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M. Pech27 , J. Pȩkala62 , R. Pelayo54, I.M. Pepe20 , L. Perrone48, E. Petermann91 , C. Peters40 , S. Petrera49, 50 ,
Y. Petrov78, J. Phuntsok88 , R. Piegaia3, T. Pierog37, P. Pieroni3 , M. Pimenta64 , V. Pirronello46, M. Platino8 ,
M. Plum40 , A. Porcelli37, C. Porowski62, R.R. Prado16 , P. Privitera89, M. Prouza27, V. Purrello1 , E.J. Quel2 ,
S. Querchfeld35 , S. Quinn76 , J. Rautenberg35 , O. Ravel34 , D. Ravignani8 , B. Revenu34 , J. Ridky27 , M. Risse42 ,
P. Ristori2 , V. Rizi49 , J. Roberts85 , W. Rodrigues de Carvalho74 , G. Rodriguez Fernandez45 , J. Rodriguez
Rojo9 , M.D. Rodrı́guez-Frı́as72, G. Ros72 , J. Rosado71, T. Rossler28 , M. Roth37 , E. Roulet1 , A.C. Rovero5,
S.J. Saﬃ12 , A. Saftoiu65 , F. Salamida29 , H. Salazar54 , A. Saleh70 , F. Salesa Greus88 , G. Salina45 , F. Sánchez8 ,

arXiv:1408.1421v5 [astro-ph.HE] 23 Jan 2015

42

64

53

2
P. Sanchez-Lucas73, C.E. Santo64 , E. Santos18 , E.M. Santos17 , F. Sarazin77 , B. Sarkar35 , R. Sarmento64 ,
R. Sato9 , N. Scharf40 , V. Scherini48 , H. Schieler37 , P. Schiﬀer41 , O. Scholten59 , H. Schoorlemmer90, 58, 60 ,
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64
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and Instituto Superior Técnico - IST, Universidade de Lisboa - UL, Portugal
65
’Horia Hulubei’ National Institute for Physics and Nuclear Engineering, Bucharest- Magurele, Romania
66
Institute of Space Sciences, Bucharest, Romania
67
University of Bucharest, Physics Department, Romania
68
University Politehnica of Bucharest, Romania
69
Experimental Particle Physics Department, J. Stefan Institute, Ljubljana, Slovenia
70
Laboratory for Astroparticle Physics, University of Nova Gorica, Slovenia
71
Universidad Complutense de Madrid, Madrid, Spain
72
Universidad de Alcalá, Alcalá de Henares (Madrid), Spain
73
Universidad de Granada and C.A.F.P.E., Granada, Spain
74
Universidad de Santiago de Compostela, Spain
75
School of Physics and Astronomy, University of Leeds, United Kingdom
76
Case Western Reserve University, Cleveland, OH 44106, USA
77
Colorado School of Mines, Golden, CO 80401, USA
78
Colorado State University, Fort Collins, CO 80523, USA
79
Colorado State University, Pueblo, CO 81001, USA
80
Department of Physics and Astronomy, Lehman College, City University of New York, New York, NY 10468, USA
81
Fermilab, Batavia, IL 60510-0500, USA
82
Los Alamos National Laboratory, Los Alamos, NM 87545, USA
83
Louisiana State University, Baton Rouge, LA 70803-4001, USA

4
84

Michigan Technological University, Houghton, MI 49931-1295, USA
85
New York University, New York, NY 10003, USA
86
Northeastern University, Boston, MA 02115-5096, USA
87
Ohio State University, Columbus, OH 43210-1061, USA
88
Pennsylvania State University, University Park, PA 16802-6300, USA
89
University of Chicago, Enrico Fermi Institute, Chicago, IL 60637, USA
90
University of Hawaii, Honolulu, HI 96822, USA
91
University of Nebraska, Lincoln, NE 68588-0111, USA
92
University of New Mexico, Albuquerque, NM 87131, USA
93
University of Wisconsin, Milwaukee, WI 53201, USA
(‡) Deceased
(a) Now at Konan University
(b) Also at the Universidad Autonoma de Chiapas on leave of absence from Cinvestav
(c) Now at NYU Abu Dhabi
We present the ﬁrst hybrid measurement of the average muon number in air showers at ultra-high
energies, initiated by cosmic rays with zenith angles between 62◦ and 80◦ . The measurement is based
on 174 hybrid events recorded simultaneously with the Surface Detector array and the Fluorescence
Detector of the Pierre Auger Observatory. The muon number for each shower is derived by scaling
a simulated reference proﬁle of the lateral muon density distribution at the ground until it ﬁts the
data. A 1019 eV shower with a zenith angle of 67◦ , which arrives at the Surface Detector array at
an altitude of 1450 m above sea level, contains on average (2.68 ± 0.04 ± 0.48 (sys.)) × 107 muons
with energies larger than 0.3 GeV. The logarithmic gain d ln Nµ /d ln E of muons with increasing
energy between 4 × 1018 eV and 5 × 1019 eV is measured to be (1.029 ± 0.024 ± 0.030 (sys.)).

