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We present a novel approach for assessing the muon content of air showers with large zenith angles on a
combined analysis of their radio emission and particle footprint. We use the radiation energy reconstructed
by the Auger engineering radio array (AERA) as an energy estimator and determine the muon number
independently with the water-Cherenkov detector array of the Pierre Auger Observatory, deployed on a
1500 m grid. We focus our analysis on air showers with primary energy above 4 EeV to ensure full
detection efficiency. Over approximately ten years of accumulated data, we identify a set of 40 high-quality
events that are used in the analysis. The estimated muon contents in data are compatible with those for iron
primaries as predicted by current-generation hadronic interaction models. This result can be interpreted as a
deficit of muons in simulations as a lighter mass composition has been established from X,
measurements. This muon deficit was already observed in previous analyses of the Auger Collaboration
and is confirmed using hybrid events that include radio measurements for the first time.

DOI: 10.1103/2q9f-pbrp

I. INTRODUCTION

Ultra-high-energy cosmic rays can only be observed
indirectly through extensive air showers initiated in the
Earth’s atmosphere. Their mass composition can be
inferred from certain shower observables, such as the depth
of the shower maximum, X ,,, and the “muon number,”
N, defined as the number of muons in the air shower
detected at ground level. The muon number increases
nearly linearly with the cosmic-ray energy, E, and with
the mass number of the cosmic ray, A, i.e., N, = FPA'™F
where f#~0.9. The interpretation of the measured muon
number in data relies on the comparison with predictions
made by full Monte Carlo air-shower simulations based on
hadronic interaction models. Previous studies conducted at
the Pierre Auger Observatory have consistently observed
more muons in data than predicted by current hadronic
interaction models [1-3], while other experiments, such as
Yakutsk, do not report a significant discrepancy [4]. A
broader overview of results from nine air-shower experi-
ments is given in Ref [5], highlighting the need for further
investigation and novel approaches. Possible reasons for
this “muon puzzle” and its connection to the Large Hadron
Collider [6] remain an active area of research [7]. Recent
work using the EPOS.LHC-R hadronic interaction model
indicates an increase in the predicted muon number, which
reduces the discrepancy with observations [8].

The Pierre Auger Observatory is the world’s largest
observatory for the detection of cosmic rays, covering an
area of 3000 km? located in the province of Mendoza,
Argentina. Its hybrid design enables the study of air
showers over a wide energy range, from 10!” eV to beyond

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

10%° eV, using complementary detection techniques. The
baseline detector systems (Auger Phase I) include the
surface detector (SD) [9], an array of water-Cherenkov
detectors arranged in triangular grids with three different
spacings: 1500 m (SD-1500), 750 m (SD-750), and 433 m
(SD-433), and the fluorescence detector (FD) [10] over-
looking the SD array from four sites. These are comple-
mented by dedicated enhancements targeting specific
shower components such as the Underground Muon
Detector (UMD) [11] and the Auger engineering radio
array (AERA) [12]. As part of the AugerPrime upgrade
[13], the SD has recently been enhanced with new detector
components, including the surface scintillator detector [14]
and the radio detector [15]. Furthermore, the SD station
electronics have been upgraded.

The Pierre Auger Observatory has already measured the
muon content in different energy ranges using data from the
SD-1500 array combined with the FD [1,2], as well as from
the SD-750 array and the UMD [3]. The potential of
combining radio and muon measurements was demon-
strated in simulations [16]. In this study, we present a novel
measurement of the muon content for inclined air showers
using hybrid events recorded by the SD-1500 array and
AERA in coincidence.

AERA consists of 153 radio detector stations distributed
over an area of 17 km? and is located in the northwestern
part of the SD. It was deployed in three phases, gradually
increasing its coverage and station spacing. The first 24
stations (AERA phase I) were installed in 2011 on a 144m
triangular grid, covering 0.4 km?. In 2013, an additional
100 stations (AERA phase II) were deployed with a larger
spacing of 250m to 375m, expanding the array to 6 km?.
Finally, in 2015, the last 29 stations (AERA phase III) were
added with a spacing of up to 750m, completing the current
layout. A map of the individual deployment phases of
AERA is presented in Fig. 1. Due to its small instrumented
area, phase I is not suitable for reconstructing inclined air
showers, so this analysis uses the data starting with phase

123042-4
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FIG. 1. Schematic map of AERA. The orientations of the
triangles indicate the three deployment phases, empty triangles
represent stations that cannot receive an external trigger and are
not used in this analysis. Only the water-Cherenkov stations with
a grid spacing of 1500 m are shown.

