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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
fluorescence 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.

38" International Cosmic Ray Conference (ICRC2023) '
26 July - 3 August, 2023 /% !BERrICsz 922hre3

Nagoya, Japan /

The Astroparticle Physics Conference

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:spokespersons@auger.org
https://pos.sissa.it/

Muons in golden hybrid events at Auger Maximilian Stadelmaier

1. Introduction

The mass composition of cosmic rays evolves as a function of the primary energy, reflecting
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 fluorescence 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 R, the primary energy E¢, and
the stage of development of the shower, described by the depth of the shower maximum, Xp,x. In
this work, we use the combined information of the hybrid detector employed by the Pierre Auger
Observatory (in short Auger) [5] to reconstruct R, 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 fluctuations 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, fluorescence 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 fixed in a likelihood
fit to describe the SD signal at the ground. Furthermore, we correct for the composition bias that is
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Figure 1: Model of the signal deposited in an Auger water-Cherenkov detector. The model is evaluated for
a shower with a primary energy of Eg = 10! €V and R,, = 1. The longitudinal development of the expected
signal (left) is evaluated at a distance of 500 m from the shower axis; the lateral distribution of the expected
signal (right) is evaluated for a shower with a zenith angle of § = 12° and Xjax = 700gcm™2 at = 7/2.
The signal is given in units of VEM [17].

present in the estimated number of muons when employing the primary energy estimate from the
measurement of the calorimetric energy deposit. In the following, the model of the expected SD
signals as well as the validation procedure using Corsika [9] Monte-Carlo (MC) simulations will
be described.

2.1 The model of SD signals

The expected responses of the water-Cherenkov detectors of the Auger SD are described by a
signal model that is motivated by air-shower universality [10—14]. We divide the particle content of
an air shower into four main components. These are the electromagnetic component, ey, containing
all electrons, positrons, as well as photons; the muonic component, 1, containing all muons and
antimuons; the muonic-electromagnetic component, ey (L), containing all electromagnetic particles
produced by muon decay; and the hadronic-electromagnetic component, ey (7t), which contains all
electromagnetic particles from hadron decays, as well as all hadrons themselves [13, 14]. Near
the ground level, the lateral and longitudinal development of each component, as well as the
dependence of the number of particles produced on the primary energy, can be approximately
disentangled. The expected signal deposited in a detector at the ground is parametrized using a
modified Gaisser-Hillas function [14], and the NKG function [15, 16], to describe the longitudinal
and lateral development of the shower, respectively. For each particle component, the dependence of
the shower size on the primary energy, the average longitudinal profile, as well as the average lateral
profile, is parametrized individually based on simulated detector responses of proton showers. In
this way, the average signal expected to be deposited in a detector from each particle component
can be accurately expressed as a function of the primary energy Ey, and the geometry of the event.
The parametrization of the model is described in detail in [8]. An example of the behavior of the
model evaluated as a function of the slanted atmospheric distance AX of a detector to the shower
maximum, and as a function of the distance r of a detector to the shower axis, is shown in Fig. 1.

According to the amount of hadron production occurring during the shower development, one
expects a larger contribution to the absolute signal from the hadronic components (w, ey (), ey(m)),
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Figure 2: Ratio of simulated and parametrized signals in water-Cherenkov detectors as a function of the
relative muon number R,, for each particle component. The legend shows the correlation coefficient o for
each data set, as well as the slope a of the dashed line fitted to the data.

while the shower size of the ey component is approximately constant!. To quantify the contribution
of the hadronic components, we introduce the relative muon number R,. It is defined as the number
of muons produced in the shower divided by the average number of muons produed in a respective
proton shower of the same energy, R, = N,/ (Nﬁ}. The model is parametrized using a library of
proton-induced showers simulated using the Eros-LHC model of hadronic interactions [18]. Thus,
for the average Epos-LHC proton shower we expect R, = 1, by definition. The detector simulation
used for the parametrization of the model is produced by the Offline software framework [19].
An example comparison of the parametrized and simulated component signals deposited in water-
Cherenkov detectors at a distance of 750m as a function of R, is shown in Fig. 2 for various
primary particles and hadronic interaction models. We find that the description of the SD signal of
the model scaled according to Ry, of the individual showers is accurate for all primary particles and
hadronic interaction models2. The total SD signal is well described by

Stot = Sey + Ry (Su + Sey(p) + Sey(m)) » ey

and second-order corrections for detector effects as well as for azimuthal asymmetry.

