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Abstract—the Pierre Auger Observatory measures Extensive
Air Showers (EAS) induced by ultra high energy cosio rays
using a hybrid detector (fluorescence and surfaceetector). The
angular resolution of the EAS reconstruction with he surface
array is an essential parameter for the search ofrasotropies in
the sky. For this purpose, the angular resolutiond estimated
using several independent methods: on an event-byent basis,
with the hybrid events and with the events detectedith special
closed-by detectors.

1.INTRODUCTION

THE Pierre Auger Observatory [1] measures EAS usimm tw

independent methods of detection [2]: the sampdifithe

shower particles at the ground level with an aroayl600

Cherenkov tanks and the detection of fluorescerigbt |
emitted by the air molecules (after excitation hg shower
particles) with 24 telescopes. Some of the eveis, the
hybrid events, can thus be detected by both comnmien®nce
the shower has been detected, the arrival direetimhenergy
of the primary cosmic ray are estimated by recotibn of

the shower based on the measured data. The acaonirdloyg

shower axis reconstruction
resolution, the angular radius that contains 68% thud
reconstructed showers coming from a single pointca

Due to the higher duty cycle of the surface dete(¥®), i.e.
about 100% with respect to 10% of the fluorescetatector
(FD), the bulk of EAS is detected by the SD onlgr this
reason it is important to know the angular resolutof the
latter. The method used for this purpose is basedroevent-
by-event analysis. For
redundant reconstruction of the arrival directioancbe

obtained either by a subsets of close-by detectorsdy

simultaneous observation by the FD (so called klybvients).
To check the validity of the event-by-event anaysie space
angle between the SD reconstruction axis and ortbeofwo

other reconstruction axes can be estimated. Framsgiace
angle measurement, the angular resolution can bracted.

The
measurement of the angular resolution with the She

angular resolution of the surface array reconsoonaiepends
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some of the detected showe

results obtained can then be compared with the

on the accuracy of the arrival time measurementthef
particles in the surface detector. To determing &laicuracy, a
model of time variance has been developed [3]. s Thodel

will be presented and the SD angular resolutiodistlin the
second section. The third section is dedicatetigcsimulation

of the hybrid angular resolution. In the fourth temt, the SD
angular resolution is compared to the independent
reconstructions.

Note that for this study, events from year 2004ta®008
were considered and the usual quality cuts weréeapp!].

2.SD ANGULAR RESOLUTION

When a shower reaches the ground, the particletheof
shower front are sampled by the SD. Each staticasores the
total signal and the arrival time of the particleshe detector.
The shower axis (i.e. the estimated arrival dipectof the
cosmic ray) is determined by fitting the arrivahé Ts of the
first particle in each detector with a shower fromidel. The
Ts measurement is the most important parameter in the
estimation of the shower axis and thus in the edion of the

is defined by the amgulangular resolutionTs is determined with a GPS clock and a

detector internal clock. Consequently, the uncetyadn Ts is
driven by the clock uncertainties and by the shower
fluctuations.

A. Time variance model

In order to estimate the uncertainty of the timeagswgement,
Psmodel of time variance has been developed (foermetails,
see [3]). The model depends on typical signal ptee the
equivalent muon numbkn and the time intervals, to reach
half of the total signal. The time variance is verit as

2
V[Te] = az(—ZTSOJ e,
n n-1

n is the total signal expressed in unit of VertiEgjuivalent Muon (VEM)
weighted by the inverse of the track length in tiegectorTL and by the
heighth of the detector,

n= M h.
TL
For this calculation, two assumptions are madesttmver particles involved

in the time estimate are mostly muons and the geerznith angle of the
shower particles is assumed to be close to theeshzemith angle.



wherea is a scale factor representing the uncertaintytddee The validity of the shower front fit is confirmedittv the x?
shower fluctuations, expected close to the unitgl @hereb  probability. The figure 2 shows thé probability distribution
represents the uncertainty due to the timing, etgieclose to  for all events, for events with a zenith angle $emahan 55°
12 ns since the GPS uncertainty is about 10 nsthed and for events with a zenith angle larger than B5&ept for
digitalization resolution about 7 ns. o low probabilities, the(? probability distribution is constant for
The parametersa and b are adjusted by maximizing aall events. The same remark can be done for thezemith

gielg;?rggmgfng:& not?t(; intggtwitt?lethg]?j%ﬂblgﬂnggé?ir(;ztglg(ej’- angle ranges, there is thus no compensation dfésateen the
P different populations. This test is a proof tha ttme variance

by stations 11 meters apart). The results of tkelitiood : .
maximization on 26992 events are model reproduces _the time uqcertalnty well and ttiet
shower front model fits the experimental data.