II. Only radio detector stations that can provide data upon
an external trigger are used, amounting to 76 stations for
phase II and 105 stations for phase III.

For inclined air showers with zenith angles greater than
60°, the electromagnetic component of the air shower is
largely absorbed in the atmosphere and predominantly
muons are detected by particle detectors on the ground.
The radio emission, arising from the electromagnetic
component of the air shower, is well understood and
unaffected by atmospheric absorption or scattering, making
it a robust tool for energy estimation [17,18]. This radio
emission originates from two distinct mechanisms: the
geomagnetic effect, which results from the deflection of
electrons and positrons in the Earth’s magnetic field, and
the charge-excess effect, caused by a net negative charge
buildup in the shower front [19]. Using a radio detector
instead of the FD for the energy estimation has the benefit
of a duty cycle of almost 100% whereas the FD has an
uptime of only ~15%. Furthermore, the geometric phase
space for high-quality events reconstructed with the FD is
small for inclined showers, as a large fraction of air showers
have their X, outside of the field of view of the
telescopes. Such a selection is not needed with a radio
detector, hence one can collect data more efficiently.

Currently, the analysis is constrained by low statistics
due to the small area of AERA and the high energy
threshold of 4 EeV required for the SD-1500 to operate
at full efficiency. Therefore, this study serves as a proof of
concept, demonstrating the feasibility of the proposed
measurement technique. Consequently, we focus on the
estimators for muon content and energy without converting
them into high-level physical quantities of the air showers.
This will be addressed in the long term by a higher-statistics
analysis combining the AugerPrime Radio Detector and the
SD as well as AERA with the SD stations deployed on the
750m grid at energies below 4 EeV.

II. RECONSTRUCTION METHODS FOR
INCLINED AIR SHOWERS

For the SD reconstruction, we use the well-established
method for inclined showers described in Ref. [20], which
is fully efficient for primary energies above 4 EeV. Inclined
showers are characterized by elongated, asymmetrical
footprints on the ground due to the long path the particles
take through the atmosphere, causing significant geomag-
netic deflections and extensive lateral spread. To good
approximation, the shape of the muon distribution on the
ground is found to be independent of the primary particle
type, energy, and hadronic interaction model used in
simulations. Differences manifest primarily in an overall
normalization of the muon distribution. Therefore, two-
dimensional reference maps of the lateral muon distribution
on the ground, p, 9(7;6,¢), are generated using 1800
proton showers simulated at an energy of 10'° eV and with
QGSlJet I1-03 [21] as the hadronic interaction model. Here,
7 denotes the position on the ground relative to the shower
core, while € and ¢ are the zenith and azimuth angles of the
primary particle, respectively.

The measured SD signals are corrected for the deposited
energy by the residual electromagnetic component to
obtain the muon density, pM(?’; 0,¢,E), at each station.
In the reconstruction, the reference maps are rescaled to
match the measured signals of the SD stations, i.e.,

Pu(7:0,¢.E) = Nigp,, 19(7; 6, ). (1)

The rescaling factor, N9, serves as a relative measure
of the muon content compared to the reference model.
Using hybrid events reconstructed by both the FD and SD,
N9 correlates with the energy determined by the FD.
Although it has some composition sensitivity, the
data-driven calibration corrects the composition bias on
average and thus provides an energy estimator for the
cosmic ray [1].

