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The performance of the Auger Fluorescence telescope is discussed on the basis of a mass production chain.
In order to get a realistic estimate of the detector resolution, a large number of fully simulated CORSIKA [1]
showers have been used for this study. The propagation through the atmosphere and the detector response are
taken into account and simulated in detail. Results for the the case of monocular reconstruction are presented
here. No quality cuts for the event reconstruction have been applied so far. Finally, a schematic overview of the

expected event topologies is given together with the display of a real event recently collected.

1. Introduction

The Pierre Auger Cosmic Ray Observatory has
been designed to investigate the origin and the
nature of Ultra High Energy Cosmic Rays us-
ing a hybrid detection technique. Two sites of
about 3000 km? each, in the northern and in the
southern hemispheres, will be equipped with a
surface detector (SD) and a set of fluorescence
detectors (FD). Each fluorescence detector (eye)
consists of 6 mirrors, each with a field of view of
30° x 30°. The general design of the experiment
has been recently described in [2]. An advanced
detector production phase is in progress at the
southern hemisphere site (Malargiie, Argentina).
SD modules covering a constantly increasing area,
at present about 1/4 of that planned, are viewed
by two fully operating FD telescopes (up to 4 in
the near future). Details on the current status of
the project can be found in [3] and in [4] for FD
and SD, respectively.

An accurate knowledge of the detector response
is essential in order to perform a reliable data
analysis. First of all, the concept of simulation
and reconstruction for a fluorescence detector is
briefly overviewed. Then, the performance of the
monocular FD reconstruction is discussed for a
large number of CORSIKA simulated showers.
The trigger efficiency and the performance of ge-
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ometry and energy reconstruction are discussed
as a function of core distance (shower landing
point) and primary energy. The reconstruction of
the mass sensitive parameter X4, (atmospheric
depth at shower maximum) is checked and com-
pared for proton and iron primaries. Finally, the
main expected real event topologies are briefly
described.

2. Simulation and Reconstruction Concept

In order to identify the quantities playing a
key role in a mass production chain for a fluores-
cence detector, a simplified flow of the simulation-
reconstruction concept is briefly described. The
number of fluorescence photons IV, generated by
a number of charge particles N, propagating
through the atmosphere, is given by:

N, = Nop x Yieldg x Al x Af47r? X Topm (1)
NFADC = Qlcal X N’y (2)
where:

e Yieldys; is the number of fluorescence pho-
tons per unit length and per charge particle
(~ 4 photons/m)

e Al is the path traveled by a single charge
particle within a certain observation time-
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window (in the case of a vertical shower ~
30 m for a 100 ns time-bin)

o A is the mirror effective area

o T,.:m is a coefficient that takes into account
the atmospheric attenuation (Rayleigh scat-
tering and Mie scattering)

e 1 is the distance of the shower track slice to
the telescope

o Nrapc and aq are the FACD counts and
the detector calibration constants respec-
tively.

For a certain shower geometry and a given landing
point, starting either from an analytical or a fully
simulated longitudinal profile (number of charge
particles as a function of slant depth), the sim-
ulation reproduces the FADC traces, taking into
account the absorption of the atmosphere and the
detector response (leftwards flow in eq. 1 and 2).
The reconstruction performs these steps in re-
verse order. Firstly, the geometry of the shower
is determined in two steps. Based on the mea-
sured FADC traces, the shower detector plane is
calculated. Then, the inclination of the shower
axis in this plane is derived from the time se-
quence of the measured signals. Once the ge-
ometry is known, the longitudinal profile is re-
constructed taking into account the absorption of
the atmosphere (rightwards flow in eq. 1 and 2).
The energy estimation is performed by fitting the
longitudinal profile and by integrating the result-
ing function. Corrections for the forward emitted
Cherenkov contribution and for the “unseen” en-
ergy carried out by neutrinos, high energy muons
and nuclear excitations are then applied. Further
details on the described method are given in [5-7].

3. The simulation samples

In order to obtain a sufficient number of events
the CORSIKA showers have been taken from
the large shower database developed in the Lyon
computing center for simulation studies with the
Auger detector. In particular, two different
shower settings have been used which differ in the
distribution of the energy and the zenith angle:
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Figure 1. Core locations chosen for the simula-
tion: middle of Bay4 starting at 10 km away from
the eye, receding in step of 5 km up to 40 km.

e sample V consists of 800 vertical showers,
with discrete energy in a range between
1017 and 102! eV (100 showers per each
energy half decade).

e sample D-low consists of showers with en-
ergy distributed over a range between 108
and 10%! eV according to a power-law with
differential index of -2. The zenith angles
are distributed between 0° and 60° accord-
ing to dN o sinf cosf db.

