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Overview

Reconstruction of cosmic-ray air showers observed by �uorescence telescopes at the Pierre
Auger Observatory using three di�erent methods.

Analysis of the di�erences between standard reconstruction method and two alternative
methods.

Combination of the results obtained from the three di�erent methods.
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Motivation I

Very small �ux of cosmic rays at
the end of the spectrum.

Even smaller number of observed
events selected for
mass-composition analysis.

[1]
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The Pierre Auger Observatory

Hybrid detection of cosmic-ray showers:
combination of two di�erent detection
methods: surface detector (SD) and
�uorescence detector (FD) .

SD: 1660 water-Cherenkov stations
spread over an area of ∼ 3000 km2.

FD: 27 �uorescence telescopes located
at 4 sites.

[2]
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Reconstruction of shower geometry I

[3]
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Reconstruction of shower geometry II

Standard hybrid reconstruction:
Shower geometry reconstructed using
FD signal and signal from at least one
SD station closest to the shower core .

Reconstruction using the SD

geometry: Full SD-reconstructed
signal used for shower geometry
estimation.

[4]
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Reconstruction of shower geometry III

Stereo reconstruction: Shower axis
reconstructed by �nding the best
�tting axis from combination of
SDP-�t from all triggered telescopes.

[5]
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Shower longitudinal pro�le

Xmax: Shower depth
corresponding to the maximum
energy deposit (maximum
number of shower particles).

Ecal: Calorimetric energy of the
air shower.

Total shower energy is
reconstructed using measured
Ecal and estimated invisible
energy.

[3]
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Motivation II

Reconstruction of hybrid events using the SD geometry increases the data set mostly by
showers that are further from the FD sites.

Stereo method is able to reconstruct showers that hit the ground outside of the SD array.

Usage of the two alternative reconstruction methods has the potential to considedrably
increase the number of analysed highest energy cosmic-ray showers.
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SD geometry
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Analysis of simulated showers I

Cosmic-ray showers initiated by protons with energies between 1019.5 eV and 1020 eV and
with zenith angles within 60◦ simulated using CORSIKA 7.5700 with hadronic interaction
model EPOS LHC.

Xmax and SD cuts applied on HD reconstructed events (2636 events selected) and events
reconstructed using the SD geometry (2643 events selected).

Xmax applied on stereo reconstructed events (2208 events selected).
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Analysis of simulated showers II

Analysis of the di�erence in reconstructed Xmax and Ecal between standard method and
each of the alternative methods on identical MC-generated events reconstructed by
identical FD sites.

Analysis of biases and resolutions on all MC-generated events.

HD reconstruction and reconstruction using the SD geometry: 3672 identical events
reconstructed by identical FD sites.

HD reconstruction and stereo reconstruction: 3609 identical events reconstructed by
identical FD sites.
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Analysis of simulated showers - di�erence in Xmax vs. shower distance

HD and SD geometry HD and stereo
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Analysis of simulated showers - di�erence in Xmax vs. MC Xmax

HD and SD geometry HD and stereo
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Analysis of simulated showers - di�erence in Xmax vs. MC shower energy

HD and SD geometry HD and stereo
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Analysis of simulated showers - Xmax correction factors

Correction of Xmax reconstructed using the SD geometry against the HD reconstruction
was estimated as

X SDgeom
max = XHD

max + 5 g/cm2. (1)

Correction of Xmax reconstructed using the stereo method against the HD reconstruction
was estimated as

X Stereo
max = XHD

max − 1 g/cm2. (2)
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Analysis of simulated showers - Xmax bias vs. shower distance

No correction factors Correction factors applied
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Analysis of simulated showers - Xmax bias vs. MC Xmax

No correction factors Correction factors applied
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Analysis of simulated showers - Xmax bias vs. MC shower energy

No correction factors Correction factors applied
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Analysis of simulated showers - Xmax resolution vs. shower distance
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Analysis of simulated showers - di�erence in Ecal vs. shower distance

HD and SD geometry HD and stereo
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Analysis of simulated showers - di�erence in Ecal vs. MC Xmax

HD and SD geometry HD and stereo
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Analysis of simulated showers - di�erence in Ecal vs. MC shower energy

HD and SD geometry HD and stereo
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Analysis of simulated showers - Ecal correction factors

Di�erences are lower than ≈ 5% =⇒ shift in Xmax is lower than 1.2 g/cm2.

No correction is needed in case of Ecal.
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Analysis of simulated showers - Ecal bias and resolution vs. MC Xmax

Ecal bias Ecal resolution
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Analysis of simulated showers - conclusions

1 Simple correction factors applied on Xmax reconstructed using the alternative methods
lower the di�erences in Xmax bias.

2 Ecal reconstructed using the alternative methods does not shift the Xmax by more than
1.2 g/cm2.

3 The di�erences in resolution of both Xmax and Ecal between all three methods are within
acceptable bounds of about 5 g/cm2.

=⇒ The properties reconstructed using the three di�erent methods can be combined together
after introducing simple correction factors for Xmax without considerably biasing the results.
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Combination of the reconstruction methods - data selection

Analysis of all selected HD events, additional events reconstructed using the SD geometry
and additional stereo-reconstructed events.

Pierre Auger Observatory data taken from January 1, 2004 up to December 31, 2018 with
energies above 1019.2 eV and zenith angles below 60◦.

Xmax and SD cuts applied on HD reconstructed events (284 events selected) and events
reconstructed using the SD geometry (40 additional events).

Xmax applied on stereo reconstructed events (221 additional events).

Previously estimated correction factors from MC applied on Xmax reconstructed using the
SD geometry and using the stereo method.
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Combination of Xmax distributions - energetic bin between 1019.6 eV and

1019.7 eV

Green: Combined
results

Black: HD
reconstruction

Orange: Stereo
reconstruction

Violet: Reconstruction
using the SD geometry
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Combination of Xmax distributions - energetic bin above 1019.7 eV

Green: Combined
results

Black: HD
reconstruction

Orange: Stereo
reconstruction

Violet: Reconstruction
using the SD geometry
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Conclusions

1 Analysis of reconstruction methods based on simulated showers shows that the di�erences
in systematics due to reconstruction of all three methods are within acceptable boundaries
after introducing simple correction factors for reconstructed Xmax =⇒ it is possible to
combine results from all three methods.

2 Due to technical di�culties, the combined data do not draw the whole picture. We could
not therefore conclude the full increase of the number of selected events for energies above
1019.2 eV. Yet, it should be more than 10% corresponding to several years of data taking
of showers for standard Xmax analysis.
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Backup
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Analysis of simulated showers - Xmax resolution vs. MC Xmax
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Analysis of simulated showers - Xmax resolution vs. MC shower energy
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Analysis of simulated showers - Ecal bias and resolution vs. shower distance

Ecal bias Ecal resolution
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Analysis of simulated showers - Ecal bias and resolution vs. MC shower

energy

Ecal bias Ecal resolution
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Future improvements

1 Adding the missing HD reconstructed showers and applying only Xmax cuts on the HD
reconstructed showers =⇒ the number of selected HD-reconstructed data should
increase, the number of selected stereo-reconstructed might decrease, the number of
selected showers reconstructed using SD geometry will not di�er.

2 Adding events with zenith angles above 60◦ =⇒ the number of selected
HD-reconstructed data should increase, the number of selected stereo-reconstructed
should increase signi�cantly, the number of selected showers reconstructed using SD
geometry will not di�er.

3 MC study for events with zenith angles higher than 60◦ and showers that do not fall
directly onto the SD array.
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