2.2 Validation and performance

The model of the shower footprint at the ground level uses the depth X,.x of the shower
maximum, the primary energy E¢, and the muon number R, either as input or as free parameters to
describe the signal measured by the SD. In this work, we will use Xpax and Eg as measured by the
fluorescence detector of Auger and leave only R, as a free parameter to fit the data. For this reason,
we investigate Golden Hybrid events, which can be individually reconstructed by both the surface

From the Heitler-Matthews model of air-showers, for a primary of nuclear mass A, on average, one expects
N = (EO - Al—/”Eff)) /€Y

particles being created in the ey component, where E S ) = (Eo/ EC“)B €l' is the average energy deposited in the p
component for A = 1; furthermore 8 ~ 0.95, €' ~ 20GeV, and ecey ~ 87MeV. It is straightforward to show that
6Ne(¢ ) /O A is negative but approximately O at high energies, Ey > 3 EeV. The spectra of electromagnetic particles are
approximately independent of the cosmic-ray mass [12].

2We examined simulations using photon, proton, and iron primaries, using the Epos-LHC [18], S1ByLL2.3c [20], and
QasieTII-04 [21] models of hadronic interactions.
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Figure 3: Correlation of reconstructed and MC values of In R, (left), as well as the precision and accuracy
of the reconstructed In R, as a function of the primary energy (middle) and zenith angle (right). The colors
for the individual primary particles are indicated in the left panel; black markers indicate the average over all
four primary particles.

Table 1: Individual contributions to the systematic uncertainty of the reconstructed number of muons.

P | Xom Xeore  calib. A Ey, ! )2

Tws(p) | 10gem™  23m 2% 0-56 14% |
Oos(RY) | 1% —2% 1% —3% 3% 1% —5% 7% —15% | 8% —17%

and fluorescence detector of Auger. We will use the quality criteria introduced in preceding studies
to evaluate the depth of the shower maximum and the surface detector data, respectively [22, 23].

To validate the method, we use MC simulations of air-showers and reconstruct R,. We
present the correlation of the reconstructed muon number, R, and the respective value calculated
from simulated dense stations in log-scale, as well as the accuracy and precision as a function of
the reconstructed primary energy and zenith angle in Fig. 3. The simulation library comprises
approximately 15000 showers of each indicated primary particle, simulated with the Epos-LHC
model using a flat spectrum in 1g(Eq/eV) and sin® 6. To treat the aforementioned bias caused
by using the calorimetric energy deposit as a proxy for the energy of the primary particle, the
reconstructed data are obtained by rescaling the raw fit result, In R/ ~ 0.75In R™ +0.05. As can
be seen in Fig. 3, the method provides a precise and unbiased estimate of the number of muons.
We observe an improvement in the precision of the reconstructed results with increasing primary
energy, while the precision as a function of the zenith angle is flat. In general, the reconstruction
of In Ry, for heavier primary particles tends to have a slightly better precision than for lighter ones,
due to the lower shower-to-shower fluctuations for heavier primaries.

3. Measurement of the number of muons

In the following, we discuss the measurement of the number of muons in Auger Golden Hybrid
events, including systematic uncertainties and the event-level correlation of Xj.x and In R,.

3.1 Systematic uncertainties

The main sources of systematic uncertainties are the uncertainties of the respective input
parameters p to the signal model. We identified (in ascending order) the depth of the shower
maximum, Xy.x, the reconstructed shower core position X, the surface detector calibration,
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Figure 4: Left: The logarithmic muon number In R, as a function of the primary energy. Expectation values
for proton and iron primaries are indicated in red and blue color, respectively, obtained from simulations
using the Epos-LHC and QasJeTII-04 models of hadronic interactions. Expectation values according to the
mean values of Xpyax converted to an equivalent In R, are depicted in orange for both hadronic interaction
models. The mean values of the data in the respective energy bin are depicted as a white circular marker
with error bars indicating the standard deviation of the mean and error brackets indicating the systematic
uncertainties. Individual events are depicted as grey markers. Right: Difference in the expected number of
muons based on the depth of the shower maximum with respect to data as a function of the primary energy.

