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Based on solutions of the cascade equations, the air-shower universality is a framework that
for all air showers with the same energy, zenith angle, depth of shower maximum, and muon
number predicts the same longitudinal, lateral, and energy distributions of electromagnetic shower
particles. We employ a universality-based model of shower development that incorporates hadronic
particle components to reconstruct observables from extensive air showers produced by ultra-high-
energy cosmic rays. The model can estimate key parameters, such as the depth of the shower
maximum and the number of muons at the event level. We discuss the performance of the
reconstruction algorithm using both air-shower simulations, and preliminary results obtained
from the Phase I data of the Pierre Auger Observatory.
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1. Introduction

The origin and nature of ultrahigh-energy cosmic rays (UHECRs) is an open problem of
modern Astroparticle Physics. In the last decades, the Telescope Array [1] and the Pierre Auger
Observatory [2] were established to detect cosmic rays at the highest energies, up to 100 EeV and
beyond, and to resolve conflicting results of previous experiments. According to the recent results
of the Pierre Auger Observatory, the flux of cosmic rays at the highest energies is composed of
an extra-galactic component [3], which is of a mixed-mass composition [4, 5], and which shows
spectral features [6] such as a strong suppression of the flux beyond about 50 EeV, for which several
different possible explanations have been hypothesized.

Ground-based cosmic ray experiments rely on the detection of the air-shower phenomenon.
Air showers occur when very energetic particles enter the Earth’s atmosphere, which acts as a
calorimeter in which the energy of the primary cosmic ray is converted into cascades of secondary
particles that reach up to several kilometers in diameter and comprise approximately 109 particles
per EeV of the primary energy. They can be detected directly in clear moonless nights by observing
the fluorescence light produced by the excitation of nitrogen in the atmosphere, or indirectly by
recording the particles that reach the ground. Air-shower profiles, observed as fluorescence light,
yield valuable information about the primary cosmic rays. The total fluorescence light emitted is
a reliable proxy for the number of particles produced in the air shower, and thus for the energy of
the primary; and the development of the air-shower profile through the atmosphere, especially the
depth at which it appears the brightest (the shower maximum), yields information about the type
of the primary particle. Being restricted to nights with optimal atmospheric and light conditions,
however, the direct detection of shower profiles is only feasible∼15% of the time. Surface detectors,
which are operational up to 100% of the time, do not directly record the air-shower development
through the atmosphere, but measure the secondary shower particles that reach the ground in terms
of the total particle density as well as the arrival time of the particles. It has been demonstrated that
information about the depth of the shower maximum can be inferred empirically from the temporal
information of the particles reaching the ground [7]. In this way, information about the shower
development is accessible at the highest energies, where the flux of UHECRs is too low to collect
a sufficient number of events during the operational time of fluorescence detectors. In this work,
we present the depths of the shower maximum of UHECRs recorded by the surface detector of the
Pierre Auger Observatory at primary energies above 4 EeV, estimated using a novel method that
is based on the established idea of air-shower universality [8–10]. The method makes use of a
physically motivated model of the particle densities in air showers and can be extended to extract
also other air-shower observables.

2. The Pierre Auger Observatory

The Pierre Auger Observatory is the largest cosmic ray detector in the world. Up to this date it
has collected an unprecedented amount of data and exposure during its ∼20 years of operation. The
observatory is located on the plateau of the Argentinean Pampa Amarilla at an average altitude of
1400 m above sea level. It is equipped with a set of fluorescence detector (FD) telescopes as well as
with a 3000 km2 surface detector (SD) array [11, 12]. Its hybrid detector setup allows for an absolute
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calibration of the SD using the FD telescopes. The main SD array is comprised of ∼1600 water-
Cherenkov detectors (WCDs). The WCDs are each filled with 12 tons of purified water and collect
the Cherenkov light emitted by through-going air-shower particles using three photo-multipliers.
The signals are digitized and sampled in 25 ns time bins. The detectors are calibrated in terms of
VEM, which is the most probable signal of a vertical through-going atmospheric muon [13]. For
an overview of the detector operation see [2].

