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At the highest energies, cosmic rays can be detected only indirectly by the extensive air showers

they create upon interaction with the Earth’s atmosphere. While high-statistics measurements

of the energy and arrival directions of cosmic rays can be performed with large surface detector

arrays like the Pierre Auger Observatory, the determination of the cosmic-ray mass on an event-

by-event basis is challenging. Meaningful physical observables in this regard include the depth

of maximum of air-shower proőles, which is related to the mean free path of the cosmic ray in

the atmosphere and the shower development, as well as the number of muons that rises with the

number of nucleons in a cosmic-ray particle.

In this contribution, we present an approach to determine both of these observables from combined

measurements of water-Cherenkov detectors and scintillation detectors, which are part of the

AugerPrime upgrade of the Observatory. To characterize the time-dependent signals of the two

detectors both separately as well as in correlation to each other, we apply deep learning techniques.

Transformer networks employing the attention mechanism are especially well-suited for this task.

We present the utilized network concepts and apply them to simulations to determine the precision

of the event-by-event mass reconstruction that can be achieved by the combined measurements of

the depth of shower maximum and the number of muons.
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1. Introduction

An event-by-event measurement of the masses of ultra-high-energy cosmic rays poses the

potential to enable new insights regarding their sources. Observables related to the cosmic-ray

mass include the atmospheric depth of shower maximum 𝑋max which relates to the mean free path

of the cosmic ray in the atmosphere and the shower development, as well as the number of muons

𝑅𝜇 that rises with the number of nucleons in the primary particle. At the Pierre Auger Observatory

[1], 𝑋max can be obtained with the Fluorescence Detector [2] which operates at moonless nights.

Recently, deep learning approaches have been utilized to reconstruct 𝑋max from measurements of

the Surface Detector array (SD) [3], providing signiőcantly increased statistics due to its duty cycle

of close to 100% [4, 5]. The same approach can be used to reconstruct 𝑅𝜇 [6]. Currently, the

Pierre Auger Observatory is undergoing an enhancement in form of the AugerPrime upgrade which

will further increase the mass sensitivity of the SD. In particular, equipping the water-Cherenkov

detectors (WCDs) of the SD with additional scintillators (SSDs) [7] will allow for a better separation

of electromagnetic and muonic shower components [8ś10].

In this contribution, we present an extension of the deep learning approach to reconstruct 𝑅𝜇

in addition to 𝑋max on an event-by-event basis with a single neural network. We show how a

Transformer-based deep neural network (DNN) can be applied to process the joint measurements

of WCD and SSD traces. The DNN is trained and evaluated using simulations to estimate the

improvement in mass sensitivity by the AugerPrime upgrade. Finally, introspection methods are

applied to assess the individual importance of the WCDs and SSDs for the predictions of the DNN.

2. The AugerPrime Surface Detector

As part of the AugerPrime upgrade [8ś10], each station of the SD is being equipped with

multiple new components that both enhance and complement the WCDs. While the dynamic range

of the WCDs is extended with the addition of a fourth photomultiplier (PMT) with a signiőcantly

smaller cathode surface, an additional radio antenna [11] and scintillation detector [7] provide new

capabilities in the measurement of air showers. SSD modules are mounted on top of the WCDs and

consist of two scintillator elements covering an area of 1.9 m2 each. With the SSD being especially

sensitive to the electromagnetic shower component and the WCD measuring both the muonic and

the electromagnetic components, a better separation between the two shower components can be

achieved by combining the two measurements [8ś10]. In addition, the Uniőed Board (UB) used

for readout of the detectors is replaced by the Upgraded Uniőed Board [12] (UUB), resulting in a

threefold increase of the readout frequency from 40 MHz to 120 MHz. In this work, the impact

of the UUB and SSD on the cosmic-ray mass sensitivity with a Transformer-based DNN will be

examined. The DNN is applied to the time traces recorded by the three large PMTs of the WCD

and the PMT of the SSD. For WCD measurements with UB, a three-dimensional time trace with

120 time steps of 25 ns is used per station. The tracelength increases to 360 time steps of 8.3 ns

when using the UUB.
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characteristic values each. The attention mechanism of the Performer is capable of processing long

sequences of 360 timesteps. In addition, it allows for an individual evaluation of the two trace types

(self-attention) as well as their correlation (cross-attention). The self-attention accounts for the

different working principles and sensitivities to different shower components of the two detectors

while the cross-attention acknowledges their complementary nature when describing the same air

shower. DNNs using only WCD traces are trained by performing two consecutive self-attentions.