For the radio signal, the signal distribution on the ground
is described with a model specifically made for inclined air
showers with zenith angles above 65° [22]. It was initially
developed for the AugerPrime Radio Detector such that the
application to AERA data requires validation. The model
analytically computes the dominant geomagnetic radio
emission based on the reconstructed shower geometry
and the measured signal polarization. In this work, we
use the shower direction reconstructed from the SD for this
calculation. By effectively removing the asymmetry intro-
duced by the charge-excess component, the remaining
distribution of the geomagnetic radio emission can be
described with a rotationally symmetric lateral distribution
function (LDF). The LDF is modeled as the sum of a
sigmoid function and a Gaussian-like function with a
varying exponent outside the Cherenkov ring, capturing
the transition between the dense radio signal near the
Cherenkov radius and the more extended emission at
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larger distances. We will later use the position of the
Gaussian-like function as an estimator for the Cherenkov
radius. Integrating the LDF over the whole footprint yields
the total radiation energy. After applying corrections for air
density and geomagnetic angle, we obtain the “corrected
radiation energy,” S.q, which is directly related to the
energy of the electromagnetic particle cascade, FEgy
V/Spa [23].

An example event with a zenith angle of ~78°, arriving
from ~23° north of west, is shown in Fig. 2, illustrating
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FIG. 2. Lateral signal distributions for an inclined air shower
detected by the SD (top) and AERA (bottom). In the top panel,
the solid line represents the expected signal strength predicted by
the reference map, averaged over all polar angles in the shower
plane. The blue band indicates the variation of the expected signal
within the plane. The bottom panel shows the signal distribution
of the geomagnetic radio emission together with the fitted LDF,
composed of a Gaussian-like component (dashed line) and a
sigmoid component (dotted line). The Cherenkov radius is
determined as 531 m.

both reconstruction methods. The SD event consists of 12
signal stations and is reconstructed with an energy of
5(1) EeV. In AERA, 59 stations recorded a signal well above
the noise level, i.e., with a signal-to-noise ratio above 10,
where the signal is defined as the square of the maximum of
the Hilbert envelope of the electric field, and the noise as the
square of the rms in a noise window. The upper panel of the
figure displays the lateral distribution of signals in the SD,
with the shaded band representing the predicted signal
strength range for different positions in the shower plane,
based on the corresponding reference map. The lower panel
shows the distribution of the geomagnetic part of the
radio signal, including the final fit of the lateral signal
distribution model along with its individual component
functions.

For the present work, data are presented as a function of
Ny and S,4, while events are selected in -electro-
magnetic energy according to the conversion described
in Ref. [22].

ITI. VALIDATION OF THE RADIO LDF MODEL

As the radio LDF model for inclined showers is applied
to AERA data for the first time, we test its performance
using a dedicated set of simulations covering the full phase
space of possible event detections. The geometry and
energy are sampled randomly following a uniform distri-
bution in logarithmic energy and sin? €. Showers were
generated with energies between 2 EeV and 40 EeV and
zenith angles between 58° and 82°. The core positions were
randomized such that a sufficient number of antennas is
expected to be within a maximum of three Cherenkov radii
(which range from approximately 200m in the shower
plane at 60° to over 700 m at 80° zenith angle). This
selection allows the shower core to be located outside the
instrumented area of AERA. We simulate more than 1000
air showers with COREAS [24] using QGSJet I1-04 [25] as
hadronic interaction model and proton and iron nuclei as
primary particles.

The simulations are reconstructed including a realistic
detector simulation and the addition of measured environ-
mental noise from randomly selected timestamps. As the
analysis is performed solely on estimator level we use the
energy calibration of Ref. [22] to convert the Monte Carlo-
true energy of the electromagnetic cascade to its correspond-
ing corrected radiation energy for the validation of the
LDF model.

We now apply a high-quality event selection. The SD
reconstruction is used as an input for the radio one,
therefore, we require at least five triggered stations in
the SD array and we further require that all the six stations
surrounding the station closest to the impact point of
the shower on the ground are operational at the time of
the event. This selection yields a bias-free energy
reconstruction estimated from the number of muons for
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FIG. 3. Histogram showing the reconstruction accuracy of the

corrected radiation energy for the subset of high-quality simu-
lated events. The inset visualizes mean and standard deviation for
different primaries.

events with a primary energy above the full efficiency
threshold of 4 EeV [20].