The surface detector is fully efficient to detect cosmic rays above a primary energy of
lg(𝐸0/eV) = 18.5 (i.e. 𝐸0 ≃ 3 EeV). Approximately 50 UHECRs are detected each day above
full efficiency and within a zenith angle1 of 𝜃 ≲ 60◦ [15], and approximately 25 UHECRs are
recorded each day with energies above 4 EeV.

3. Measurement of the Mass Composition of Cosmic Rays

The mass composition of UHECRs cannot be measured directly, but only through proxy
observables from air-shower measurements. The atmospheric depth 𝑋max at which the shower
reaches its maximum is directly linked to the nuclear mass of the primary cosmic ray [16]. On
average, lighter particles of a given energy produce deeper showers, while heavier cosmic rays have
shallower development. At the same time, the number of muons in air showers initiated by heavy
nuclei is enhanced compared to lighter primaries.

Both the number of muons and the depth of the shower maximum 𝑋max can be accurately
measured using the hybrid detector of the Pierre Auger Observatory [4, 17, 18]. Using surface-
detector data only, however, this is a challenging task. The surface detector alone has no direct
access to information about the air-shower profile, and thus the calorimetric energy deposit as
well as the shower development cannot be measured. The energy 𝐸0 of the primary particle and
𝑋max, however, can be estimated from the shower footprint on the ground and from the temporal
distribution of the particles in the detectors, respectively [7, 15, 19]. The number of muons, as
well, can be estimated from the footprint of the shower at the ground, but, depending on how the
total energy estimate is obtained, can be significantly biased with respect to the expectations for
different primary particles. An unbiased estimate of the muon number can easily be attained from
the shower footprint if an independent energy estimate such as from the FD is utilized.

4. The Universality Shower Model

The model of particle densities used in this work is based on air-shower universality [8–10, 20]
according to which the expected distribution of particles at the ground can be accurately described
as a function of the primary energy 𝐸0 of the UHECR, the depth 𝑋max of the shower maximum,
the relative number of muons 𝑅μ, and the event geometry. The model is parametrized using
detector-response simulations of the surface detectors of the Pierre Auger Observatory, produced
with the Offline software framework using Corsika showers generated with the Epos-LHC model
of hadronic interactions [21–23].

1The Pierre Auger SD is capable of also detecting cosmic rays with arrival directions with 60◦ < 𝜃 < 80◦, however,
due to larger asymmetries arising from the geomagnetic field a special reconstruction technique is applied for such
inclined events [14].
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Preliminary

Figure 1: Left: The relative muon number as a function of the primary energy measured by the fluorescence
detector. The expectations from different hadronic interaction models and primary particles are given as
blue and red reference lines. Expectations according to the 𝑋max measurements of the showers are shown in
orange. The systematic uncertainties of the estimated number of muons are shown as black brackets around
the data points. Right: Event-by-event correlation of the depth of the shower maximum and the relative
muon number, see Ref. [18] for details.

In the model, the particle content of the shower is divided into different subspecies (compo-
nents), which are treated separately. In this way, even showers with a large hadronic contribution
to the particle content can be described universally. Both the expected lateral and longitudinal de-
velopment of the shower are parametrized for all particle components as a function of the primary
energy, the depth of the shower maximum, and the relative number of muons created in the cascade;
additionally, the temporal distribution of the particles at the ground level is parametrized for each
component as a function of the depth of the shower maximum and the event geometry. See Ref. [20]
for a detailed description of the model itself and the reconstruction mechanism.

5. Golden Hybrid Data: Number of Muons

The number of muons is a quantitative proxy for the hadronic particle production in the shower
development and is therefore related to the atomic mass of the initial primary cosmic ray. For
different primary particles, the number of muons produced per nucleus does not increase linearly
with the primary energy, but approximately ∝ 𝐴1−𝛽𝐸𝛽

0 , with 𝛽 ≃ 0.95 [24] and the atomic mass2

number 𝐴. Thus, more muons will be produced in air showers produced by heavy nuclei, as the
primary energy is distributed approximately evenly among the nucleons of the primary particle. To
accurately estimate the number of shower muons from detector data, an energy estimator that is
independent of the shower particle footprint can help to disentangle the apparent dependence of the
number of muons with the primary energy. Using the direct fluorescence detector measurements of
the shower profile to estimate the primary energy, one can therefore accurately estimate the number
of muons produced, given the expected shower footprint of the electromagnetic cascade is known.
Therefore the fluorescence detector energy estimate 𝐸FD

0 is used as an input for the model described

2For iron nuclei relative to proton nuclei we expect an increase of a factor of 𝑁Fe/𝑁p ≈ 561−𝛽 = 1.2 in muons
produced.
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in Section 4, and the number of muons can be subsequently inferred using a fit. This procedure and
the expected performance obtained from simulations are described in detail in Ref. [18].

