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We discusghe statisticalandsystematiaincertaintiesn the eventreconstructior(corelocation,anddetermi-
nationof , i.e., the signalat a distanceof 1000m from the shawver core) by the PierreAuger surface
detectorfor shaverswith zenithanglelessthan60 degrees. The methodis basedon a maximumlik elihood
methodwherethe referencdateral distribution function is obtainedthroughthe experimentaldata. We also
discuss asprimaryenegy estimator

1. Intr oduction

The PierreAuger Obsenatory, combining uorescencetelescopesvith anextensie air shover arrayof water
Cherenlov detectorsis well aptto the studyof cosmicraysatthehighestenegies( eV). Theuseof
thetwo techniquesllows thedeterminatiorof theprimary enegy improvedwith respecto formerarraysand
with no basicdependencen interactionmodelsandhypothesin the primary composition.Thetechniquds
basedon the calibrationof the enegy estimatorof the surfacedetecto(SD) throughthe uorescencedetector
data(FD): the SD providesthe requiredstatisticsthanksto its collectingareaandits muchlarger duty cycle
(around100%). The signal measuredit a speci ¢ distancefrom the showver axis, , iIs well established
asan enepgy estimatorfor the surfacedetector:in the Auger obsenatory is 1000m. The accurag in the
determinatiorof suchestimatordepend®n the detectoresolutionandsampling uctuations, andon shower

uctuationsin thelongitudinaldevelopmentsincethemeasuremerns performedatasingle, x edatmospheric
depth.Moreover, the SD enegy estimatoiis not directly measuredbut interpolatecby a t to alateraldistri-
bution function (hereaftercalledLDF). In this paper we presenthe resultsof a studyof the accuraciesn the
eventreconstructiorandin the determinatiorof the enegy estimatorby the SD, in view of the measurement
of the enegy spectrum.With respecto the uncertaintiesarisingfrom the detectorsamplingof differentkind
of shaver particlesandfrom the LDF shapegsinceit is not possibleto rely on theoreticalpredictions these
studiesare performedusingthe experimentaldatathemseles. On the otherside, simulationsare neededo
evaluatethe uncertaintieglueto cascadeuctuations andto justify the choiceof asenepy estimator
After giving in section2 a brief descriptionof the PierreAuger array we will presenin section3 the event
reconstructioiechnigueandthe systemati@ndstatisticalaccuracie#n thedeterminatiorof andcore
position. We will discussin section4 the effects of shaver uctuations and the stability of with
respecto such uctuations.

2. The Pierre Auger surfacedetector

The surfacedetectorof the Pierre Auger Obsenatory is extensiely describedn [1]. We will limit hereto
describethe characteristicef the detectorelevantto the analysisdiscussedn thefollowing sections.

Thewaterin eachCherenlov detectoiis viewedwith three9” diametemphotomultipliers Signalsareextracted
from the anodeandfrom the last dynode(ampli ed by a factor40, resultingin a dynode-to-anodeatio of
32) andarethencorverted,afterappropriatecalibration(see[2] for a detaileddescription)jn unitsof vertical
equialentmuons(VEM). The VEM is the unit usedin the subsequenanalysis,both for the LDF andthe
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reconstructiorof

A hierarchicalriggersequencéfully describedn [3]) is usedto identify a cosmicray event. Thelowestlevel

isimposedon eachsinglestation,whichis red if the signalsatis eseithera 3-fold coincidenceof 1.75VEM

oneachPMT dynodeor a2-fold coincidenceof 13 binsexceedingd.2VEM within a3 swindow. Thehighest
level triggersarerealizedto selectphysicalevents,and, for eachof them,the stations( ) which arenot
dueto chancecoincidences.The eventreconstructioris appliedto all the physicalevents,andamongthem
“quality” eventsareselected The“quality” cuts,whichwill beusedin the following analysis selectshovers
with the highestsignalrecordedn atanksurroundedby atleast ve operatingones,andthereconstructedore
within atriangleof working stations.

The arrival directionsare measuredrom the relative arrival times of the signalsin the selectedstations[4],

while the coreposition,( ¢ ¢), and aredeterminedrom the water Cherenlov signalsrecordecby
eachselectedstation througha t to aformuladescribinghe LDF.

3. Eventreconstruction: core position and S(1000)

3.1 Thereconstructiontechnique

Thereconstructions basedn a maximumlik elihoodmethod,in which the signalsmeasuredby eachstation,
mea, arecomparedwith thoseexpectedfrom a lateral distribution function (LDF), . Determinationof the
LDF is describedn [5] andit is representetdy a Nishimura-Kamata-Greisefiorm:

- - ,with ¢ m, sec and
Thelikelihoodfunctionincludes:
(i) atermdueto red stations.Thisis is givenby: mea where i req ~ istheuncertainty
fi red fi red

in the signalmeasuremeri6]. For red stationswith a saturatecainodesignalin atleastonechannel, e, is

thesignaldeducedisingtheundershootsnthedynodeandanodechannelsanddueto thecouplingcapacitors

of the bases.In this case f;eq and i red , for anodeundershoot , ADC channeland
a ADC channelyespectiely.