Although setting D-low seems to be much more
appropriate for testing the reconstruction chain,
due to the spectral feature, it suffers from lack of
statistics at high energy. Therefore, the constant
number of showers with discrete energies in set-
ting V is complementary to achieve a sufficient
number of events for high-energy primaries.

The CORSIKA showers have been simulated in
the center of Bay4 (Los Leones eye), with the
core location increasing in steps of 5 km, starting
at 10 km away from the bay (see Fig. 1). As-
sumptions for the atmosphere, detector calibra-
tion and fluorescence yield calculation have been
chosen consistently throughout the simulation-
reconstruction chain.
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4. Trigger Efficiency

Since sample V contains a wide range of ener-
gies and shows no geometric variation, it is the
appropriate tool to estimate the trigger efficiency
of the detector simulation, as a function of shower
core distance, for different energies.
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Figure 2. Top panel: trigger rate as a function of
core distance for different energies. Bottom panel:
differential plot as a function of energy and core
distance. Plots are given for sample V.

The top panel of Fig. 2 shows the trigger rate as
a function of increasing distance (different colors

trigger efficiency

trigger efficiency

Figure 3. Differential plots with the contribution
of individual energies (top panel) and zenith an-
gles (bottom panel). Plots are given for sample
D-low.

are for different energies): the higher the shower
energy is, the further from the detector that the
trigger rates falls off. For example, the trigger
efficiency is 100% up to a core distance of 25-30
km for an energy of 10'° eV. The bottom panel
of Fig. 2 shows a differential plot of the trigger
rate as a function of energy and core distance.

A much stronger decrease of the overall trig-
ger rates is expected for sample D-low since the
shower energies are distributed approximately ac-
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cording to a power law with a differential index
of -2. In order to show the dependence on the
energy and on core distance, a differential plot of
trigger rate for sample D-low is given in the top
panel of Fig. 3. Finally, as shown in the bottom
panel of Fig. 3, the trigger rate is only weakly
dependent on the zenith angle for the considered
range, i.e. up to 60°.

5. Geometry Reconstruction and Energy
Estimate

Fig. 4 shows the resolution of core position (x-

coordinate - see Fig. 1) for sample V. Mean val-
ues (top panel) and sigmas (bottom panel) of the
Gaussian fit to the distribution of Zjyye — Tree are
shown as a function of core distance. The accu-
racy of the reconstruction stays within few hun-
dreds of meters up to a distance of less then 25
km. At larger distances, it becomes poorer due to
the attenuation of light in the atmosphere. Fig. 5
shows the zenith angle resolution at a core dis-
tance of 10 km for sample D-low. The arrows
indicate the FWHM of the 6;4c — 0,ec distribu-
tion. As shown in Fig. 5, the FWHM is at the
level of 1°.
Fig. 6 shows the energy resolution at a core dis-
tance of 10 km for sample V (top panel) and
for sample D-low (bottom panel). The arrows
indicate the FWHM of the Logio(Etrue/FErec)
distribution. As shown in Fig. 6, the FWHM
are at the level of 6% and 11% for sample V
and for sample D-low, respectively. A system-
atic shift of the reconstructed energies (from 10%
up to 15%) is also observed, likely due to un-
expected differences of the atmosphere (and/or
the fluorescence yield) treatment throughout the
simulation-reconstruction chain.

6. X,,.: Reconstruction

Fig. 7 shows the resolution of X,,4, (the atmo-
spheric depth at shower maximum) as a function
of core distance for sample V. Mean values and
sigmas of the X!rv¢ — Xre¢ distribution are given

in the left and in the right panel of Fig. 7, respec-
tively.
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Figure 4. Resolution of core position (x-
coordinate) for sample V. Mean values (top) and
sigmas (bottom) of the Gaussian fit to the distri-
bution of Z¢rye — Tree are shown as a function of
core distance.

7. Proton and Iron comparison

In the frame of mass separation studies, the
Ximaz resolution has been calculated for proton
and iron primaries separately. Fig. 8 shows the
resolution of X,,.. as a function of core distance
for the sample D-low. Mean values and sigmas of
the Xtrue— Xree distribution are given in the top

and in the bottom panel for proton (black points)
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Figure 5. Zenith angle resolution at a core dis-
tance of 10 km for sample D-low. The arrows
indicate the FWHM (1.1°) of the distribution.