The number of muons measured with the universality model are shown as a function of the
primary energy in Fig. 1 (left) alongside expectations from simulated air showers using the Epos-
LHC and QGSJetII-04 [25] models of hadronic interaction. Note that the data selection for the
number of muons shown in Fig. 1 is limited to Golden Hybrid events where both the fluorescence
and surface detector systems were detecting events at the same time; for these events, however,
the correlation of the two independent mass-sensitive reconstructed observables yields interesting
insights into the broadness of the cosmic-ray beam, see Fig. 1 (right) and Ref. [18]. The logarithm
of the muon number is expected to increase linearly with the logarithmic atomic mass number of
the primary cosmic ray. The expectations for the number of muons from the measurements of the
average 𝑋max are substantially lower than the data. This tension is known as the muon deficit or
muon puzzle, which is present in the data of the Pierre Auger Observatory and other air-shower
experiments [17, 26].

6. Surface Detector Data: Depth of the Shower Maximum

The detector time traces (time dependent signals of the water-Cherenkov detectors) are directly
related to the shower development. This empirically confirmed connection was used already previ-
ously to infer mass-composition information [7], and to estimate the muon production depth [27]
using the surface detector data of the Pierre Auger Observatory. For the universality model the de-
tector time traces are parametrized analytically as a function of the shower development, using time
quantiles and the arrival time of the shower plane front passing through the detector as a reference.
The time quantile 𝑡40, at which 40% of the (total) signal has been deposited in a detector station,
was found to be directly dependent on the distance of the detector to the shower maximum [20].
Using a quasi-spherical shower model, 𝑡40 is expressed as a function of the shower geometry for
each detector station; for details, again see Ref. [20].

Using this model, we fit the time-dependent surface detector data of the Pierre Auger Obser-
vatory to estimate the depth of the shower maximum, 𝑋max. For this purpose the traces are first
normalized (i.e. treated as a PDF) to reduce the effect of both the number of muons and the primary
energy on signal size to influence the 𝑋max fit. We thus do not expect the results to be artificially
correlated with any other observables. Stations that are far away from the shower axis (≥1800 m)
are removed from the fit, since their traces carry little to no information about the depth of the
shower maximum, and the model fails to accurately describe the shower data at distances beyond
≃2000 m. The performance of this indirect reconstruction method to estimate 𝑋max was tested both
using simulations and Golden Hybrid data. For the latter, the surface detector data was analyzed
independently of the fluorescence detector information and the estimated values of 𝑋max were com-
pared for each event. Fig. 2 shows the event-level validation of the method for both simulations and
data using directly and indirectly obtained values of 𝑋max. Since the data in Fig. 2 span more than
one order of magnitude in energy, a constant elongation rate was removed from the data3 to obtain
the 𝑋19

max reference values. Although the performance of the universality reconstruction is not on

3𝑋19
max = 𝑋max − 𝐷 lg(𝐸0/1019 eV) using a constant decadal elongation rate, 𝐷 ≃ 56 g/cm2.
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Figure 2: Left: True and reconstructed values of 𝑋max for simulated showers above a primary energy of
3 EeV. The number of data points as well as overall mean and width of the residuals Δ𝑋 rec

max are given
alongside the Pearson correlation coefficient in the upper left corner. Dot colors correspond to proton,
helium, oxygen, and iron. Right: Correlation of the estimated (univ) and directly measured (FD) values of
the depth of the shower maxima in the Golden Hybrid data set. The moments of the residual distribution as
well as the Pearson correlation and the number of events is given in the legend. See the text for details.