(il) aterm dueto the stationswhich are below trigger threshold,up to 10 km from a triggeredone. The
contrikution of thesestationsis describedby a Poissonlaw, with no-detectiorprobability, , upto 4 VEM:
In In

3.2 Uncertaintiesin the determination of the core position and S(1000)

The statisticalaccuraciesn the measuremernaf ( . . and areobtainedby uctuating the signals
detectedn eachstation, me, adoptinga Gaussiarlaw with meanvalue correspondingo  mea andr.m.s.
fire¢ Thereconstructiorprocedurds thenappliedto the“ uctuated” event,andrepeated0times. The

widths of the distributions of , ¢ and . provide the statisticaluncertainty:we shav in gure 1 the
behaior of  (1000) VS ,andin gure 2 thedistribution of thedifferencesn corelocation.
The dependencef systematicuncertaintiesn the determinationof ( . ¢) and arising from the

assumedorm of the LDF hasbeeninvestigated.The systematidifferencesareat the level of about4% with
uctuations around4% for eitheralog-log paraboleor the NKG-lik e form with different [5], thusshaving
thatthe determinatiorof is quite stablewith respecto the choiceof the LDF.
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Figure 1. (z000) Vs , obtainedby the Figure 2. Distribution of differencesn corelocations
a uctuationtnethod(seetext). thegrayhistogramcomprisesll events,while the blackone
thosewith 30.

We nally studiedtheimpactof the“quality cuts”on Enties 717
the eventreconstructionTo this purposewe consid- 102 Mean  0.98
eredonly eventswith the maximumsignal detected RMS __ 0.08
by atanksurroundedy afull circle of operatingde-
tectors,i.e., six. We hencearti cially switchedoff
oneor moreof the red stationsto simulatea shift 10
of theeventtowardtheboundariesor to simulatethe
effect of a missinginternal station. In arny casewe
preseredthequality criterionof ve operatinganks
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surroundingthe one with the maximumsignal, and 1

we repeatedhe reconstructiorprocedure.We shav N | | E R I R,

in gure 3theratio between afterthearti - 00 08 ! 1'25(1000);,'3/3(1000)10'?g
cial boundaryshift orlossof aninternaltank,andthe Figure 3. Distribution of the ratio between recon-
original : the systematidifferenceis 2% structedafter the arti®cial shift of the eventor arti®cial loss
while the uctuationsare 8%. of aninternaltankandtheoriginal

This shavs thatthe “quality cuts” ensurea gooduniformity of thereconstructioraccurag with respecto the
local positionof theeventinsidethearray or to the possibleabsencef aninternalstation.

4. Shower-by-shower uctuations in S(1000)

Intrinsic uctuationsin the procesf developmentof the shaversin the atmospherare a further sourceof

uncertaintiesn , differentfor differentprimary cosmicray mass.Such uctuations were studiedby

Monte Carlosimulationsusingthe AIRES packagd7]. Theair shaversweresimulatedfor variousenepies,
zenithangles primarytypesandinteractionmodels(QGSJETandSIBYLL). Thedetectoresponsavassim-

ulatedusingalookuptablederivedfrom GEANT4 [8].

Figures4 and5 shaw ther.m.s.of the distributions,at 10 EeV primaryenepy, asafunctionof the zenith
angle,for =600 1600m, for primary protonsandirons, respectiely, and QGSJETas interactionmodel.
Theseplotsshav thatthe shover-by-shaver uctuationsareminimizedfor , whichis themainreason
for choosingt asprimaryenegy estimator
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Figure 4. Statisticaluncertaintyin , for variousvalues Figure5. Statisticaluncertaintyin , for variousvalues

of ,vszenithangle for 10EeV primaryprotons(QGSJET). f , vs zenithangle,for 10 EeV primaryirons (QGSJET).

Figure 6 shows the statisticaluncertaintyin . 520
dueto shaverdevelopmentasafunctionof for § L
protonandiron primaries at ,UsingQGSJETas & [ # @ Proton
interactionmodel. gor ﬁ\ =ion
1%

5. Conclusions 10 \\ﬁ
ﬂtl%

We have shown that for the geometryof the surface

detector of the Pierre Auger Obsenatory the water 5F L
Cherenbov signal at a distanceof 1000 m from the -

shawer core, , is the bestenepgy estimatoy for -

aII. primariesandzenithangles_. 10 102 S(1000) [VEM]
With respecto thedeterminatiorof , the statis-

tical uncertaintiesat VEM (correspond Figure6. Statisticaluncertaintyin Vs

ing to primaryenegy around eV) areof theorder for proton primaries (circles) and iron ones (squares)
of 10% (beingaround50 m for thecorelocation). The (QGSJET).

systematiaincertaintieslueto theassumed.DF form are , While thosedueto eventsamplingwithin the
arrayor to a missinginternaltank give contributions,at most,of the orderof the statisticalones.Finally, the
uctuations of dueto shaver developmentandto eventreconstructiorareof comparablerdet
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