the mass composition and mean atomic mass A, and the primary energy, Eg, as contributions to
systematic uncertainty of the reconstructed number of muons. The individual contributions are listed
in Table 1. We reconstructed the detector data with each of the contributions altered by the respective
amount and evaluated the data individually. In general, the resulting systematic uncertainty of R,
‘:117605;’0 at £y ~ 3EeV and tg%? at
Ey =~ 60EeV. Furthermore, we correct for seasonal variations and long-term performance effects
of the detector.

reduces with increasing primary energy, and is approximately

3.2 The number of muons as function of the primary energy

In Fig. 4 (left), we present the number of muons measured as a function of the primary energy.
The blue and red reference lines indicate the expectation values for showers from simulated proton
and iron primary particles using the Epos-LHC and QasJeTII-04 hadronic interaction models. At
the highest energies, we observe an average number of muons larger than expected in all scenarios
from hadronic interaction models. Orange markers indicate the expectation values corresponding to
the respective values of Xy,ax, converted to the equivalent In R, assuming a consistent interpretation
of the primary mass for each hadronic interaction model. At all energies, the observed number of
muons is significantly larger than expected from Xy,,x measurements. In Fig. 4 (right), the difference
between the measured and expected In R, is shown as a function of the primary energy for both
hadronic interaction models. On average, we observe approximately 15% (30%) more muons than
expected from Xy.x measurements when comparing to simulations using the Epos-LHC (QgasJeTII-
04) model of hadronic interactions. This result is in accordance with the well-established muon
puzzle - the discrepancy in the measured and expected number of muons, which was previously
reported by Auger and other experiments [2, 4].
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Figure 5: Left/Middle: Correlation of Xpmax and In Ry, in derived from simulations for various composition
scenarios as a function of (In A)/o-(In A). Right: Correlation of Xy« and In R, as a function of the primary
energy. The orange band represents an extreme 1:1 proton-iron mix scenario, the red (blue) band depicts the
expectation value for rg for a pure proton (iron) scenario. Other pure composition scenarios are expected
within the gray band. Numbers on the right indicate rg for example proton-iron mixes from MC data.

3.3 Correlation of the number of muons with the depth of the shower maximum

Additionally to the average number of muons, we examine the correlation of the individual
measured values of Xyx and In Ry, which does not greatly depend on the state-of-the-art hadronic
interaction models, and which is a measure for the purity of the primary beam [24]. A similar
study was previously presented in [25], where the normalized surface detector signal at a distance
of 1000 m from the shower core was used as a proxy for the number of muons. The correlation of
Xmax and In Ry, is unaffected by a possible shift of the absolute scale of both X« and In R, [26],
as well as the bias correction described in Section 2.2. We investigate the correlation based on
both the Pearson correlation coefficient, o(X,Y) = cov[X,Y]/+/var[X] var[Y], as well as the
Gideon-Hollister rank correlation coefficient rg [27]. The behaviour of rg using simulations for
various composition scenarios using the simulation library described in Section 2.2 is shown in
Fig. 5 (left/middle). Proton, helium, oxygen, and iron primary particles are mixed at different
ratios, where red (blue) markers represent a proton (iron) dominated proton-iron-only mix. Black
markers represent other mixes of two primaries at different ratios, and gray markers indicate mixed
scenarios including all four types of primaries. For each of the mixes the correlation of Xp,x and
In R, is evaluated, with the energy-dependence of Xy,.x removed assuming a linear elongation rate.
In general, pure composition scenarios tend to produce only mildly anti-correlated Xmax and In Ry,
data, as can be seen from the four peaks in the “umbrella’-like plot of Fig. 5 (left). The strongest
anti-correlation is observed for an extreme proton-iron-only mix at a ratio close? to 1:1.

The data interpreted in terms of rg as a function of the primary energy show a strong anti-
correlation around the ankle region [28], that is consistent with the results obtained in [25]. At
~6 EeV, the value of rg increases, which indicates a change in the composition of the primary
beam. At higher primary energies the anti-correlation of Xy,.x and In Ry, is consistent with pure and
mixed composition scenarios. The data can be interpreted in the same way in terms of o, which is,
however, more sensitive to individual outliers.

3The strongest anti-correlation is observed for a proton-iron mix at a ratio of about % to 1.
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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 fluorescence 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 fluorescence detector data are taken into account. We present the number of muons as a
function of the primary energy and confirm the result of previous analyses, indicating a significantly
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 identified 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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