studiedin detail, simu-
lating the cascaden atmosplere (usingthe COR-

SIKA6200 -QGSJET package[13), the detector
responsgusing a packag@ basedon GEANT-3)

andperfaming the standad evert recorstruction.
After all, 1260“missing events” survive the event
selectioncriteria.

To save CPUtime, theanguar distributionof back-
grourd evertswasdirectly takenfrom theobsera-
tion.

Whith this metha we perfamed1000toy Monte
Carlo expetimentsandfor eachwe calculatedcthe
positionandthe significane of theshadaev.

The distribution of the significarce of the simu-
lateddeficitsareshavnin Fig.4. Theexperinental
significances in agreemat with expectatims.

Thedistribution of the positionof the shadav cen-
ters are shavn in Fig.5. The meanposition of
theshadev centeris shiftedtowardthe Westby ~
0.3, dueto thegeomaneticdeflection.

The positionof the centerof the obsened shadav
shaws a shift of ~0.25° with respectto the ex-
pectedposition
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Figure4: Thesignificanceistributionof theMoon
shadavs obtainedn 100 toy Monte Carloexper
iments.Theredstaris the obsenedsignificance.
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Figure5: The distribution of the simulatedMoon

shadaov centers. Theredcircle is the Moon posi-

tion andthe black staris the obsered positionof

theMoonshadav center The colorscaleindicates
thenunberof toy MC experiments.

Summary

ARGO-130datatakenfrom July 2006to Febrary

2007 have beenanalysedn order to obsene the

Moon shadav on cosmicrays. With this prelimi-

narysetof data,theMoonshadav is obtainedwith

asignificane of ~10standardleviationsselecting
the eventswith a numter of fired pads> 500

Theeffectscausingashift of ~0.25° of theshadav
with respecto the expectedpositionarecurrently
underinvestigations.

Studyingthe shadev width alongthe North-Saith
axis, wherethe magretic deflectionis negligible,
we obtainedfor the detectorangularresolutiona

value of o = 0.52°, in excellentagrementwith
Monte Carloexpectatims.

References

[1] Clark, G. W., PhysicalReview, 108:460—-
457, October1957

[2] The L3 Collabaation., Astiopart. Phys,
23:411-434, May 2005

[3] D. E. Alexardreas,R. C. Allen, andet al.,
Physical Review D, 43:1735-1738, March
1991.

[4] M.Ameromori et al., Proc. 29th Interna-
tional CosmicRay Confeence volume 6,
pages$3,2005

[5] M.Ameromori et al., Astiopart. Phys,
in press doi:  10.10.6/j.astr@artplys.
2007.05002.

[6] M.Ameromori, et al., Proc. 29th Interna-
tional CosmicRay Confeence volume 6,
pages$3,2005

[7]1 The ARGO-YBJ Collaboation, Astopart.
Phys, 17:152165 May 20@.

[8] G. di Sciascioet al., Proc. 29th Interna-
tional CosmicRay Confeence volume 6,
pages33,2005

[9] H.H.Heetal. Astropart. Phys, in pressdoi:
10.1016/j.astropartplys.2@®7.03004

[10] P.Bernardhi etal., Proc.29thinternatioral
CosmicRay Confeence, volume 5, pages
147, 200b.

[11] G. di Sciascioet al., Proc. 30th Interna-
tional CosmicRayConfeence 2007.

[12] NationalGeophgicalDataCentemwebsite.

[13] D. Heck et al., Repot FZKA, 6019,
Forschungszentum Karlsruhe, 1998



