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The number of muons produced in extensive air showers is a reliable proxy for the amount of

hadron production that occurs during the shower development. It is, therefore, an important

observable in the context of identifying the mass composition of ultrahigh-energy cosmic rays.

Beyond LHC energies, however, hadronic multiparticle production as it occurs in air showers

from ultrahigh-energy cosmic rays, is poorly understood, and currently there is little to no way to

directly test it experimentally. In simulations, current models of hadronic interactions are unable

to produce the average number of muons that is measured by multiple air-shower experiments.

In this work, we estimate the number of muons in vertical hybrid events detected by both the

ŕuorescence and surface detectors of the Pierre Auger Observatory above a primary energy of

3 EeV. To reconstruct the signal, we use a model of the water-Cherenkov detector responses that

is based on air-shower universality. We take into account the effect of the longitudinal shower

development on the lateral distribution of the signal at the ground, as well as the primary energy

estimated from the calorimetric energy deposition of the air shower. In this way, we are able to

estimate the amount of muons created in vertical showers, relative to expectations from simulated

showers using modern hadronic interaction models.
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1. Introduction

The mass composition of cosmic rays evolves as a function of the primary energy, reŕecting

the different processes that create and accelerate particles in our galaxy and beyond. At the highest

energies, the composition, as well as the origin of cosmic rays, are considered big open questions in

modern physics. They are being investigated using giant detector arrays and ŕuorescence telescopes

observing extensive air showers produced by cosmic rays [1].

The number of muons produced in extensive air showers is an important observable to study in

the context of the mass composition of ultrahigh-energy cosmic rays, since it is directly related to

the hadron production occurring in the shower. Previous studies at different experiments, however,

failed to measure the same absolute scale of the number of muons produced in air showers over

a wide range in primary energies [2]. Moreover, the number of muons produced in simulated

air showers using various post-LHC models of hadronic interactions disagree with measured data

and each other. It is therefore not straightforward to interpret the mass composition based on the

absolute number of muons observed in data. Nevertheless, we can do so based on the assumption

that the amount of hadron multiparticle production, which is the dominant source of muons in air

showers, is increased in air showers induced by heavier nuclei over protons or neutral particles.

Directly detecting the muons from air showers is possible using underground muon detectors

(see, for instance [3]) or analysing the data from horizontal air-shower events [4], in which the

electromagnetic component has been almost completely attenuated by the atmosphere. However,

estimating the number of muons from the information collected by the surface detector (SD) events

only is ambitious because the lateral distribution of particles at the ground does not trivially allow

for the independent reconstruction of the relative number of muons 𝑅µ, the primary energy 𝐸0, and

the stage of development of the shower, described by the depth of the shower maximum, 𝑋max. In

this work, we use the combined information of the hybrid detector employed by the Pierre Auger

Observatory (in short Auger) [5] to reconstruct 𝑅µ for vertical (zenith angle below 60◦) events at

high energies.

2. Method

The primary energy of cosmic rays detected by their air-shower signal in surface detector

arrays is commonly estimated using the constant intensity cut (CIC) method [6]. In this way,

shower ŕuctuations in terms of the depth of the shower maximum and the number of muons

produced are not taken into account on event-by-event level [7]. However, ŕuorescence detector

(FD) data of Auger provide a precise measurement of the individual shower development as well

as an estimation of the primary energy from the calorimetric energy deposit of the air shower, that

is independent from SD data. We employ a model [8] of the responses of the water-Cherenkov

detectors in the Auger SD, which is parametrized using simulated air-shower events, to describe the

SD data while using the FD estimation of the primary energy and the depth of the shower maximum

as a input parameters. The dependence of the size of the shower footprint on the primary energy as

well as the effect of the depth of the shower maximum on the lateral distribution of particles is thus

taken into account. The number of muons is then the only free parameter to be őxed in a likelihood

őt to describe the SD signal at the ground. Furthermore, we correct for the composition bias that is
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4. Summary and Conclusion

In this work, we present a method to estimate the number of muons in Auger hybrid events

based on a combination of ŕuorescence and surface detector data above 3 EeV. When interpreting

the surface detector data, the estimated primary energy as well as the depth of the shower maximum

from the ŕuorescence detector data are taken into account. We present the number of muons as a

function of the primary energy and conőrm the result of previous analyses, indicating a signiőcantly

larger number of muons being produced in air showers than in simulations. The average number

of muons is increasing with the primary energy, implying an increasingly heavier composition of

cosmic rays. While the energy scale was identiőed as the main source of systematic uncertainties,

a consistent interpretation of the mass composition using the number of muons and the depth of

the shower maximum is not possible within experimental uncertainties. Furthermore, we present

the correlation of the depth of the shower maximum and the number of muons as measured from

individual events. We observe a strong anti-correlation around the ankle region, which is expected

only from a mixed composition.
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