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We present a new analysis for estimating the depth of the maximum of air-shower proőles, 𝑋max, to
investigate the evolution of the ultra-high-energy cosmic ray mass composition from 3 to 100 EeV.
We use a recently developed deep-learning-based technique for the reconstruction of 𝑋max from
the data of the surface detector of the Pierre Auger Observatory. To avoid systematic uncertainties
arising from hadronic interaction models in the simulation of surface detector data, we calibrate
the new reconstruction technique with observations of the ŕuorescence detector. Using the novel
analysis, we have a 10-fold increase of statistics at 𝐸 > 5 EeV with respect to ŕuorescence detector
data. We are able, for the őrst time, to study the evolution of the mean and standard deviation of
the 𝑋max distributions up to 100 EeV.

We őnd an excellent agreement with ŕuorescence observations and conőrm the increase of the

mean logarithmic mass ⟨ln(𝐴)⟩ and a decrease of the 𝑋max ŕuctuations with energy. The 𝑋max

measurement at the highest Ð so far inaccessible Ð energies is consistent with a pure mass

composition and a mean logarithmic mass of around ∼ 3 (estimated using the Sibyll 2.3d and the

EPOS-LHC hadronic interaction models). Furthermore, with the increase in statistics, we őnd

indications for a structure beyond a constant elongation rate in the evolution of 𝑋max.
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1. Introduction

In recent decades, substantial advancements have been made in the study of ultra-high-energy

cosmic rays (UHECRs) due to the establishment of the Pierre Auger Observatory [1] and the

Telescope Array Project [2]. The mass composition of these highly energetic particles, exceeding

energies of 1 EeV (1018 eV), provide insights into our understanding of cosmic rays, in particular

their acceleration, origin, and propagation [3].

The most precise measurement of the UHECR composition relies on measurements of the

depth of the maximum of air-shower proőles (𝑋max). By studying the mean ⟨𝑋max⟩ and standard

deviation 𝜎(𝑋max) of the 𝑋max distributions as a function of energy, conclusions can be drawn on the

evolution of the mean logarithmic mass ⟨ln(𝐴)⟩ and the composition mixing [4ś7]. With increasing

cosmic ray mass, the induced extensive air showers reach maximum higher in the atmosphere as the

primary energy is divided between 𝐴 sub-showers developing in parallel, translating to a smaller

𝑋max in comparison to light particles. Additionally, ŕuctuations in the shower development average

out, resulting in a smaller standard deviation 𝜎(𝑋max) of the 𝑋max distributions.

Measurements of 𝑋max can be performed by observations of the longitudinal shower devel-

opment using ŕuorescence telescopes. These ŕuorescence observations enable accurate 𝑋max

reconstructions but are limited to dark nights and good weather conditions. In contrast, surface

detector arrays feature duty cycles close to 100%, enabling measurements of UHECRs with high

statistics. However, using this technique, 𝑋max cannot be observed directly but is encoded in the tem-

poral structure of the particle footprint, making the reconstruction challenging. Using observables

designed by physicists, like the signal risetime, conclusions on the average change in composition

can be obtained with good precision [8, 9].

The recent progress in deep learning and associated techniques based on deep neural networks

open up vast and new possibilities for improved reconstructions in particle, astroparticle, and physics

in general [10]. In this work, we present the application of a recently developed deep-learning-based

reconstruction algorithm tailored to the situation of the world’s largest cosmic ray observatory, the

Pierre Auger Observatory. The algorithm exploits the time-dependent particle density recorded by

the surface detector (SD) array of the observatory and is designed to reconstruct 𝑋max on an event-

by-event basis. After cross-calibrating the algorithm to observations of the Fluorescence Detector

(FD), we show, for the őrst time, its application to the full SD data set. This leads to an increase in

𝑋max statistics by a factor of 10 in comparison to FD analyses and enables us to measure ⟨𝑋max⟩ and

𝜎(𝑋max) up to 1020 eV for the őrst time. We őnd excellent agreement with previous analyses and

obtain new insights into the mass composition of UHECRs, in particular by őnding indications for a

characteristic structure in the evolution of the mean logarithmic mass above 1018 eV that correlates

with the features in the energy spectrum.