Table 1: Mean values and sigmas of the generated
and reconstructed X, 4, distributions for proton
and iron primaries (sample D-low at a core dis-
tance of 15 km).

Mean (g/cm?) Sigma (g/cm?)

Proton (rec) 759 80
Proton (gen) 733 50
Iron (rec) 674 53
Iron (gen) 651 25

and for iron (red points) primaries. The X,,qz
resolution for iron primaries remains slightly bet-
ter than for protons over the full range of core
distances. This is as expected, since fluctuations
of first interaction are smaller for heavier nuclei.
Fig. 9 shows the generated (solid line) and the
reconstructed (dashed line) X4, distribution for
proton (black) and iron (red) primaries at a core
distance of 15 km (sample D-low). The distribu-
tions are superimposed and compared. As shown
in Table 1, the broadening introduced by the de-
tector response results in an an additional spread
of about 30 g/cm? only weakly depending on the
primary mass.
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Figure 6. Energy resolution at a core distance of
10 km for sample V (top panel) and for sample
D-low (bottom panel). The arrows indicate the
FWHM (6% and 11%, respectively) of the distri-
bution.

8. Real Event Topologies

A schematic description of the expected real
event topologies is given below:

e Mono: at least 1 mirror in any eye

o Multi-mirror: at least 2 adjacent mirrors in
any eye

e Stereo: at least 2 mirrors in 2 different eyes

e Hybrid: at least 1 mirror in any eye in co-
incidence with a signal from SD
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Figure 7. X4 resolution for sample V. Mean
values (up) and sigmas (down) of the Gaussian
fit to the Xfrue — Xree distribution are shown as
a function of core distance.

o Stereo-Hybrid: at least 2 mirrors in 2 differ-
ent eyes in coincidence with a signal from
SD (see Fig. 10 for a graphical description
of this topology).

The SD and FD displays of a real stereo-hybrid
event are shown in Fig. 11. For this event, ge-
ometry and energy reconstruction from SD and
FD agree well. The longitudinal profile from FD
is also shown. Results are very preliminary but
highly encouraging. A combined hybrid (SD and
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Figure 8. X,,q: resolution as a function of core
distance for sample D-low. Mean values and
sigmas of the Gaussian fit to the distribution
Xlrue _ X'ree are given in the top and in the
bottom panel for proton (black points) and for

iron (red points) primaries, respectively.

FD) analysis will improve the global quality of
the reconstruction and allow cross calibration of
both systems.

9. Conclusions

The performance of the Auger FD monocular
reconstruction has been discussed using a large
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Figure 11. SD (bottom-right) and FD (top-left) displays of a real stereo-hybrid event collected on Feb
27th 2004. The reconstructed profile from FD (Los Leones) is shown on the top-right. SD and FD results
are summarized on the bottom-left. All results are very preliminary.

Table 2: Performance of the Auger FD monocular reconstruction at a core distance of 10 and 20 km for
sample V and sample D-low. No quality cuts applied so far; only statistical fluctuations are included.

Resolution (sample V)
10 km

Zenith 1°

R 100 m

Xmaz 15 g/cm?

Energy 6%

Resolution (sample D-low)
20 km 10 km 20 km
2° 1° 2°
900 m 300 m 5000 m
50 g/cm? 25 g/cm? 110 g/cm?
10% 11% 23%

number of CORSIKA simulated showers (no
quality cuts have been applied so far). Results
are summarized in Table 2 for sample V and for
sample D-low. Geometry reconstruction works

well up to 25 (15) km away from the eye for
vertical (distributed) showers. The energy reso-
lution (statistical fluctuation only) remains below
10% up to 25 km away from the eye for vertical
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Figure 9. Reconstructed (solid line) and gener-
ated (dashed line) X4, distribution at 15 km
core distance, for sample D-low. The proton case
(black line) is shown in the top panel, the iron
case (red line) is shown on the bottom panel

showers (10'® < E < 10?2 eV). The achieved
values fulfill our expectation. Stereo and/or hy-
brid detection will highly improve the quality
of the reconstruction. Finally, the event topolo-
gies have been described and a real stereo-hybrid
event was displayed. The technical performance
of the detector for the different topologies is fully
satisfactory.
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Figure 10. Sketch view of the Stereo-Hybrid
topology: at least 2 mirrors in 2 different eyes
in coincidence with a signal from SD.
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