To ensure high-quality fits of the radio LDF, several
selection criteria are applied. Events must have signals in at
least five stations, with at least one of them located within
the Cherenkov ring (cf. Fig. 2, bottom). Additionally, we
require the LDF fit to yield a reduced y? below 5. As radio
detection provides direct access to the electromagnetic
energy, not the primary energy, we require that Egy; is
above 4 EeV. This threshold guarantees that the primary
energy exceeds the full efficiency threshold for the SD
reconstruction.

It is known that the fitting procedure tends to under-
estimate the uncertainty of the reconstructed energy [26].
To account for this, we increase the uncertainty of the
reconstructed S,q4 by 10% in quadrature, ensuring that the
pull distribution, i.e., the number of standard deviations by
which the observed values deviate from the expected
values, more closely resembles a normal distribution.
Occasionally, the reconstruction also predicts very large
uncertainties. Thus, we only select events with a relative
uncertainty on the reconstructed +/S,,q below 20%.

The resulting reconstruction performance for the energy
estimator is shown in Fig. 3. We observe a mean under-
estimation of 3% for protons and 1% for iron primaries.
Thus, the primary-dependent bias is considered negligible.
The remaining bias is likely attributed to signal processing,
such as the removal of radio frequency interference. Since
this bias is small, it will not be further investigated here. For
simplicity, we take this residual bias as 2%, corresponding
to the average of the observed biases for protons and iron
nuclei, and account for it as a systematic uncertainty. The
spread of 11% in S,,4 observed for both primaries translates
into an energy resolution of 5.5%. No significant depend-
ence on the zenith angle is observed.

IV. MUON CONTENT IN INCLINED AIR
SHOWERS

In this analysis, we examine the AERA data recorded
between June 26, 2013 (start of AERA phase II) until
August 10, 2023, the last event reconstructed with the
Auger Phase I SD. We first characterize the phase space for
hybrid SD-AERA event detection by requiring only a
minimal selection for the reconstructed events. A success-
ful geometry reconstruction by both the SD and AERA is
required, and the zenith angle reconstructed by the SD must
be between 65° and 80°. This zenith range is chosen
because the LDF model of the radio emission is only
applicable for zenith angles above 65° it also ensures that
the SD signal is predominantly due to muons. For very
inclined showers above 80°, the performance of the SD
reconstruction deteriorates. Additionally, events must not
be recorded during thunderstorm conditions as identified
by the electric field mills or periods where no reliable
electric-field-mill data are available [27]. This selection
results in 2103 candidate events.

The radio directional reconstruction is performed using a
spherical wavefront fit to the arrival time of the radio pulse
at the signal stations [27] since the shower develops far
away from the observer positions on the ground. The fit
reconstructs a “hypothetical” point source from which the
radio signal appears to originate, which is then combined
with the shower core as determined by the SD to obtain the
shower axis. In general, the reconstructed directions from
AERA and the SD agree well. For 89.5% of events, the
opening angle, defined as the angle between the recon-
structed shower directions from the SD and AERA is less
than 2°, only 6.1% of events have an opening angle larger
than 5°. These larger discrepancies mainly occur in events
with only a few radio signal stations. Upon closer exami-
nation, these outliers often arise from radio events where
strong noise pulses are mistakenly identified as air-shower
signals, or where the radio footprint lies mostly outside the
array, resulting in only weak signals at stations near its
edge. In the following steps of the analysis, the shower
direction reconstructed from the SD is used.

As expected, more events are observed coming from the
south than from the north, where the larger angle to Earth’s
magnetic field results in stronger geomagnetic radio emis-
sion. More events are detected at larger inclinations as the
size of the radio footprint increases with zenith angle [28].
This allows the reconstruction of events whose shower
cores fall outside the instrumented area of AERA. The
spatial distribution of shower core positions, as recon-
structed by the SD, is shown in Fig. 4. To determine the
density of these reconstructed positions, a kernel density
estimation is applied using a normal distribution as the
kernel and a spread derived from Scott’s rule [29]. While
most events have their shower core within or close to
AERA, very inclined showers can still be reconstructed
when their impact points fall well outside.
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FIG. 4. Distributions of the impact points of the 2103 candidate
air showers determined with the SD, shown as square markers.
The color indicates the density as determined by a KDE, with low
densities shown in dark purple and high densities in bright
yellow. Circles mark the positions of the SD stations, and
triangles indicate the locations of the AERA stations.