2. Data

The Pierre Auger Observatory features a hybrid design combining an SD array covering

3,000 km2 and the FD consisting of 27 telescopes overlooking the SD array from four sites. The

SD comprises 1,600 water-Cherenkov detectors arranged in a triangular grid detecting the time-

dependent particle density. Each SD station is equipped with three photomultiplier tubes (PMTs)
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different deep learning techniques, convolutional neural networks (CNNs) and Long Short-Term

Memory networks (LSTMs) [12]. Whereas the LSTM layers are used to analyze and characterize the

signal traces into features, the following convolutional part exploits these station-wise characteristics

and the arrival times. This is done by employing hexagonal convolutions [13] to analyze the spatial

and time-dependent information, taking advantage of the triangular structure of the surface array.

The network is trained using a comprehensive air-shower library [14] simulated using COR-

SIKA [15] and Offline [16]. The hadronic interaction model EPOS-LHC [17] was used. As training

data, we used a composition as equal fractions of proton, helium, oxygen, and iron. During the

training of the neural network, data augmentation techniques were applied to mimic realistic vari-

ations in operating conditions, such as broken PMTs or broken stations, as well as different states

of the electronics. This augmentation signiőcantly reduces the gap between simulations and data

by making the simulations more realistic. For a comprehensive summary of the pre-processing, the

network design, as well as the training, refer to Ref. [18].

When applied to simulations using the hadronic interaction models QGSJetII-04 and Sibyll2.3c,

not used during training, in our studies [18], a bias of ⟨𝑋max⟩ was found amounting up to−15 g cm−2.

In contrast, the estimations of 𝜎(𝑋max) as well as the methods’ resolution, do not show a strong

dependency on the interaction models. To remove the dependency on the interaction model used

during the training, we calibrate the 𝑋max reconstruction of the DNN to the 𝑋max measurements of

the FD.

The application to hybrid data is shown in Fig. 1. A strong correlation between the recon-

structions can be seen in Fig. 1a, which amounts to a Pearson correlation of 𝜌 = 0.7. This result

is in excellent agreement with the correlation expected from simulation studies assuming the same

energy spectrum and a composition scenario inferred using the FD data [6]. However, an offset of

≈ −31 g cm−2 between the SD and FD reconstruction is visible. This offset is larger than the one

expected from simulation studies that predicted biases up to −15 g cm−2. This large bias found in

data reŕects discrepancies between the current generation of hadronic interaction models and data,

such as the modeling of the muonic component [19] as well as small remaining differences of the

simulated detector response, including atmospheric models. Our simulation studies predicted any

bias to be independent of energy, to a good approximation. As shown in Fig. 1b, no signiőcant

deviations from this expectation are visible in the data. Thus, we perform an energy-independent

calibration of the SD 𝑋max. Nevertheless, we note that an energy-dependent linear őt also gives a

good description of the observed bias. This őnding propagates as an energy-dependent uncertainty

into the systematic uncertainties of the ⟨𝑋max⟩ measurement.

Since the resolution of the neural network, as well as 𝜎(𝑋max), does not show a strong

dependence on the hadronic interaction model, we do not perform a calibration of the second

moment. This őnding is rooted in the fact that the ŕuctuations in 𝑋max generally vary little between

the models. Nevertheless, the small systematic differences found in the reconstruction of 𝜎(𝑋max)

when applying the network to various compositions and interaction models are propagated into the

systematic uncertainties of the 𝜎(𝑋max) measurement.
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5. Summary

In this work, we have reported the application of a novel, deep-learning-based 𝑋max recon-

struction algorithm to almost 15 years of Auger SD data. With this new innovative technique,

we have studied the mass composition of UHECR from 1018.5 eV up to 1020 eV. Due to the large

exposure of the SD, the statistics in 𝑋max compared to previous analyses are increased by a factor of

10. Using this large data set, the trend from a light to a heavier and purer composition with rising

energy is conőrmed. At the highest energies, we őnd small ŕuctuations in 𝜎(𝑋max), excluding a

considerable fraction of light nuclei in the UHECR composition. We additionally őnd evidence

(4.4𝜎) for a characteristic structure beyond a constant elongation rate. The model describing our

data best comprises three changes in the elongation rate that coincide with features of the energy

spectrum.

With the future gain of statistics and the increased composition sensitivity of AugerPrime,

paired with the advancements in innovative algorithms, we are awaiting further in-depth insights

into the understanding of UHECRs and their mass composition.
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