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O. Krömer38, D. Kruppke-Hansen35, D. Kuempel40, N. Kunka38, D. LaHurd78, L. Latronico53, R. Lauer94,

M. Lauscher40, P. Lautridou34, S. Le Coz32, M.S.A.B. Leão14, D. Lebrun32, P. Lebrun83, M.A. Leigui de Oliveira22,

A. Letessier-Selvon31, I. Lhenry-Yvon29, K. Link36, R. López54, A. Lopez Agüera75, K. Louedec32, J. Lozano
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Measurement of the muon signal using the temporal and spectral structure of
the signals in surface detectors of the Pierre Auger Observatory
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Abstract: Applying different filtering techniques to the temporal distribution of the signals measured with the
Auger surface detector array (SD), we separate the electromagnetic and muonic signal components of air-showers.
The filters are based on the different characteristics of the muonic and electromagnetic components in individual
detectors, the former being composed of peaks above a smooth background due to the lower energy deposition
of the latter photons and electrons. The muon signal is derived for showers of 10 EeV primary energy at a core
distance of 1 km, with the aim of testing the predictions of hadronic interaction models. We compare the fraction
of the muonic signal and the total signal to model predictions for proton and iron primaries in a range of zenith
angles from 0 to 60◦.

Keywords: Pierre Auger Observatory, ultra-high energy cosmic rays, muons, hadronic interactions

1 Introduction
Understanding the development of extensive air-showers
in the atmosphere is of central importance for deriving in-
formation on cosmic rays such as their energy distribution
and mass composition. At the same time, detailed measure-
ments of the characteristics of air-showers allow us to probe
particle interactions up to the highest energies. While elec-
tromagnetic interactions in air-showers are well understood,
there are considerable uncertainties in simulating the pro-
duction of hadronic particles at energies and for phase space
regions not accessible in accelerator experiments [1]. This
makes the study of the hadronic component of showers par-
ticularly important.

Both the electromagnetic and the muonic shower com-
ponents are fed mainly by pions and kaons produced in
the hadronic core of the showers. Photons produced in the
decay of neutral pions give rise to electromagnetic sub-
showers in which further particle multiplication and inter-
actions make the distributions of the initial energy and the
production depth inaccessible to ground-based detectors. In
contrast, muons suffer only a small energy loss and angular
deflection before reaching ground, and so they provide a
window to study the hadronic shower core.

In this work we we will use the water Cherenkov de-
tectors of the SD of the Pierre Auger Observatory [2]
to measure the number of muons arriving at ground in
showers of E = 1019 eV at a distance of 1000m from the
shower core. We will compare the data with predictions
derived from showers simulated with the interaction models
QGSJETII.04 [3] and EPOS LHC [4].

The measurement is based on the time profile and on
spectral characteristics of the Cherenkov light signal gener-
ated by shower particles in the water of the detectors. We
provide updates of methods presented previously [5, 6]. Im-
proved understanding of the essential aspects of these meth-
ods and the homogeneity of the time signals in the small
energy and distance intervals considered here made it possi-
ble to simplify the methods and to better control the system-
atics due to model uncertainties and the unknown chemical
composition of the cosmic rays.

In Section 2 we describe the methods of deriving the
signal fraction due to muons and, after discussing the data
selection and corresponding Monte Carlo simulations in
Section 3, we present the muon measurements in Section 4.
The derived muon fraction is then used to obtain the signal
of the muonic shower component. A summary is given in
Section 5.

2 Methods of measuring the muon fraction
The Cherenkov photons produced by the shower particles
in the detectors are sampled by three photomultipliers
(PMTs) [2]. The analog signal is then digitized with FADCs
in 25ns bins with a 10 bit dynamic range. The raw digital
signal of each PMT is calibrated such that the integrated
signal of a typical vertical atmospheric muon is 1. The
signal in each time bin is thus measured in units of “vertical
equivalent muon” or VEM [7]. Finally, the three calibrated
traces of the PMTs of each detector are averaged. We
will denote the resulting FADC signal by x = (x1, . . . ,xN),
where N is the number of time bins, and the total signal by
S = ∑N

j=1 x j. The total muonic and electromagnetic signals
will be denoted by Sµ and SEM, respectively. Note that
Sµ is the pure muonic signal, so the electromagnetic halo
produced by muon interactions and muon decay in the
atmosphere goes into SEM.