I.

INTRODUCTION

Understanding the mass composition of ultra-high energy cosmic rays at Earth is fundamental to unveil their
production and propagation mechanisms. The interpretation of observed anisotropies [1, 2] and of features in
the ﬂux relies on it, such as the break in the power law
spectrum around 4 × 1018 eV, and the ﬂux suppression
above 4 × 1019 eV [3].
Ultra-high energy cosmic rays can only be observed indirectly through air showers. The mass composition of
cosmic rays can be derived from certain air shower observables, but the inference is limited by our theoretical
understanding of the air shower development [4]. Air
shower simulations require knowledge of hadronic interaction properties at very high energies and in phase space
regions that are not well covered by accelerator experiments. The systematic uncertainty of the inferred mass
composition can be reduced by studying diﬀerent observables (see, e.g., [5]). The slant depth Xmax of the shower
maximum is a prominent mass-sensitive tracer, since it
can be measured directly with ﬂuorescence telescopes.
The number of muons in an air shower is another powerful tracer of the mass. Simulations show that the produced number of muons, Nµ , rises almost linearly with
the cosmic-ray energy E, and increases with a small
power of the cosmic-ray mass A. This behavior can be
understood in terms of the generalized Heitler model of
hadronic air showers [6], which predicts
Nµ = A



E/A
ξc

β

,

(1)

where ξc is the critical energy at which charged pions
decay into muons and β ≈ 0.9. Detailed simulations show
further dependencies on hadronic-interaction properties,
like the multiplicity, the charge ratio and the baryon antibaryon pair production [7, 8].
To use the muon number Nµ as a tracer for the mass
A, the cosmic-ray energy E has to be independently measured event-by-event with a small systematic uncertainty.
By taking the logarithm of Eq. (1) and computing the
derivative, we obtain the logarithmic gain of muons with
increasing energy
d lnA
d lnNµ
= β + (1 − β)
,
d lnE
d lnE

(2)

which carries additional information on the changes in
the mass composition and is invariant to systematic oﬀsets in the energy scale. The dependency of the muon
number Nµ on the mass of cosmic rays is complementary to other mass-sensitive observables such as the depth
of the shower maximum, Xmax . If both observables are
combined, the internal consistency of hadronic interaction models can be tested.
We present the average number of muons in inclined
showers above 4 × 1018 eV measured with the Pierre
Auger Observatory [9], which is located in Mendoza
province, Argentina. The Pierre Auger Observatory was
completed in 2008 and covers an area of 3000 km2 . It
is a hybrid instrument to detect cosmic-ray induced air
showers, which combines a Surface Detector array (SD) of
1660 water-Cherenkov stations [10] placed on a triangular
grid with 1.5 km spacing, with a Fluorescence Detector
(FD) [11]. Due to their cylindrical volume, the Surface
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Detectors are sensitive to inclined and even horizontal
particles [12, 13]. On dark nights, which corresponds
to a duty cycle of about 13 %, the longitudinal shower
development and the calorimetric energy of the shower
are measured by the FD. It consist of 27 telescopes with
UV-ﬁlters located at four sites around the SD array, each
monitoring a 30◦ × 28◦ patch of the sky.
Extensive air showers with zenith angles exceeding
62◦ are characterized at the ground by the dominance
of secondary energetic muons, since the electromagnetic
component has been largely absorbed in the large atmospheric depth crossed by the shower. Such inclined showers provide a direct measurement of the muon number
at the ground [14]. The muon number in less inclined air
showers has also been explored [15, 16], but the measurement is in this case complicated by the need to separate
the electromagnetic and the muonic signals in surface detectors. The unique features of showers around 60◦ zenith
angle further led to the derivation of the muon production depth (MPD) from the arrival times of signals in the
SD [17], which is another powerful observable to study
the mass composition and hadronic interaction models.
We measure the muon number in inclined air showers
using the relative scale factor N19 which relates the observed muon densities at the ground to the average muon
density proﬁle of simulated proton-induced air showers
of ﬁxed energy 1019 eV. This approach follows from developments that have been introduced to reconstruct inclined showers, taking into account the rich spatial structure of the muon distributions at the ground. The scale
factor N19 is independent of the zenith angle and details
of the location of the observatory [18, 19] and can be also
used as an estimator of the muon number. These developments led to the ﬁrst limit on the fraction of cosmic
photons in the EeV energy range [20] and to an independent measurement of the energy spectrum of cosmic
rays [21].
II.

