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We present a new analysis for estimating the depth of the maximum of air-shower profiles, Xy ax, 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 Xp,x 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 fluorescence detector. Using the novel
analysis, we have a 10-fold increase of statistics at E > 5 EeV with respect to fluorescence detector
data. We are able, for the first time, to study the evolution of the mean and standard deviation of
the Xpnax distributions up to 100 EeV.

We find an excellent agreement with fluorescence observations and confirm the increase of the
mean logarithmic mass (In(A)) and a decrease of the Xy, fluctuations with energy. The Xpax
measurement at the highest — so far inaccessible — 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 find
indications for a structure beyond a constant elongation rate in the evolution of Xpax.
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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 (10'® 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 profiles (Xm.x). By studying the mean (Xp,ax) and standard
deviation o ( Xmax ) of the X« distributions as a function of energy, conclusions can be drawn on the
evolution of the mean logarithmic mass (In(A)) and the composition mixing [4—7]. 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, fluctuations in the shower development average
out, resulting in a smaller standard deviation o-(Xnax) of the X« distributions.

Measurements of Xp,x can be performed by observations of the longitudinal shower devel-
opment using fluorescence telescopes. These fluorescence observations enable accurate Xpmax
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, Xp,,x 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 Xp,x on an event-
by-event basis. After cross-calibrating the algorithm to observations of the Fluorescence Detector
(FD), we show, for the first 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
0 (Xmax) up to 1020 eV for the first time. We find excellent agreement with previous analyses and
obtain new insights into the mass composition of UHECRs, in particular by finding indications for a
characteristic structure in the evolution of the mean logarithmic mass above 10'® 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 km? 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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Figure 1: Calibration of the DNN using hybrid measurements. (a) Correlation between Xp.x reconstructed
using the FD and the deep neural network. (b) Bias of the X,.x reconstructed using the DNN with respect
to the reconstruction of the fluorescence detector as a function of energy.

that detect the Cherenkov light induced by secondary particles traversing the water tanks. For
each station, the measurement comprises an accurate determination of the arrival time of the first
particles and a time-dependent signal measurement covering 3 us in bins of 25 ns.

To ensure a high-quality selection, we use the standard SD selection [11], i.e., reject events
below 10'83 eV and zenith angles above 60°, and accept only events where each station in the
hexagon surrounding the station with the largest signal is working. We further apply a fiducial
selection derived using simulations to select only events that fall in a zenith range where the
composition bias of the DNN between iron and proton is smaller than 10 gcm™2. The cut is
energy-dependent and removes events with geometries challenging to reconstruct using the SD.
After selection, our data set consists of 48,824 events recorded with the SD array of the Pierre
Auger Observatory, from January 1, 2004, to August 31, 2018.

For cross-calibration of the algorithm, a data set of hybrid measurements is also utilized to
remove the dependency on the hadronic interaction models and detector effects. After performing the
SD selection as described above, the FD selection [5] is applied, guaranteeing stable calibrations,
good observation conditions, an adequate reconstruction of the Gaisser-Hillas profile, and an
accurate reconstruction of Xp,x within the field of view of the telescope, ensuring that the event
selection is unbiased, i.e., that the acceptance does not depend on Xp,.x. The hybrid data set after
cuts comprises 1,642 events measured between January 1, 2004, and December 31, 2017.

3. Xmax reconstruction using deep learning

To reconstruct the depth of the shower maximum Xp,.«, the time-dependent particle footprint
measured at each triggered SD station is exploited using deep neural networks. The arrival times,
as well as the measured signal traces, are used as input for the algorithm. In detail, we utilize two
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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 significantly 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 QGSJetlI-04 and Sibyll2.3c,
not used during training, in our studies [ 18], a bias of (X« ) was found amountingupto —15¢g cm™2.
In contrast, the estimations of o (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 Xp,,x reconstruction of the DNN to the X,,x 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 p = 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 reflects 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 significant
deviations from this expectation are visible in the data. Thus, we perform an energy-independent
calibration of the SD Xp.x. Nevertheless, we note that an energy-dependent linear fit also gives a
good description of the observed bias. This finding propagates as an energy-dependent uncertainty
into the systematic uncertainties of the (Xn,x) measurement.

Since the resolution of the neural network, as well as o (Xmax), does not show a strong
dependence on the hadronic interaction model, we do not perform a calibration of the second
moment. This finding is rooted in the fact that the fluctuations in Xj,,x generally vary little between
the models. Nevertheless, the small systematic differences found in the reconstruction of o-( Xmax)
when applying the network to various compositions and interaction models are propagated into the
systematic uncertainties of the o (X« ) measurement.
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Figure 2: UHECR mass composition. (a) Average shower maximum and (b) the fluctuations of the shower
maximum as determined using the DNN (black circles) as a function of energy. Red (blue) lines indicate
hadronic model expectations for a pure proton (iron) composition.

4. Inferences on the UHECR mass composition using the Surface Detector

The inferences on the UHECR mass composition are based on the first and second moment
of the Xp,x distributions (see Fig. 2) obtained using the deep-learning-based reconstruction of the
SD data after cross-calibration with the FD data. With almost 50,000 events, this is the most
comprehensive study of the mass composition between 10'8 eV to 10%° eV based on Xpax. The
red (blue) lines in Fig. 2 indicate predictions from the hadronic interaction models EPOS-LHC,
Sibyll2.3c [20], and QGSJetll-04 [21] for a pure proton (iron) composition. Errors bars indicate
statistical uncertainties. The systematic uncertainties are visualized as brackets.