Spatial Analysis of Shower Footprint For the spatial analysis, the output of the time trace analysis

is combined with the information regarding the arrival times and station states, resulting in a vector

of 50 values per station. A self-attention over all stations is performed using a Vision Transformer,

where the DNN can incorporate geometrical conditions through learnable Embeddings. Afterwards,

the total shower is reduced to 50 characteristic values by averaging over all stations.

Network Output Finally, two separate multi-layer-perceptrons transform the 50 values represent-

ing the whole air shower to the desired outputs of 𝑋max and 𝑅𝜇. The full DNN architecture is shown

in Fig. 1. During the training process, the simulated true values of 𝑋max and 𝑅𝜇 are used as targets

for the network prediction. In an iterative process, the network parameters are adjusted to reduce

the loss function, which is given by an element-wise mean squared error in both cases.

4. Performance on Simulations

The DNN is trained using more than 300, 000 simulated air showers with a mixed composition

of hydrogen, helium, oxygen and iron, generated with CORSIKA [17] utilizing the EPOS-LHC [18]

hadronic interaction model. The test set consists of around 56, 000 simulated showers not used for

the training process to allow for an unbiased evaluation of the performance. The energy spectrum

of the simulations follows 𝐸−1 with a range from 3 to 160 EeV (1EeV = 1018eV). The zenith angle

𝜃 ranges from 0◦ to 65◦ and is uniformly distributed in cos2(𝜃). In Fig. 2, the DNN reconstruction is

compared to Monte Carlo (MC) values, where 𝑋max is given as energy-corrected by the elongation

rate following 𝑋max − 56 · log10(𝐸/EeV) to better reŕect the mass sensitivity of the DNN. The

correlation of 𝑅𝜇,DNN with 𝑅𝜇,MC increases noticeably from 0.612(3) to 0.679(2) through the

inclusion of the UUB and SSD. The correlation of 𝑋max,DNN with 𝑋max,MC increases from 0.861(1)

to 0.873(1). Fig. 2 on the right compares the event-by-event resolution of the network using WCD

and SSD with UUB to the network using WCD with UB as a function of the energy reconstructed

by the SD. The 𝑅𝜇 proőts most notably from the inclusion of SSD and UUB, in particular at high

energies. 𝜎(𝑋max) is reduced to a lesser extent without a clear energy-dependence. It was found

that the improvements of both 𝑅𝜇 and 𝑋max rely mainly on the SSD, while the UUB provides only a

small gain in performance. The much more noticeable improvement of 𝑅𝜇 matches the expectation

that the combination of WCD and SSD is particularly well-suited to enable a better separation of the

electromagnetic and muonic shower components. By combining the two predictions of the DNN

into one observable 𝑌 , a powerful mass estimator can be obtained. 𝑌 is constructed by

𝑌 = 𝑅̂𝜇 − 0.5 · 𝑋̂max, (1)

where the hat denotes a normalization 𝑥 = [𝑥 − mean(𝑥)] /std(𝑥) that ensures that both 𝑅̂𝜇 and

𝑋̂max cover a similar numerical range. Typical values obtained from simulations are used for the
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the expectation that the two observables are anti-correlated. The different inŕuences of the rising

and falling edges also match the expectation of the rising edge being dominated by muons, while

late muon peaks are observed to have a strong positive impact on 𝑅𝜇.

6. Conclusion

The new components added to the surface detector stations of the Pierre Auger Observatory

as part of the AugerPrime upgrade necessitate novel approaches to effectively analyse the highly

complex measurements. A Transformer-based network is able to handle the increased trace length

by the UUB, and in addition provides an efficient way to analyse the joint measurement of WCD

and SSD. The network presented here processes the time traces on station-level using a Performer,

followed by a Vision Transformer that analyses the whole shower footprint on a hexagonal grid.

It was found on simulations that the additional measurements provided by the SSD improve both

the 𝑋max and 𝑅𝜇 reconstruction, with a particular strong beneőt for the 𝑅𝜇 reconstruction. By

combining both observables to obtain a single mass estimator 𝑌 , a reasonable mass separation

between proton and iron can be achieved, where the inclusion of the SSD strongly reduces the

misclassiőcation of iron. The performance gain by the SSD is particularly pronounced at lower

zenith angles and attribution methods show that the DNN bases its prediction on the SSD with

an importance of around 20%, while the importance of the WCD is found to be roughly 80%.

The inŕuence of individual parts of the time traces matches physics expectations, indicating the

capability of the Transformer-based network to process the joint measurement in a meaningful way.

In the future, developments like directly encoding arrival times in the time traces or using a large

standard Transformer instead of the Performer as more resources become available are expected to

further increase the performance.
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