RECONSTRUCTION OF THE MUON
NUMBER

Inclined showers generate asymmetric and elongated
signal patterns in the SD array with narrow pulses in
time, typical for a muonic shower front. Events are selected by demanding space-time coincidences of the signals of triggered surface detectors which must be consistent with the arrival of a shower front [10, 22]. After
event selection, the arrival direction (θ, φ) of the cosmic
ray is determined from the arrival times of this front at
the triggered stations by ﬁtting a model of the shower
front propagation. The achieved angular resolution is
better than 0.6◦ above 4 × 1018 eV [23].
Once the shower direction is established, we model the
muon density ρµ at the ground point ~r as
ρµ (~r) = N19 ρµ,19 (~r; θ, φ),

(3)

where ρµ,19 is the parametrized ground density for a pro-

MC: p QGSJ ET II-03
E = 1019 eV
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FIG. 1. Expected number of muon hits per SD station as predicted by the reference proﬁle ρµ,19 , for θ = 80◦ and φ = 0◦ ,
in cylindrical coordinates around the shower axis. The radial
density roughly follows a power law in any given direction.
The quadrupole structure is generated by charge separation in
Earth’s magnetic ﬁeld. The weaker dipole structure is caused
by projection eﬀects and muon attenuation. Early (late) arriving particles are on the right (left) side in this projection.

ton shower simulated at 1019 eV with the hadronic interaction model QGSJetII-03 [24]. An example is given
in Fig. 1. It was shown in detailed studies [25, 26] that
the attenuation and shape of ρµ,19 depend very weakly
on the cosmic-ray energy E and mass A for showers with
θ > 60◦ , so the factorization in Eq. (3) is a good approximation for showers above 1018 eV. It was also shown
that the lateral shape of ρµ,19 is consistently reproduced
by diﬀerent hadronic interaction models and air-shower
simulation codes. The lateral shape at the ground is
mainly determined by hadronic interactions at beam energies of up to a few hundred GeV, in which models
are constrained by data from ﬁxed target experiments.
The strong zenith angle dependence is factorized out into
ρµ,19 in Eq. (3), so that the scale factor N19 at a given
zenith angle is a relative measure of the produced number
of muons Nµ , addressed in Eq. (1).
The scale factor N19 is inferred from measured signals
with a maximum-likelihood method based on a probabilistic model of the detector response to muon hits obtained from Geant4 [27] simulations with the Auger Ofﬂine software framework [28]. A residual electromagnetic
signal component is taken into account based on model
predictions (typically amounting to 20 % of the muon signal) [29]. The procedure is described in full detail in
Ref. [30].
The reconstruction approach was validated in an endto-end test with three sets of simulated events. The ﬁrst
set consists of 100,000 proton and 100,000 iron showers
generated with Aires [31], using QGSJet01 [32]. Show-
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2.148 × 107 (1.202 × 107 , 5.223 × 106 ) muons with energies above 0.3 GeV (Cherenkov threshold for muons in
water) that reach the Auger site at an altitude1 of 1425 m
at a shower inclination of 60◦ (70◦ , 80◦ ). By combining
the model uncertainty with that of the simulated muon
response of the detectors at θ > 60◦ [37], we conservatively estimate the systematic uncertainty of Rµ to be
11 %.
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FIG. 2. Average relative deviation of reconstructed muon
content N19 from the true muon content RµMC (as deﬁned
in the text) for proton and iron showers. The shaded area
indicates the systematic uncertainty of N19 . The solid black
line represents a second order polynomial adjusted to describe
the mean bias.