In the following we will derive the fraction fµ of the
signal that can be attributed to muons relative to the total
signal S

fµ = Sµ/S (1)

by exploiting the information on the temporal structure
of the FADC signal at 1000m from the shower core. Due
to the similar energy scaling of the overall and muonic
shower signals in the detectors at about 1000m, this quantity
is insensitive to the systematic uncertainty of the energy
assigned to air-showers that is of the order of ∼14% [8].

The time response profile of individual particles (a short
risetime followed by an exponential decay with decay
parameter of about τ = 60ns) cannot be used to separate
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The muon content of hybrid events recorded at the Pierre Auger Observatory
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Abstract: The hybrid events of the Pierre Auger Observatory are used to test the leading, LHC-tuned, hadronic
interaction models. For each of 411 well-reconstructed hybrid events collected at the Auger Observatory with
energy 1018.8 − 1019.2 eV, simulated events with a matching longitudinal profile have been produced using
QGSJET-II-04 and EPOS-LHC, for proton, He, N, and Fe primaries. The ground signals of simulated events
have a factor 1.3-1.6 deficit of hadronically-produced muons relative to observed showers, depending on which
high energy event generator is used, and whether the composition mix is chosen to reproduce the observed Xmax
distribution or a pure proton composition is assumed. The analysis allows for a possible overall rescaling of the
energy, which is found to lie within the systematic uncertainties.

Keywords: Pierre Auger Observatory, ultra-high energy cosmic rays, muons, hadronic interactions

1 Introduction
The ground-level muonic component of ultra-high energy
(UHE) air showers is sensitive to hadronic particle interac-
tions at all stages in the air shower cascade, and to many
properties of hadronic interactions such as the multiplicity,
elasticity, fraction of secondary pions which are neutral, and
the baryon-to-pion ratio [1]. Air shower simulations rely
upon hadronic event generators (HEGs), such as QGSJET-
II [2], EPOS [3], and SIBYLL [4]. The HEGs are tuned on
accelerator experiments, but when applied to air showers
they must be extrapolated to energies inaccessible to accel-
erators and to phase-space regions not well-covered by ex-
isting accelerator experiments. These extrapolations result
in a large spread in the predictions of the various HEGs for
the muon production in air showers [5].

The hybrid nature of the Pierre Auger Observatory, com-
bining both fluorescence telescopes (FD) [6] and surface de-
tector array (SD) [7], provides an ideal experimental setup
for testing and constraining models of high-energy hadronic
interactions. Thousands of air showers have been collected
which have a reconstructed energy estimator in both the
SD and FD. The measurement of the longitudinal profile
(LP) constrains the shower development and thus the signal
predicted for the SD, at the individual event level.

2 Production of Simulated Events
In the present study, we compare the observed ground signal
of individual hybrid events to the ground signal of simulated
showers with matching LPs.

The data we use for this study are the 411 hybrid events
with 1018.8 < E < 1019.2 eV recorded between 1 January
2004 and 31 December 2012 and satisfying the event quality
selection cuts in [8, 9]. This energy range is sufficient
to have adequate statistics while being small enough that
the primary cosmic ray mass composition does not evolve
significantly. For each event in this data set we generate
Monte Carlo (MC) simulated events with a matching LP, as
follows:
• Generate a set of showers with the same geometry and
energy, until 12 of them have an Xmax value within one
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Figure 1: Top: The measured longitudinal profile of a
typical air shower with two of its matching simulated
air showers, for a proton and an iron primary, simulated
using QGSJET-II-04. Bottom: The observed and simulated
ground signals for the same event.

sigma of the real event.
• Among those 12 generated showers select, based on the
χ2-fit, the 3 which best reproduce the observed longitudinal
profile (LP).
• For each of those 3 showers do a full detector simulation
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Muons in air showers
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I muons are produced late in the shower cascade
→ number of generations ∼ 6 at 1019 eV
→ amplified sensitivity to hadronic interactions