Preliminary Preliminary

Figure 3: Left: Mean 𝑋max as a function of the (SD reconstructed) energy with a broken-line fit. Right:
Fluctuations of 𝑋max given as the estimated standard deviation of the 𝑋max-distribution, 𝜎(𝑋max), as a
function of the primary energy. The black markers denote the mean (or standard-deviation) values from
the universality fit, orange markers show the results from direct FD measurements. Black caps stand for
the systematic uncertainties. Red and blue dashed and dotted lines indicate the expectation values from
simulations using the Epos-LHC and QGSJetII-04 models of hadronic interactions for showers from proton
and iron primary particles, respectively.

par with novel machine-learning methods [19, 28–30], we observe a significant correlation for the
two data sets. The universality model reconstruction is therefore confirmed to be able to estimate
the depth of the shower maximum from the detector time traces.

The 𝑋max as estimated by the universality-model fit applied to the surface detector data of
Phase I of the Pierre Auger Observatory are depicted in Fig. 3. The average 𝑋max as a function
of the primary energy is monotonically increasing. However, compared to expectations from
simulations, the corresponding mean mass ⟨ln 𝐴⟩ of ultrahigh-energy cosmic rays is increasing
with energy. Furthermore, the mean depth of the shower maximum at high energies evolves with
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the same elongation rate as expected from single types of primary particles, which implies a
somewhat constant mass composition above ≃30 EeV. Where they are available, the results of the
universality-model fit (after calibration of the mean) are in reasonable agreement with the data from
direct FD measurements in terms of the evolution with primary energy. The first three data points
in Fig. 3 (left) are not assigned bars to indicate the systematic uncertainties, because these energies
were omitted from the calibration fit, see Section 7.

The fluctuations of 𝑋max as a function of the primary energy were calculated by removing
the expected intrinsic precision, as estimated using Monte-Carlo simulations. Above 10 EeV, the
qualitative behavior of𝜎(𝑋max) as a function of the primary energy agrees well with the FD data and
with expectations from other methods [7, 19, 30]. At lower energies (𝐸0 ≲ 10 EeV), the universality
results consistently show larger fluctuations than expected. This could be due to discrepancies of
the performance of the method on data with respect to simulations, or possibly due to individual
outliers being over-represented. Nevertheless, the behavior of 𝜎(𝑋max) as a function of the primary
energy implies a heavier and more pure mass composition at the highest energies, and is compatible
with a proton-dominated (or helium-dominated) composition around ≃3 EeV, close to the ankle
region, for the QGSJetII-04 (or Epos-LHC) model.

Taking a closer look at the evolution of 𝑋max as a function of primary energy above 𝐸0 =

1018.8 eV ≃ 6 EeV, it is immediately clear that the elongation rate appears not to be constant. This
has already been studied in depth in Refs. [19, 30], where the elongation rate is best fit with a broken
line using two breaks. For comparison, a fit to the data shown in Fig. 3 using only one break yields
𝜒2/ndf ≃ 45.2/11 corresponding to 𝑝(𝜒2(ndf)) ≃ 3×10−6.

7. Systematic Uncertainties and Calibration

Since the results obtained when applying the universality model to data rely heavily on the
fluorescence detector either as a source of calibration or direct input, systematic uncertainties are
inherited as well. The systematic uncertainties displayed in Figs. 1 and 3 are mostly a direct result of
the ≃14% systematic uncertainty of the energy scale of fluorescence detectors and the uncertainty
of the 𝑋max calibration. The latter is necessary to correct for an overall difference of the mean 𝑋max

provided by raw results of the universality fit and direct measurements; a similar calibration was
performed in Refs. [7, 19, 31].

8. Discussion and Summary

The universality-based shower model, described in this work, is an attempt to describe the
generalized shower development and use it to reconstruct shower observables. Depending on the
input parameters, the model can be used to estimate the number of muons produced in the shower,
and/or the depth of the shower maximum on an event level. In general, the reconstructed number
of muons is more accurate if an independent energy estimator is used; when trying to reconstruct
𝑋max from the time-dependent signal traces, no event-level fluorescence detector data is required.

The results of the reconstructed shower observables can be used either to infer the details of
hadronic interactions in the shower development and maybe introduce new perspectives to mass-
composition analyses (see e.g. Ref. [32]), or to qualitatively identify and separate lighter or heavier
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events in the data of the Pierre Auger Observatory. Such separated data sets could be used, for
example, to reduce background when conducting arrival-direction analyses (see e.g. Ref. [33]).
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