ers following an E −2.6 energy spectrum and an isotropic
angular distribution were simulated at a relative thinning of 10−6 . The second (third) set consists of 12,000
proton and 12,000 iron showers generated using Corsika [33], with QGSJetII-04 [34] (Epos LHC [35]), with
the same thinning and angular distribution and an E −1
energy spectrum. Showers have subsequently undergone
a full simulation of the detector, with random placement
of impact points in the SD array. Simulated and real
events were reconstructed with the same procedure.
For each MC event we compute the ratio RµMC =
Nµ /Nµ,19 by counting the total number of muons Nµ
at the ground in the simulation
R and
R dividing by the total number of muons Nµ,19 = dy ρµ,19 dx obtained by
integrating the reference model. We compare this ratio
with the value of N19 obtained from the ﬁt of Eq. (3).
The relative deviation of N19 from RµMC is shown in
Fig. 2 to be within 5 % for events with RµMC > 0.6. This
conﬁrms the factorization hypothesis of Eq. (3), the approximate universality of the chosen reference proﬁle, and
validates the reconstruction method. The largest source
of systematic bias is the remaining model dependence of
the reference proﬁle ρµ,19 (~r). To get an unbiased estimator, we correct the measured value N19 for the average
bias. We use a second order polynomial as indicated in
Fig. 2 to reproduce RµMC to within 3 % for the latest models. We consequently call the corrected estimator Rµ in
the following.
We constructed in this way an unbiased estimator of
the total number of muons at the ground that is nearly
independent of model assumptions and the zenith angle of the shower. The value Rµ = 1 corresponds to

DATA SET AND EVENT SELECTION

We proceed to study the muon content Rµ of inclined
showers as a function of the cosmic-ray energy E. The
calorimetic energy Ecal of the shower is measured independently by the FD in a subset of hybrid events recorded
simultaneously in FD and SD. The total energy E is
computed by adding the average invisible energy hEinv i,
which has been re-evaluated recently based on data [40].
Since Rµ is sensitive to the cosmic-ray mass A, we make
sure to not to bias the selected sample towards certain
masses by a careful selection of the accepted shower geometries.
The data set consists of hybrid events with zenith angles 62◦ < θ < 80◦ and at least four triggered stations.
Only events well-contained in the SD array are considered; the station closest to the ﬁtted core and its six
adjacent stations need all to be active. The FD measurements have to pass quality cuts designed to ensure an
accurate reconstruction of arrival direction and longitudinal proﬁle. The cuts are adapted versions of those used
in calibration of events with θ < 60◦ [38]. The SD station used in the FD geometrical reconstruction must be
closer to the core than 750 m. Only events with good atmospheric conditions are considered: the vertical aerosol
optical depth needs to be measured and has to be less
than 0.1; if cloud information is available we require a
cloud coverage below 25 % in the ﬁeld of view, a distance
from the cloud layer to the measured proﬁle larger than
50 g cm−2 , and a thickness of the cloud layer less than
100 g cm−2 . The few remaining longitudinal proﬁles affected by clouds are rejected by requiring √
a small χ2 residual in the Gaisser-Hillas ﬁt, (χ2 − ndof )/ 2ndof < 3,
and the parameter X0 of the ﬁtted Gaisser-Hillas proﬁle
must be negative.
In addition to the quality selection criteria, a ﬁducial cut on the FD ﬁeld of view is applied to ensure
that it is large enough to observe the depth of shower
maximum with equal probability within the range of
plausible values. This cut also ensures a maximum accepted uncertainty of the depth of the shower maximum
of 150 g cm−2 , and a minimum viewing angle of light in
the FD telescope of 25◦ . Finally, we accept only energies

1

Altitudes are given with respect to the WGS 84 reference ellipsoid [36].
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Fit: h Rµ i = a ( E/1019 eV)b
174 Auger hybrid events