We apply the high-quality event selection from the
previous section to the measured events. This selection
yields 40 high-quality hybrid events with energies recon-
structed by the SD between 3.4(7) EeV and 12.6(12) EeV.
The number of events remaining after each cut is detailed in
Table 1. The most restrictive cut is the minimum Egy
threshold of 4 EeV as reconstructed by AERA, which
corresponds to the threshold for full efficiency of the SD for
inclined events. Given the high energy of the selected

TABLE I. Number of events after each cut starting with 4067
reconstructed events. The first group of cuts corresponds to the
basic selection step to describe the overall dataset, followed by
the high-quality selection criteria for the SD and AERA
reconstruction, respectively.

events, the large footprint of the radio emission on ground
for inclined showers, and the dense layout of AERA, the
hybrid detection with SD and AERA is also expected to be
fully efficient.

An intensive study of systematic and event-dependent
uncertainties for AERA has already been performed in
Ref. [18]. The event-by-event uncertainties are dominated
by the temperature dependence of the electronic signal
chain and the uncertainty of the directional-dependent
antenna response pattern. They manifest as an additional
scatter in the measured data, hence, the uncertainty of the
S.aq reconstruction is increased by 12.8%. Techniques to
mitigate these effects, e.g., a relative antenna calibration
using a drone-mounted reference antenna [30], are cur-
rently under development. The dominating uncertainties on
the absolute scale are given by those on the absolute scale
of the antenna response pattern (25% for S.4) and the
electronic signal chain (12% for S,,4). In addition, we take
the remaining bias of the reconstruction, cf. Sec. III, into
account as a systematic uncertainty of 2%. In total, this
results in a systematic uncertainty of 27.8% on the absolute
scale of the S,,q reconstruction. Note that this translates to
half of that value on Egy;. Additionally, this uncertainty can
be significantly reduced in future analyses utilizing the
continuously monitored sidereal modulation of the diffuse
Galactic radio emission [31]. The systematic uncertainty on
the SD reconstruction is quantified as 10%, obtained from
the uncertainty of the detector response [32]. An overview
of all event-by-event and absolute scale uncertainties is
given in Table II.

The measured muon content in data is presented in Fig. 5
as a function of +/S,4. The profile shows an expected
increase of the number of muons for increasing values of
\/Stads 1.€., with increasing energy. The profile using equal
logarithmic bins appears to flatten for events with

v/Saa/GeV < 1. However, we have checked that this is
not a systematic turn-off but rather a statistical fluctuation
due to the low number of events in this range.

TABLE II. Overview of systematic uncertainties categorized
into event-by-event and absolute scale uncertainties for N9 and
Sraq- Event-by-event uncertainties are only reported for S;,q and
added in quadrature to the fit uncertainty.

Selection criterion Events remaining Source of uncertainty Value %
65° < Ogp < 80° 2360 Event-by-event uncertainties 12.8
No thunderstorm conditions 2103 Temperature dependence 8
Number of triggered SD stations > 5 1205 Angular dependen.ce.of antenna response 10
. . Absolute scale uncertainties

Full hexagon of active stations 974

Sraq total 27.8
Egy > 4 EeV 133 Antenna response pattern 25
Station within Cherenkov radius 61 Analog signal chain 12
Number of AERA signal stations > 5 51 LDF model 2
Reduced y? of LDF fit < 5 42 N9 total 10
Relative 1/S,,q uncertainty < 0.2 40 Detector response 10
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FIG.5. Measured muon content estimator, N g, as a function of

the energy estimator, \/S,q. For each measured event, the
reconstructed estimators and their uncertainties are shown by
the gray data points. The black profile denotes the average for
each energy bin, the y uncertainty is given by the uncertainty of
the mean.