I Xmax is dominated by first interaction
I disentangle particle physics and composition using hybrid

events?
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Measuring muons with the Auger SD

a) shielding of EM component:
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b) time structure:
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Muon studies with inclined hybrid events (62◦-80◦)

event 201114505353, θ = 75.6◦, E = 15.5 EeV
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Reconstruction of inclined events (62◦-80◦)

contribution from γ,e±:
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Reconstruction of inclined events (62◦-80◦)
Rescaling of density-template to match data:

ρµ(data) = N19 · ρµ(QGSJETII-03, p, E = 1019 eV, θ)

Example: θ = 71◦, E = 54.6 EeV, N19 = 9.2
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Cross-checks of reconstruction

reconstruction bias:
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Rµ vs. EFD
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〈Rµ〉/EFD vs. EFD
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〈Rµ〉/EFD vs. EFD
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Muon “elongation rate” vs. p/Fe
〈ln Rµ〉 at 1019 eV d ln Rµ/d ln E

Auger data 0.601 ± 0.016
+0.168
−0.203 (sys.)

EPOS LHC
p 0.197

Fe 0.482
0.315 ± 0.007
± 0.039 (sys.)
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0.235 ± 0.007
± 0.037 (sys.)
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QGSJet01
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N.B.: Rµ = 1↔ Nµ = 1.455× 107
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Muon “elongation rate” vs. p/Fe and lnA (FD)
〈ln Rµ〉 at 1019 eV d ln Rµ/d ln E

Auger data 0.601 ± 0.016
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Muon scale vs. Xmax (FD)
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Muon production depth: Reconstruction
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I muon-rich stations:
I events with zenith angle 55-65 deg.
I stations with core distance >1.7 km

I projection of signal time traces to axis
I sum up stations

→ distribution of muon production heights

I distance to slant depth conversion
I fit with Gaisser-Hillas
→ maximum at Xµ

max

L. Cazon et al., APP21 (2004), 71
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Muon production depth: Performance
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Xµ
max vs. energy
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Xµ
max vs. energy
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Comparison of lnA from Xµ
max and Xmax

lnA (FD) from JCAP 1302 (2013) 026
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Retune of EPOS-LHC possible within uncertainty of π + air
interactions (not measured at LHC!) (see talk by R.Engel)
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Hybrid events, data vs. simulation

example:

ratio of S(1000) data/MC:
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Hybrid events, data vs. simulation, prelim. results
Combined fit of energy scale RE and muon rescaling Rµ

model RE Rµ

QGSJETII-04, p 1.09± 0.08± 0.09 1.59± 0.17± 0.09
QGSJETII-04, mixed 1.00± 0.08± 0.11 1.59± 0.18± 0.11

EPOS-LHC, p 1.04± 0.08± 0.08 1.45± 0.16± 0.08
EPOS-LHC, mixed 1.01± 0.07± 0.08 1.30± 0.13± 0.09
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Analysis of SD time traces

use different features to estimate muon fraction
µ e±, γ

arrival: early late
signal: large small

structure: peaky smooth

I smoothing method (low-pass filter)
I multivariate method (’spike fraction’, moment ratio)
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Analysis of SD time traces, preliminary results
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Summary

I measurements of muons in air shower with the Auger surface detector
I use Xmax measurement for tests of hadronic interactions beyond

“observable between proton and iron?”
I each of the finalized studies is individually in marginal agreement with

some model
I the ensemble of results in greater tension with current models because

no model is in marginal agreement with all studies

EPOS-LHC QGSJETII-04
〈ln Rµ〉 vs. 〈Xmax〉 -1.4 σ -1.8 σ
elongation rate (ln Rµ vs. 〈Xmax〉) -1.3 σ -1.4 σ
Xµ

max vs. 〈Xmax〉 incompatible compatible
〈Xmax〉 vs. σ(Xmax)

† ok 2 σ

(note: σ dominated by systematics)
I analyses in progress will provide additional discriminating power
I improved muon measurements with upgraded detector!

† see talk by V. de Souza
[22 of 22]


