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In this work, we present an estimate of the cosmic-ray mass composition from the distributions

of the depth of the shower maximum (𝑋max) measured by the ŕuorescence detector of the Pierre

Auger Observatory. We discuss the sensitivity of the mass composition measurements to the

uncertainties in the properties of the hadronic interactions, particularly in the predictions of the

particle interaction cross-sections. For this purpose, we adjust the fractions of cosmic-ray mass

groups to őt the data with 𝑋max distributions from air shower simulations. We modify the proton-

proton cross-sections at ultra-high energies, and the corresponding air shower simulations with

rescaled nucleus-air cross-sections are obtained via Glauber theory. We compare the energy-

dependent composition of ultra-high-energy cosmic rays obtained for the different extrapolations

of the proton-proton cross-sections from low-energy accelerator data.
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1. Introduction

Knowledge of the primary composition of cosmic rays is very important for understanding the

nature and origin of ultra-high-energy cosmic rays (UHECR). As cosmic rays propagate toward

Earth, they interact with nuclei in the atmosphere producing cascades of secondary particles, also

known as Extensive Air Showers (EAS). The atmospheric depth at which the particle shower reaches

its maximum, 𝑋max, is one of the most sensitive observables to estimate the mass composition of

UHECRs. By őtting the measured 𝑋max distributions with the model predictions derived from

air shower simulations, one can estimate the primary cosmic-ray mass composition at ultra-high

energies [1]. However, prediction of the development of hadronic interactions in the atmosphere is

difficult, and describing their properties above the LHC energies is a challenging task [2]. Since

direct measurements at ultra-high energies are not yet experimentally feasible, our understanding of

hadronic interactions in EAS relies on the extrapolations from accelerator data. The phenomeno-

logical hadronic interaction models, such as, for example, EPOS-LHC [3], QGSJETII-04 [4], and

Sibyll 2.3d [5] are broadly used for the simulations of the development of the cosmic-ray air showers

and provide a reasonably good overall description of hadronic showers. Yet, the interpretations of

air shower observables remain an open question as they are sensitive to the systematic uncertainties

in the modeling [6].

The Pierre Auger Observatory, located near Malargüe in Argentina, is the largest observatory

to measure the most energetic cosmic ray particles. The hybrid design of the Observatory provides

two independent and complementary approaches for the detection of cosmic rays. The Surface

Detector array consists of more than 1600 water-Cherenkov detectors and measures the cosmic

ray particles at the ground level. The ŕuorescence telescopes measure the development of the

longitudinal proőle of the electromagnetic cascade in the atmosphere.

In this work, we present an update on the estimation of the primary mass composition from

the maximum of the air shower development proőle as measured by the Fluorescence Detectors of

the Pierre Auger Observatory. We study and discuss the sensitivity of the obtained composition

fractions to the underlying proton-proton and, more broadly, nucleus-air interaction cross-sections.

2. Measurement of the cosmic-ray mass composition

To derive the cosmic-ray mass composition, we follow a standard approach and őt the 𝑋max

distributions with the model predictions obtained from the air shower simulations with the Conex [7]

program, and EPOS-LHC and Sibyll 2.3d hadronic interaction models. We omit the QGSJETII-04

interaction model since it does not describe the 𝑋max distributions well [8]. We use a binned

maximum likelihood őt, and the goodness of the őt is characterized by the p-value, calculated as a

probability of getting a worse őt with the predicted 𝑋max distributions than with the actual data. The

𝑋max resolution and acceptance were simulated according to their parameterizations provided in the

detailed study on the 𝑋max distributions in [9] and updated for the most recent data in [10]. The őt

was performed using the Markov Chain Monte Carlo (MCMC) inference approach [11], which has

several advantages compared to the frequentist inference. Firstly, MCMC can be applied to global

optimization problems, and it will not get stuck in a local minimum (at least theoretically, if the

number of samples is inőnite and/or the sampling steps are set appropriately). More importantly, it
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