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We discussthestatisticalandsystematicuncertaintiesin theeventreconstruction(corelocation,anddetermi-
nationof

������������	
, i.e., thesignalat a distanceof 1000m from theshower core)by thePierreAugersurface

detectorfor showerswith zenithanglelessthan60 degrees.The methodis basedon a maximumlikelihood
methodwherethe referencelateraldistribution function is obtainedthroughthe experimentaldata. We also
discuss

������������	
asprimaryenergy estimator.

1. Intr oduction

ThePierreAugerObservatory, combining�uorescencetelescopeswith anextensiveair showerarrayof water
Cherenkov detectors,is well aptto thestudyof cosmicraysat thehighestenergies( 
�� ����
��

eV). Theuseof
thetwo techniquesallows thedeterminationof theprimaryenergy improvedwith respectto formerarraysand
with nobasicdependenceon interactionmodelsandhypothesison theprimarycomposition.Thetechniqueis
basedon thecalibrationof theenergy estimatorof thesurfacedetector(SD) throughthe�uorescencedetector
data(FD): theSD providestherequiredstatisticsthanksto its collectingareaandits muchlargerduty cycle
(around100%). The signalmeasuredat a speci�c distancefrom the shower axis,

������	
, is well established

asan energy estimatorfor the surfacedetector:in the Auger observatory
�

is 1000m. The accuracy in the
determinationof suchestimatordependson thedetectorresolutionandsampling�uctuations,andon shower
�uctuationsin thelongitudinaldevelopment,sincethemeasurementis performedatasingle,�x edatmospheric
depth.Moreover, theSD energy estimatoris not directly measured,but interpolatedby a �t to a lateraldistri-
bution function(hereaftercalledLDF). In this paper, we presenttheresultsof a studyof theaccuraciesin the
eventreconstructionandin thedeterminationof theenergy estimatorby theSD, in view of themeasurement
of theenergy spectrum.With respectto theuncertaintiesarisingfrom thedetectorsamplingof differentkind
of shower particlesandfrom theLDF shape,sinceit is not possibleto rely on theoreticalpredictions,these
studiesareperformedusingthe experimentaldatathemselves. On the otherside,simulationsareneededto
evaluatetheuncertaintiesdueto cascade�uctuationsandto justify thechoiceof

������������	
asenergy estimator.

After giving in section2 a brief descriptionof the PierreAugerarray, we will presentin section3 theevent
reconstructiontechniqueandthesystematicandstatisticalaccuraciesin thedeterminationof

������������	
andcore

position. We will discussin section4 the effectsof shower �uctuations and the stability of
������������	

with
respectto such�uctuations.

2. The PierreAuger surfacedetector

The surfacedetectorof the PierreAuger Observatory is extensively describedin [1]. We will limit hereto
describethecharacteristicsof thedetectorrelevantto theanalysisdiscussedin thefollowing sections.
Thewaterin eachCherenkov detectoris viewedwith three9” diameterphotomultipliers.Signalsareextracted
from the anodeandfrom the last dynode(ampli�ed by a factor40, resultingin a dynode-to-anoderatio of
32) andarethenconverted,afterappropriatecalibration(see[2] for a detaileddescription),in unitsof vertical
equivalentmuons(VEM). The VEM is the unit usedin the subsequentanalysis,both for the LDF andthe
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reconstructionof
����� ������	

.
A hierarchicaltriggersequence(fully describedin [3]) is usedto identify a cosmicrayevent.Thelowestlevel
is imposedoneachsinglestation,which is �red if thesignalsatis�eseithera3-fold coincidenceof 1.75VEM
oneachPMT dynodeor a2-fold coincidenceof 13binsexceeding0.2VEM within a3� swindow. Thehighest
level triggersarerealizedto selectphysicalevents,and, for eachof them,the stations( ��� ) which arenot
dueto chancecoincidences.The event reconstructionis appliedto all the physicalevents,andamongthem
“quality” eventsareselected.The“quality” cuts,which will beusedin thefollowing analysis,selectshowers
with thehighestsignalrecordedin atanksurroundedby at least� veoperatingones,andthereconstructedcore
within a triangleof working stations.
The arrival directionsaremeasuredfrom the relative arrival timesof the signalsin the selectedstations[4],
while thecoreposition,( � c ��� c), and

������������	
aredeterminedfrom thewaterCherenkov signalsrecordedby

eachselectedstation,througha �t to a formuladescribingtheLDF.

3. Event reconstruction: coreposition and S(1000)

3.1 The reconstructiontechnique

Thereconstructionis basedon a maximumlikelihoodmethod,in which thesignalsmeasuredby eachstation,�
mea, arecomparedwith thoseexpectedfrom a lateraldistribution function (LDF),

�
. Determinationof the

LDF is describedin [5] andit is representedby aNishimura-Kamata-Greisenform:
��� ��	
	���
���

s � ������
s ������� , with

�
s
	������

m, � 	����  "! �#� $&%��
sec' ! � 	

and
�(	 ������������	)% � �  �� � .Thelikelihoodfunctionincludes:

(i) a termdueto �red stations.This is is givenby: *
fired

� �
mea

! � 	,+- +
fired

where - fired
	 �.� �./10 �

is theuncertainty

in thesignalmeasurement[6]. For �red stationswith a saturatedanodesignalin at leastonechannel,
�

mea is
thesignaldeducedusingtheundershootsonthedynodeandanodechannels,anddueto thecouplingcapacitors
of thebases.In this case- fired

	 �#� �.2��
and - fired

	 �3� � � � , for anodeundershoot4 a 5 �
ADC channeland4 a �

�
ADC channel,respectively.