a=060x£ 001
b=146+ 0.2 ns.
This model of time variance is robust.and b values are For all the stations
independent of the shower front model, be it spuiadri 8000
parabolic or even planar. Furthermaaendb values are close 6000 | All events
to the expectation. 4000 -
Two tests were performed to check for the validifythe 2008-_ o
model. The first one concerns the stability of thedel with 0 0.25 0.5 0.75 1
respect to different shower characteristics, égzenith angle 3000
or the distance to the shower core. The second &irshow 6000 E Events with 8 < 55°
how the model reproduces the uncertainties in theahtime 4000 |
of the particles in the station. 2000 | ’JL.\ "'l
If the model is independent from shower variabtégn the 0 ‘ ' T
variance of scaled time difference 0 0.25 0.5 0.75 1
_ AT 8000 - A 2000
TNSTATT] 6000 vents with 0 >
V[AT] 4000 | ':'-..-_.-"'-"-----'--'-'----"-""'-"""E 41000
whereAT is the time difference between the doublet statio 2000 8 e
with respect to the fitted shower front, shouldcoastant and 0 JOI‘_ 0% 05 o055 1

close to wunity. This is shown in figure 1. In first
approximation, the model is stable and does notniépn the

shower characteristics. Figure 2 —x? probability distribution for all events, for

events with a zenith angle smaller than 55° and foevents

with a zenith angle larger than 55°. The dashed btk line
is just a rescaled of the red (gray) entries.
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B Since the presented model of time variance is adgoo
2' ‘ IO 4' ' ‘O 6I ' ‘0 8I — | estimator of the time measurement uncertainty, ahgular
: ) ’ cos(0) resolution of the SD can be estimated [5, 6] frdm érrors
given by the Gaussian fit of the shower angle ithstions.
The angular resolution AR is defined by

Y W W e " AR=1-5\/§6/[61+V[¢]sinze),
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whereV[0] corresponds to the variance of the shower zenith

L L L angle® andV[¢] to the variance of the shower azimuth angle
500 750 1000 . 1250 ¢, assuming tha® and ¢/sinB have a Gaussian distribution.
Distance (m) The figure 3 shows for different number of statidnsthe
event, i.e. multiplicity, the angular resolution agunction of
the shower zenith angle.
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Figure 1 — Variance of the variableX as a function of the
zenith angle (on the top) and as a function of thdistance
to the core (on the bottom).
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Figure 3 — The SD angular resolution as a functioof the
shower zenith angle®. The SD angular resolution is
estimated for several multiplicities: 3, 4, 5 and re than 5
stations.

The SD angular resolution improves when the miidiiyl
increases since the shower front is estimated withetter
accuracy with larger number of stations. The SD utarg
reconstruction improves also with increasing zeaitigle. On
the contrary, the core position estimation beconess
accurate with increasing zenith angle. This isrf@n reason
of the small hump observed for 3 triggered statiarsund
35°. For more than 3 stations, the angular resoius better
than 1.5°. For more than 5 stations, i.e. for shewsith

Figure 4 — Example of an event detected by both dsttor
components of the Pierre Auger Observatory. The SRnd
hybrid reconstructed axes are shown. The color (gsg
code is related to the arrival time.

The hybrid simulation is used to estimate the agul
resolution of the hybrid reconstruction by showenudation.
If ny is the space angle between the injected showsraad
the reconstructed axis then the hybrid angularluésa is
equal to the value ofiyy when the cumulative distribution
function of ny reaches 68% of its maximum. The hybrid
angular resolution is shown as a function of thensdr energy
in the figure 5. The simulation sample consistalodut 6000

energy larger than 19eV, the SD angular resolution becomesproton Corsika [7] showers with zenith angle disited as

better than 1°.