For an interpretation of the measured muon content, we
compute predictions of the muon content from simulations.
We utilize over 100 000 inclined air showers simulated with
CORSIKA [33] using QGSJet 11-04, EPOS-LHC [34], and
Sibyll 2.3d [35] as high-energy hadronic interaction mod-
els. The simulations use protons and iron nuclei as
primaries with energies between 10'84 eV and 106 eV.
The electromagnetic energy of each air shower is calculated
as the sum of the energy deposited by all electromagnetic
particles, which is then converted to the corresponding S,,4
based on Ref. [22]. Each simulated air shower is recon-
structed using the standard Auger analysis framework
[36,37] to obtain N,y. Finally, we fit N9 as a function
of \/S,q using a power-law function, i.e., Njg = a/Spq’.
The resulting fit parameters are listed in Table III.

TABLE III.  Fit parameters of the relation Ny = a+/S,q" for
different hadronic interaction models and primary particles.
Model Primary a b
SIBYLL 2.3d Proton 0.7108 0.9169
Iron 0.9987 0.9225
EPOS-LHC Proton 0.6926 0.9293
Iron 0.9722 0.9266
QGSJetll-04 Proton 0.6605 0.9435
Iron 0.9587 0.9203

! QGSJETII-04
------------- Sibyll 2.3d
. L + o —— EPOS-LHC
Q0
=
£1.0
w
=
= 0.8
0.6

0.7 1.0 14 2.0

v Srad/GeV

FIG. 6. Normalized muon content as a function of energy
estimator. The predictions for different hadronic interaction
models are denoted by the colored lines for protons and iron
primaries. Vertical error bars indicate the statistical uncertainty of
each data point, while square brackets indicate the systematic
uncertainty of the measurement as listed in Table II. The diagonal
offsets represent the correlated effect of systematic shifts in the
energy estimator.

The average muon content normalized by the energy
estimator is shown in Fig. 6. Dividing N9 by /Siq
compensates for the expected energy dependence of the
muon number (cf. Sec. I) and enables a better comparison
with model predictions. Note that Njg/+/S.q ~ 1 for iron
primaries is a coincidence, as S, = 1 GeV corresponds to
an energy below 10'° eV. It is compatible with the
prediction of hadronic interaction models for iron nuclei.
Without knowledge of the radio energy scale, i.e., how
\/S.aq relates to the primary energy as reconstructed by the
FD, a precise prediction of the expected muon content as a
function of /S, cannot be given. Although in principle
the mass composition can be derived from X,,,, measure-
ments of the Auger FD, the events we analyze here do not
have a FD counterpart. From other analyses in the energy
range of this work, the mean atomic mass number is found
to be between proton and nitrogen [38]. While the current
data match the prediction for an iron primary, a lighter
composition would also be compatible given the current
systematic uncertainties. The presented result, based on the
novel radio detection technique, is in broad agreement with
previous Auger analyses using different detector combi-
nations [1-3], in which a deficit of muons in simulations
was reported.

V. SUMMARY AND CONCLUSIONS

We presented a first estimate of the muon content of
inclined air showers using hybrid measurements combining
radio and particle detection. This serves as a proof of
concept for future analyses with hybrid radio and particle
events. We find a muon content in data that is compatible
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with the prediction of hadronic interaction models for iron-
induced air showers even though the composition is
expected to be between proton and nitrogen. Overall, this
result is in broad agreement with previous Auger analyses
using different detector combinations [1-3], which reported
a deficit of muons in simulations, and demonstrates the
potential of hybrid radio-particle measurements for study-
ing the muon content of air showers.

Currently, the analysis is limited by the low statistics of
40 high-quality events originating from the small area of
AERA and the high energy threshold of 4 EeV required for
the reconstruction with the 1500 m SD array. Even without
the high-quality selection for the radio events, this detector
combination would yield at most 133 events above the full-
efficiency threshold, cf. Table I, insufficient for high-impact
results. Instead, we plan to apply the same method to
different detector combinations in future publications. An
adaption of the inclined reconstruction technique used for
the 1500 m SD array is currently being developed for the
750 m array, which will considerably reduce the energy
threshold and, therefore, the collection of higher statistics at
energies below 4 EeV. This larger dataset will also enable
tests of potential systematic effects related to the orientation
of the shower axis with respect to the geomagnetic field,
which influences the shape of the lateral distribution
function and the mean muon energy. With the
AugerPrime Radio Detector recently completed, this analy-
sis can also be extended to the highest energies to allow for
in-depth tests of hadronic interaction models with large
statistics [15,39].
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