45

Rµ
1

events

above 4 × 1018 eV to ensure a trigger probability of 100 %
for FD and SD.
The selection is applied to inclined events recorded
from 1 January 2004 to 1 January 2013. Out of 29722
hybrid events, 174 events are accepted. Due to the geometrical acceptance of the SD and the ﬁducial cut on
the FD ﬁeld of view, the zenith angle distribution peaks
near 62◦ . The average zenith angle is (66.9 ± 0.3)◦ and
the highest energy in the sample is (48.7 ± 2.9) × 1018 eV.
DATA ANALYSIS

The muon content Rµ of individual showers with the
same energy E and arrival direction varies. This is
caused by statistical ﬂuctuations in the development of
the hadronic cascade, and, in addition, by random sampling from a possibly mixed mass composition. We will
refer to these ﬂuctuations combined as intrinsic ﬂuctuations. In the following, we will make statements about
the average shower, meaning that the average is taken
over these intrinsic ﬂuctuations. Detector sampling adds
Gaussian ﬂuctuations to the observed value of Rµ on top
of that. The statistical uncertainties of Rµ and E caused
by the sampling are estimated by the reconstruction algorithms event-by-event. We will refer to them as detection
uncertainties.
From Eq. (1) we expect that the average number of
produced muons, which is proportional to hRµ i, and the
cosmic-ray energy E have a relationship that is not far
from a power law. Therefore we ﬁt the parametrization
hRµ i = a (E/1019 eV)b

(4)

to the selected data set, using a detailed maximumlikelihood method that takes the mentioned ﬂuctuations
into account. Intrinsic ﬂuctuations of Rµ are modeled
with a normal distribution that has a constant relative
standard deviation σ[Rµ ]/Rµ . This model is found to be
in good agreement with shower simulations. The a parameter of the ﬁtted curve represents the average muon
content hRµ i(1019 eV) at 1019 eV, and the b parameter
the logarithmic gain dhlnRµ i/d lnE ≃ d lnNµ /d lnE of
muons with growing energy. The maximum-likelihood
method was validated with a fast realistic simulation of
hybrid events and shown to yield unbiased values for a
and b. The technical aspects will be presented in a separate paper.
The data and results of the ﬁt are shown in Fig. 3. We
obtain
a = hRµ i(1019 eV) = (1.841 ± 0.029 ± 0.324 (sys.)), (5)
b = dhlnRµ i/d lnE = (1.029 ± 0.024 ± 0.030 (sys.)),
(6)
σ[Rµ ]/Rµ = (0.136 ± 0.015 ± 0.033 (sys.)).

(7)

At a zenith angle of 67◦ , this corresponds to (2.68±0.04±
0.48 (sys.))×107 muons with energies larger than 0.3 GeV
that reach 1425 m altitude in an average 1019 eV shower.

stdev 0.20 ± 0.01

30
15
0
−1

1019

0
( Rµ − h Rµ i)/h Rµ i

1

1020
E/eV

FIG. 3. The selected hybrid events above 4 × 1018 eV and a ﬁt
of the power law hRµ i = a hE/1019 eVib . The error bars indicate statistical detection uncertainties only. The inset shows
a histogram of the residuals around the ﬁtted curve (black
dots) and for comparison the expected residual distribution
computed from the ﬁtted probability model that describes the
ﬂuctuations.

The ﬁtted model agrees well with data. To obtain a goodness-of-ﬁt estimator, we compute the histogram of the residuals (Rµ − hRµ i)/hRµ i and compare
it
R
with its expectation g (Rµ − hRµ i)/hRµ i = f (Rµ −
hRµ i(E)/hRµ i(E), E dE computed from the ﬁtted twodimensional probability density function f (Rµ , E). Histogram and expectation are shown in the inset of
Fig. 3. The comparison yields a reduced chi-square value
χ2 /ndof = 4.9/10 for the ﬁtted model.
The systematic uncertainty of the absolute scale
hRµ i(1019 eV) of 18 % combines the intrinsic uncertainty
of the Rµ -measurement (11 %) and the uncertainty of
the Auger energy scale (14 %) [40]. The systematic uncertainty of the logarithmic gain dhlnRµ i/d lnE of 3 % is
derived from variations of the FD selection cuts (2 %),
variations of the bias correction of Rµ within its systematic uncertainty (1 %), variations of the distribution assumptions on the intrinsic Rµ -ﬂuctuations (1 %), and by
assuming a residual zenith-angle dependence of the ratio
Rµ /E that cannot be detected within the current statistics (0.5 %). The third parameter σ[Rµ ]/Rµ , the relative
size of the intrinsic ﬂuctuations, is eﬀectively obtained by
subtraction of the detection uncertainties from the total
spread. Its systematic uncertainty of ±0.033 is estimated
from the variations just described (±0.014 (sys.) in total),
and by varying the detection uncertainties within a plausible range (±0.030 (sys.)).
At θ = 67◦ , the average zenith angle of the data set,
Rµ = 1 corresponds to Nµ = 1.455 × 107 muons at the
ground with energies above 0.3 GeV. For model comparisons, it is suﬃcient to simulate showers at this zenith
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0