3. SIMULATION STUDY OF THE HYBRID ANGULAR RESOLUTION

In order to compare the SD reconstruction with tigbrid

reconstruction, the angular reconstruction of thlerid events
has to be studied.
An hybrid event is an event detected by FD wittadditional
station from SD. Figure 4 shows a special hybridneyso
called “golden event”) detected independently fr&m and
FD. The two axes can be seen, as well as the Gdeted
stations.

sinBcoP (with 6 < 60°) and energies ranging betweef’ Hid
10" eV in steps of 0.25 in the logarithmic scale. Bhewers
have been generated using QGSJET [8] and FLUKAfGB]
high and low energy hadronic interactions.
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Figure 5 — Hybrid angular resolution estimated withthe

simulation. The shower development simulation
performed with “Corsika” software.

is

For energy larger than &V, the hybrid angular resolution
extracted from Monte-Carlo simulations is bettenti®.6°.

4. COMPARISON WITH INDEPENDENT RECONSTRUCTIONS

Two independent reconstruction methods are usedlidate
the SD reconstruction and the estimation of theukang
resolution. One method is based on the hybrid sy¢me other
on the “super-hexagon” grid.

A. Hybrid events

Since the Pierre Auger Observatory is a hybrid aetethe
angular resolution estimated with only the SD everdn be
cross checked, for some subsets of events, withhyteid
events. The principle is to reconstruct in paraltel SD and
the hybrid events, and to compare the two recotistduaxes.
Since the hybrid angular resolution extracted frionte-
Carlo simulation is smaller than the SD angulaokg#n, the
hybrid reconstruction is considered as the referenc
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Figure 6 — Shower zenith angle dependence of thegrar
resolution of the SD reconstruction when hybrid
reconstruction is considered as a reference. The rsa
multiplicities are shown as in figure 3. Additionaly, the
statistical errors are given.

The figure 6 shows the angular resolution of the SD
reconstruction when hybrid reconstruction is coessd as a
reference as a function of the shower zenith amagié for
several multiplicities. As in the event-by-eventiraation, the
shower axes are reconstructed with more accura@n e
multiplicity is large. The accuracy also improvesithw
increasing shower zenith angle. For very high easr@above
10* eV), the angular resolution becomes close to 1% Th
agreement between the two methods of estimatioguite
good for three tank events. The slight disagreerfartigher
multiplicities is the subject of further studiesdanould be
eventually used to set a limit to systematic errors

B. Nearby station events

Within the regular SD array, a “super-hexagon” g(ke
figure 7) has been added for comparison of the uneagents.
It allows the reconstruction of particular showevigh two
independent networks of stations. The method dfmesing
the angular resolution is similar to the methoddufs the
hybrid events: the reconstruction of the same shovith two

If n is the space angle between the SD and the hybimbependent detectors and the comparison of thailang

reconstructed axes then the angular resolutiogpf\RRan be

written
AR, =,AR? -AR},

where AR is the value ofj when the cumulative distribution
function ofn reaches 68% of its maximum and where /AR
the value of the hybrid angular resolution as otsdifrom
simulations, i.e. 0.6°.

results. Ifnp is the space angle between the axes reconstructed
with the regular grid and with the doublet statigrd, the
angular resolution of the SD reconstruction by carigon
between embedded networks is equal 1t when the
cumulative distribution function ofjp reaches 68% of its
maximum.
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Figure 7 — Configuration of the “super-hexagon” grd.
Close to the regular stations, additional doublet tations
are installed (11m apart), allowing independent
measurements.

The table 1 represents the results obtained wéh'sbper-
hexagon” grid, compared to the event-by-event \@alldehe
results are presented for two different zenith esglue to the
fact that the angular resolution slope (see fi@)ris different
below and above 35°. Note that the quoted numbave the
statistical errors only. The results obtained witte two
methods are in good agreement.

multiplicity | 6 | ARp AR
4 10-35° | 1.31+0.01] 1.29+0.06
4 35-60° | 0.87+0.01] 0.84x0.05
25 10-35° | 0.76 £0.03| 0.96+0.10
=5 35-60° | 0.63+0.02| 0.70+0.07

Table 1 — Comparison of the angular resolution meased
with the “super-hexagon” grid (ARp) and on an event by
event basis (AR). Two ranges of multiplicity andwo
ranges of shower zenith angl@ are given.

5. CONCLUSION

The angular resolution of the surface detectohefRierre
Auger Observatory has been determined from expetahe
data. On an event-by-event basis, it is lower th&f for more
than 3 station events. For high energy events, attgular
resolution becomes better than 1°. This angularluéen has
been cross checked with two independent reconsiruct
methods. The results obtained are consistent fiir tnethods,
be it with the hybrid events or with the “super-ag&n” grid.
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