We show in Fig. 2a the measurement of (Xj,.x) as a function of energy. The largest part
of the systematic uncertainties is due to the uncertainty on the Xp.x scale [5] and the hybrid
calibration of the deep neural network. Also, the ageing of the SD stations and diurnal variation
contribute to the uncertainty, but these effects are comparatively small. A clear trend from a
lighter to a heavier composition as a function of energy can be seen. The elongation rate amounts
to Dyg = 24.1 + 1.2 (stat.) + 2.5 (sys.)g cm~2/decade (compare Fig. 3a), where the systematic
uncertainty is obtained by varying the performed hybrid calibration. This finding is in excellent
agreement with previous studies based on FD data.

In Fig. 2b, we present the energy evolution of the fluctuations o (Xmax). Using the large
statistics accumulated by the SD, we can, for the first time, extend this measurement up to 100 EeV.
For the measurement of 0 (Xmax), the composition and interaction model bias found in simulations
dominates the systematic uncertainties that are indicated by brackets. At the highest energies,
in addition, effects of saturated stations, as well as detector ageing, contribute. At low energies,

2 are observed, indicating a relatively light and mixed composition.

With increasing energy, the fluctuations decrease. Above 50 EeV, o (Xmax) is about 25 g cm™2,

fluctuations of up to 50 g cm™
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Figure 3: (a) Fit of a constant elongation rate to the SD data. (b) Model, featuring three breaks in the
elongation rate, describing the identified structure in the SD data best.

indicating both a heavy and nearly pure composition. This strongly excludes a large fraction of
protons and light nuclei at the highest energy and significantly excludes the cutoff observed in the
energy spectrum to be formed by GZK protons. This observation is in very good agreement with
the indications obtained using fluorescence observations [6, 22, 23].

4.1 Evidence for a characteristic structure in the energy evolution of the mass composition

The Xpmax reconstruction using the SD data allows us to perform high-statistics studies of
the energy evolution of the first and second moment of the Xy« distributions. This enlargement
in statistics by a factor of 10 in comparison to previous analyses based on the FD significantly
increases the potential to investigate changes in the (Xx) elongation rate. Though the elongation
rate measured by the FD and the SD agrees well, the goodness of the straight-line fit of the SD is
poor, y?/ndf = ‘% ~ 3.6. Therefore, the SD (Xj,.x) evolution cannot be described with a constant
elongation rate. A characteristic structure can be identified when fitting more complex models,
suggesting three breaks in the elongation rate presented in Fig. 3b.

Within this model, the elongation rate changes from 12+5 g cm~2/decade to 39+9 g cm =2 /decade
at Eg = 6.5 +£ 0.6 EeV. At an energy of E; = 11 + 1.6 EeV the elongation rate changes to
16 + 3 g cm~2/decade before reaching 42 + 9 g cm™2/decade above E»> = 31 + 5 EeV. Using this
model — featuring three breaks — the hypothesis of a constant elongation rate can be rejected
by 4.60 significance on a statistical basis. When including systematic uncertainties, by varying
the data by the upper and lower bounds of the energy-dependent X;,,x systematics from the FD
and the hybrid calibration, the significance reduces slightly to 4.40". In these tests, we varied the
calibration functions (Fig. 1b), including the utilization of piece-wise linear calibration functions
with the breaks fixed to the break positions found in the elongation rate.

A different null hypothesis, a model with two breaks at the lower energies, can be rejected
at a significance of 2.60, including systematics. The statistics obtained with AugerPrime and its
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Figure 4: Energy evolution of the first two moments of the In(A) distributions obtained from the conversion
of the Xp,x moments [7] for the interaction models EPOS-LHC, Sibyll2.3c, and QGSJetll-04. We further
compare our measurements to FD data from the same data-taking period [22], shown as open squares.

increased sensitivity, however, will provide new insights, also via a more precise hybrid calibration
at high energies.

Our finding strongly indicates a change of the elongation rate beyond 10'8-3 eV. Interestingly,
the positions of the breaks found correlate with the positions of the ankle, instep, and suppression
identified in the UHECR energy spectrum [24, 25].

4.2 Interpretation using hadronic interaction models

For interpreting the measurement, the first and second Xp,x moments can be converted to the
moments of In(A) using hadronic interaction models [7]. We show the evolution with the energy of
the first two moments of In(A) for the interaction models EPOS-LHC, Sibyll2.3c, and QGSJetIl-04
in Fig. 4 for the SD data (black solid markers) and FD measurements (grey open markers) from
the same data-taking period [22]. We find a remarkable agreement between both measurements.
As expected, a very similar trend towards a heavier composition can be observed; also, the breaks
identified in the evolution of (Xn.x) are naturally reflected in the (In(A)) inferences.

When examining the fluctuations in In(A) (lower plot in Fig. 4), a pure composition can be
identified over the whole energy range. Whereas inferences with EPOS-LHC and Sibyll2.3c are still
in the physically allowed ranges of o~ (In(A)), the negative fluctuation estimates with QGSJetII-04
disfavor the hadronic interaction model.



Mass Composition from 3 EeV to 100 EeV measured using the Surface Detector Jonas Glombitza

5. Summary

In this work, we have reported the application of a novel, deep-learning-based Xpax 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 10'8- 0%

eV up to 107" eV. Due to the large
exposure of the SD, the statistics in Xp,x 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 confirmed. At the highest energies, we find small fluctuations in o (Xpax), excluding a
considerable fraction of light nuclei in the UHECR composition. We additionally find evidence
(4.40) 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 UHECRSs and their mass composition.
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