+0.167
= 0.601 ± 0.016 −0.201
(sys.),

(8)

where N (Rµ ) is a Gaussian with mean hRµ i and spread
σ[Rµ ] as obtained from the ﬁt. The deviation of hlnRµ i
from lnhRµ i is only 2 % so that the conversion does not
lead to a noticeable increase in the systematic uncertainty.
Several consistency checks were performed on the data
set. We found no indications for a seasonal variation, nor
for a dependence on the zenith angle or the distance of
the shower axis to the ﬂuorescence telescopes.
V.

MODEL COMPARISON AND DISCUSSION

A simple comparison of our data with air showers
simulated at the mean zenith angle θ = 67◦ with the
hadronic interaction models QGSJetII-04 and Epos
LHC is shown in Fig. 4. The ratio hRµ i/(E/1019 eV)
cancels most of the energy scaling, and emphasizes the
eﬀect of the cosmic-ray mass A on the muon number.
We compute the ratio from Eq. (4) (line), and alternatively by a bin-wise averaging of the original data (data
points). The two ways of computing the ratio are visually
in good agreement, despite minor bin-to-bin migration
eﬀects that bias the bin-by-bin method. The ﬁtting approach we used for the data analysis avoids the migration
bias by design.
Proton and iron showers are well separated, which illustrates the power of hRµ i as a composition estimator.
A caveat is the large systematic uncertainty on the absolute scale of the measurement, which is mainly inherited
from the energy scale [40]. This limits its power as a mass
composition estimator, but we will see that our measurement contributes valuable insights into the consistency of
hadronic interaction models around and above energies
of 1019 eV, where other sensitive data are sparse.
A hint of a discrepancy between the models and the
data is the high abundance of muons in the data. The
measured muon number is higher than in pure iron showers, suggesting contributions of even heavier elements.
This interpretation is not in agreement with studies based
on the depth of shower maximum [39], which show an average logarithmic mass hlnAi between proton and iron in

2.4
2.2
2.0
1.8

h Rµ i/( E/1019 eV)

angle down to an altitude of 1425 m and count muons at
the ground with energies above 0.3 GeV. Their number
should then be divided by Nµ = 1.455 × 107 to obtain
RµMC , which can be directly compared to our measurement.
Our ﬁt yields the average muon content hRµ i. For
model comparisons the average logarithmic muon content, hlnRµ i, is also of interest, as we will see in the next
section. The relationship between the two depends on
shape and size of the intrinsic ﬂuctuations. We compute
hlnRµ i numerically based on our ﬁtted model of the intrinsic ﬂuctuations:
Z ∞
lnRµ N (Rµ ) dRµ
hlnRµ i(1019 eV) =

1.6
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1.4
1.2
1.0

Auger data
E POS LHC
QGSJ ET II-04

1019
E/eV

p

1020

FIG. 4. Average muon content hRµ i per shower energy E
as a function of the shower energy E in double logarithmic
scale. Our data is shown bin-by-bin (circles) together with the
ﬁt discussed in the previous section (line). Square brackets
indicate the systematic uncertainty of the measurement, the
diagonal oﬀsets represent the correlated eﬀect of systematic
shifts in the energy scale. The grey band indicates the statistical uncertainty of the ﬁtted line. Shown for comparison
are theoretical curves for proton and iron showers simulated
at θ = 67◦ (dotted and dashed lines). Black triangles at the
bottom show the energy bin edges. The binning was adjusted
by an algorithm to obtain equal numbers of events per bin.