(ii) a term due to the stationswhich are below trigger threshold,up to 10 km from a triggeredone. The
contribution of thesestationsis describedby a Poissonlaw, with no-detectionprobability, 6 , up to 4 VEM:!7�

ln
� 6 	8	����9!:� ln ����� �;� � +=< ��>=� �@? < � >A� �CB <  �> 	

3.2 Uncertainties in the determination of the coreposition and S(1000)

The statisticalaccuraciesin themeasurementof ( � c �D� c
	

and
����� ������	

areobtainedby �uctuating thesignals
detectedin eachstation,

�
mea, adoptinga Gaussianlaw with meanvaluecorrespondingto

�
mea and r.m.s.- 	 -

fired. Thereconstructionprocedureis thenappliedto the“�uctuated” event,andrepeated30 times.The
widthsof thedistributionsof

����� ������	
, � c and � c provide thestatisticaluncertainty:we show in �gure 1 the

behavior of -FE (1000)
< ����� ������	 vs

����� ������	
, andin �gure 2 thedistributionof thedifferencesin corelocation.

The dependenceof systematicuncertaintiesin the determinationof ( � c ��� c) and
������������	

arising from the
assumedform of theLDF hasbeeninvestigated.Thesystematicdifferencesareat thelevel of about4% with
�uctuationsaround4% for eithera log-log parabolaor theNKG-like form with different � [5], thusshowing
thatthedeterminationof

������������	
is quitestablewith respectto thechoiceof theLDF.
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Figure 1. 
�� (1000)/ �����������
	 vs �����������
	 , obtainedby the
ª¯uctuationºmethod(seetext).
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Figure 2. Distribution of differencesin corelocations ��� :
thegrayhistogramcomprisesall events,while theblackone
thosewith ������������	�� 30.

We�nally studiedtheimpactof the“quality cuts”on
theeventreconstruction.To this purpose,weconsid-
eredonly eventswith the maximumsignaldetected
by a tanksurroundedby a full circleof operatingde-
tectors,i.e., six. We hencearti�cially switchedoff
oneor moreof the �red stationsto simulatea shift
of theeventtowardtheboundaries,or to simulatethe
effect of a missinginternalstation. In any casewe
preservedthequalitycriterionof � veoperatingtanks
surroundingthe onewith the maximumsignal,and
we repeatedthereconstructionprocedure.We show
in �gure 3 theratio between

����� ������	
after thearti�-

cial boundaryshift or lossof aninternaltank,andthe
original

������������	
: thesystematicdifferenceis � 2%

while the�uctuationsare � 8%.
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Figure 3. Distribution of the ratio between�����������
	 recon-
structedafter the arti®cial shift of the event or arti®cial loss
of aninternaltankandtheoriginal ������������	 .

This shows thatthe“quality cuts” ensurea gooduniformity of thereconstructionaccuracy with respectto the
localpositionof theeventinsidethearray, or to thepossibleabsenceof aninternalstation.

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

Intrinsic �uctuations in theprocessof developmentof the showersin theatmospherearea further sourceof
uncertaintiesin

������������	
, differentfor differentprimarycosmicray mass.Such�uctuations werestudiedby

MonteCarlosimulationsusingtheAIRES package[7]. Theair showersweresimulatedfor variousenergies,
zenithangles,primarytypesandinteractionmodels(QGSJETandSIBYLL). Thedetectorresponsewassim-
ulatedusinga lookuptablederivedfrom GEANT4 [8].
Figures4 and5 show ther.m.s.of the

��� ��	
distributions,at10EeVprimaryenergy, asa functionof thezenith

angle,for
�
= 600� 1600m, for primary protonsandirons, respectively, andQGSJETasinteractionmodel.

Theseplotsshow thattheshower-by-shower�uctuationsareminimizedfor
������������	

, which is themainreason
for choosingit asprimaryenergy estimator.
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Figure 4. Statisticaluncertaintyin �����
	 , for variousvalues
of � , vszenithangle,for 10EeVprimaryprotons(QGSJET).
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Figure5. Statisticaluncertaintyin �����
	 , for variousvalues
of � , vszenithangle,for 10 EeVprimaryirons(QGSJET).

Figure 6 shows the statisticaluncertaintyin
����� ������	

,
dueto showerdevelopment,asafunctionof

����� ������	
for

protonandiron primaries,at ' 	 � /�� , usingQGSJETas
interactionmodel.

5. Conclusions

We have shown that for the geometryof the surface
detector of the Pierre Auger Observatory the water
Cherenkov signal at a distanceof 1000 m from the
shower core,

����� ������	
, is the bestenergy estimator, for

all primariesandzenithangles.
With respectto thedeterminationof

������������	
, thestatis-

tical uncertaintiesat
������������	 � � � VEM (correspond-

ing to primaryenergyaround
� % � � 
��

eV) areof theorder
of 10%(beingaround50m for thecorelocation).The
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Figure 6. Statisticaluncertaintyin ������������	 vs ������������	 ,
for proton primaries (circles) and iron ones (squares)
(QGSJET).

systematicuncertaintiesdueto theassumedLDF form are �
 ��

, while thosedueto eventsamplingwithin the
arrayor to a missinginternaltankgive contributions,at most,of theorderof thestatisticalones.Finally, the
�uctuationsof

������������	
dueto showerdevelopmentandto eventreconstructionareof comparableorder.
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