this energy range. We note that our data points can be
moved between the proton and iron predictions by shifting them within the systematic uncertainties, but we will
demonstrate that this does not completely resolve the
discrepancy. The logarithmic gain dhlnRµ i/d lnE of the
data is also large compared to proton or iron showers.
This suggests a transition from lighter to heavier elements that is also seen in the evolution of the average
depth of shower maximum.
We will now quantify the disagreement between model
predictions and our data with the help of the mass
composition inferred from the average depth hXmax i
of the shower maximum. A valid hadronic interaction
model has to describe all air shower observables consistently. We have recently published the mean logarithmic mass hlnAi derived from the measured average depth
of the shower maximum hXmax i [39]. We can therefore
make predictions for the mean logarithmic muon content
hlnRµ i based on these hlnAi data, and compare them
directly to our measurement.
We consider QGSJet01, QGSJetII-03, QGSJetII04, and Epos LHC for this comparison. The relation of
hXmax i and hlnAi at a given energy E for these models
is in good agreement with the prediction from the generalized Heitler model of hadronic air showers
hXmax i = hXmax ip + fE hlnAi,

(9)
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FIG. 5. Average logarithmic muon content hlnRµ i (this
study) as a function of the average shower depth hXmax i (obtained by interpolating binned data from Ref. [39]) at 1019 eV.
Model predictions are obtained from showers simulated at
θ = 67◦ . The predictions for proton and iron showers are directly taken from simulations. Values for intermediate masses
are computed with the Heitler model described in the text.

where hXmax ip is the average depth of the shower maximum for proton showers at the given energy and fE
an energy-dependent parameter [4, 41]. The parameters
hXmax ip and fE were computed from air shower simulations for each model.
We derive a similar expression from Eq. (1) by substituting Nµ,p = (E/ξc )β and computing the average logarithm of the muon number
(10)
(11)

Since Nµ ∝ Rµ , we can replace lnNµ by lnRµ . The same
can be done in Eq. (2), which also holds for averages due
to the linearity of diﬀerentiation.
We estimate the systematic uncertainty of the approximate Heitler model by computing β from Eq. (11), and
alternatively from dhlnRµ ip /d lnE and dhlnRµ iFe /d lnE.
The three values would be identical if the Heitler model
was accurate. Based on the small deviations, we estimate σsys [β] = 0.02. By propagating the systematic uncertainty of β, we arrive at a small systematic
uncertainty for predicted logarithmic muon content of
σsys [hlnRµ i] < 0.02.
With Eq. (9) and Eq. (10), we convert the measured
mean depth hXmax i into a prediction of the mean logarithmic muon content hlnRµ i at θ = 67◦ for each hadronic
interaction model. The relationship between hXmax i and
hlnRµ i can be represented by a line, which is illustrated
in Fig. 5. The Auger measurements at 1019 eV are also
shown. The discrepancy between data and model predic-
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FIG. 6. Comparison of the mean logarithmic muon content
hlnRµ i at 1019 eV obtained from Auger data with model predictions for proton and iron showers simulated at θ = 67◦ ,
and for such mixed showers with a mean logarithmic mass
that matches the mean shower depth hXmax i measured by the
FD. Brackets indicate systematic uncertainties. Dotted lines
show the interval obtained by adding systematic and statistical uncertainties in quadrature. The statistical uncertainties
for proton and iron showers are negligible and suppressed for
clarity.
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FIG. 7. Comparison of the logarithmic gain dhlnRµ i/d lnE
between 4 × 1018 eV and 5 × 1019 eV with model predictions
in the same style as in Fig. 6.

tions is shown by a lack of overlap of the data point with
any of the model lines.
The model predictions of hlnRµ i and dhlnRµ i/d lnE
are summarized and compared to our measurement in
Fig. 6 and 7, respectively. For QGSJetII-03, QGSJetII04, and Epos LHC, we use estimated hlnAi data
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from Ref. [39]. Since QGSJet01 has not been included in that reference, we compute hlnAi using
Eq. (9) [4] from the latest hXmax i data [39]. The systematic uncertainty of the hlnRµ i predictions is derived by propagating the systematic uncertainty of hlnAi
(±0.03 (sys.)), combined with the systematic uncertainty
of the Heitler model (±0.02 (sys.)). The predicted logarithmic gain dhlnRµ i/d lnE is calculated through Eq. (2),
while d lnA/d lnE is obtained from a straight line ﬁt to
hlnAi data points between 4 × 1018 eV and 5 × 1019 eV.
The systematic uncertainty of the dhlnRµ i/d lnE predictions is derived by varying the ﬁtted line within the systematic uncertainty of the hlnAi data (±0.02 (sys.)), and
by varing β within its systematic uncertainty in Eq. (2)
(±0.005 (sys.)).
The four hadronic interaction models fall short in
matching our measurement of the mean logarithmic
muon content hlnRµ i. QGSJetII-04 and Epos LHC
have been updated after the ﬁrst LHC data. The discrepancy is smaller for these models, and Epos LHC performs slightly better than QGSJetII-04. Yet none of the
models is covered by the total uncertainty interval. The
minimum deviation is 1.4 σ. To reach consistency, the
mean muon number around 1019 eV in simulations would
have to be increased by 30 % to 80 % +17
−20 (sys.) %. If on
the other hand the predictions of the latest models were
close to the truth, the Auger energy scale would have
to be increased by a similar factor to reach agreement.
Without a self-consistent description of air shower observables, conclusions about the mass composition from
the measured absolute muon content remain tentative.
The situation is better for the logarithmic gain
dhlnRµ i/d lnE. The measured value is higher than
the predictions from hlnAi data, but the discrepancy is
smaller. If all statistical and systematic uncertainties are
added in quadrature, the deviation between measurement
and hlnAi-based predictions is 1.3 to 1.4 σ. The statistical uncertainty is not negligible, which opens the possibility that the apparent deviation is a statistical ﬂuctuation. If we assume that the hadronic interaction models
reproduce the logarithmic gain of real showers, which is
supported by the internal consistency of the predictions,
the large measured value of dhlnRµ i/d lnE disfavors a
pure composition hypothesis. If statistical and systematic uncertainties are added in quadrature, we observe
deviations from a pure proton (iron) composition of 2.2 σ
(2.6 σ).

VI.

CONCLUSIONS

We presented the ﬁrst measurement of the mean muon
number in inclined air showers with θ > 62◦ between
4 × 1018 eV and 5 × 1019 eV and its logarithmic gain with
energy, based on data from a hybrid detector. We explored the sensitivity of the muon number to the cosmicray mass composition and challenged predictions of the
muon number from hadronic interaction models. We

observe a muon deﬁcit in simulations of 30 % to 80 %
+17
19
−20 (sys.) % at 10 eV, depending on the model. The estimated deﬁcit takes the mass composition of cosmic rays
into account, by comparing our measurement to the average muon number in simulated air showers which match
the average depth of shower maximum observed in the
data.
Model predictions of the logarithmic gain of muons
with rising energy are within the uncertainties compatible with the measured value. The high gain of muons
favors a transition from lighter to heavier elements in the
considered energy range. The hypothesis of a constant
proton composition, supported by measurements of the
depth of shower maximum by the Telescope Array [42]
in the northern hemisphere, is disfavored with respect to
our result at the level of 2.2 σ.
Our measurement of the muon number combined with
measurements of the depth of shower maximum provides
important insights into the consistency of hadronic interaction models. The hadronic and muonic components of
air showers are less well understood than the electromagnetic component, but all three are physically connected.
Improvements in the description of the muonic component will also reduce the systematic uncertainty in the
simulation of the other components.
This result is compatible with those of independent
studies for showers with θ < 60◦ [15], in which diﬀerent
methods have been used to derive the fraction of the
signal due to muons at 1000 m from the shower core
using the temporal distribution of the signals measured
with the SD array.
We have demonstrated how the mass composition of
cosmic rays can be inferred from the muon number measured at the ground. To fully explore this potential, the
apparent muon deﬁcit in air-shower simulations needs to
be resolved and the uncertainty of the muon measurement further reduced. The main contributions are the
systematic uncertainties in the simulated response of the
Auger SD to inclined muons, and the systematic uncertainty in the absolute energy scale. We expect to reduce
both of them in the future, which will signiﬁcantly enhance the constraining power of the muon measurement
on the mass composition.
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