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emptied and brought back to the Assembly Building for repla-
cement of the interior components.

The electronics of the surface detector operates using solar
power. A tank power control board incorporates protection cir-
cuits, signal conditioning for the monitoring of the solar power
system, and a circuit allowing for orderly shutdown and wakeup of
the station in the event of an extended cloudy period during
winter when there could be inadequate solar power available to
operate the station continuously. The solar power system has not
yet experienced a dark period long enough to require shutting
down the array for battery recharging. The most probable battery
lifetime is 4.5–6 years [45], and batteries are changed during
regular maintenance trips.

The PMTs and electronic boards are the most critical ele-
ments of the SD stations. They are subject to very severe
environmental conditions: temperature variations, humidity,
salinity and dust. The failure rate of the PMTs is about 20 per
year (about 0.5%). Some high voltage (HV) module and base
problems have been detected as well as some problems due to
bad connections. All other failures except those concerning the
PMTs (such as a broken photocathode) can be repaired in the
field. It is currently estimated that the number of spare PMTs is
sufficient for about 10–15 more years of operation. The failure
rate of electronic boards is about 1% per year. Some of the
problems are repaired simply by reflashing the software. Most
of the electronic problems can also be repaired on site. All the
spare parts are stored in Malargüe.

The operation of the array is monitored online and alarms are
set on various parameters [46]. The maintenance goal is to have no
more than 20 detector stations out of operation at any time.
Currently the achieved number is less than 10 detector stations
out of operation. It is currently estimated that the long-term
maintenance (including the battery change) requires about 3 field
trips per week. This maintenance rate is within the original
expectations. The maintenance is organized by the Science Opera-
tion Coordinator and performed by local technicians. The surface
detector does not require a permanent presence of physicists from
other Auger institutions on site.

4. The fluorescence detector

4.1. Overview

The 24 telescopes of the FD overlook the SD array from four sites
– Los Leones, Los Morados, Loma Amarilla and Coihueco [47]. Six
independent telescopes are located at each FD site in a clean climate
controlled building [33], an example of which is seen in Fig. 6. A
single telescope has a field of view of 301!301 in azimuth and
elevation, with a minimum elevation of 1.51 above the horizon. The
telescopes face towards the interior of the array so that the
combination of the six telescopes provides 1801 coverage in azimuth.

4.2. FD telescopes

The details of the fluorescence detector telescope are shown in
Fig. 7 and an actual view of an installed telescope in Fig. 8. The
telescope design is based on Schmidt optics because it reduces the
coma aberration of large optical systems. Nitrogen fluorescence
light, emitted isotropically by an air shower, enters through a
circular diaphragm of 1.1 m radius covered with a Schott MUG-6
filter glass window. The filter transmission is above 50% (80%)
between 310 and 390 nm (330 and 380 nm) in the UV range. The
filter reduces the background light flux and thus improves the
signal-to-noise ratio of the measured air shower signal. It also
serves as a window over the aperture which keeps the space

containing the telescopes and electronics clean and climate con-
trolled. The shutters seen in Fig. 7 are closed during daylight and
also close automatically at night when the wind becomes too high

Fig. 6. FD building at Los Leones during the day. Behind the building is a
communication tower. This photo was taken during daytime when shutters were
opened because of maintenance.

Fig. 7. Schematic view of a fluorescence telescope with a description of its main
components.

Fig. 8. Photo of a fluorescence telescope at Coihueco.
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four datasets: hybrid (events measured simultaneously by the SD
and FD), SD 750 m array, SD baseline vertical, and SD baseline
horizontal [11,12]. Thanks to the high statistics of the SD data, a
first harmonic analysis was performed in different energy ranges
starting from 2:5! 1017 eV in a search for dipolar modulations in

right ascension [13,14]. The upper limits in the dipole amplitude
impose stringent constraints on astrophysical models [13,15,16].

The Auger data provide evidence for a weak correlation
between arrival directions of cosmic rays above 55 EeV and the
positions of AGNs with zo0:018 in the VCV catalog [17,18]. The
Collaboration also has performed the measurement of the proton-
air cross-section at 57 TeV [19] that favors a moderately slow rise
of the cross-section towards higher energies, and inferred the
proton–proton cross-section, whose value is within one sigma of
the best extrapolation from the recent LHC data points [20]. The
composition measurements could be interpreted as an evolution
from light to heavier nuclei if current hadronic interaction models
describe well the air shower physics [21–24].

Upper limits have been obtained on the photon flux integrated
above an energy threshold which impose stringent limits for top-
down models [25,26]. Also, competitive neutrino limits were
published [27–29], as well as searches for Galactic neutron signals
[30,31].

1.2. Observatory design

Design targets for the surface detector array included 100% duty
cycle, a well-defined aperture independent of energy above 1018:5 eV,
measurement of the time structure of the signals of the shower
particles, sensitivity to showers arriving at large zenith angles, self-
contained detector stations and in situ calibration of detector stations
by cosmic ray muons. The fluorescence detector design required that
every event above 1019 eV arriving within the FD on-time should be
recorded by at least one fluorescence telescope camera, direct
measurement of the longitudinal development profile and timing
synchronization for simultaneous measurement of showers with the
surface detector array [32].

Each water Cherenkov surface detector is self-powered and
communicates with the central data acquisition system using
wireless technology. Air fluorescence telescopes record air shower
development in the atmosphere above the surface array on dark
moonless nights. There are four air fluorescence sites on the
perimeter of the array, each with six telescopes.

An essential feature of this Auger hybrid design is the capability of
observing air showers simultaneously by two different but comple-
mentary techniques. The SD operates continuously, measuring the
particle densities as the shower strikes the ground just beyond its

Fig. 1. The Auger Observatory. Each dot corresponds to one of the 1660 surface detector stations. The four fluorescence detector enclosures are shown, each with the 301 field
of view of its six telescopes. Also shown are the two laser facilities, CLF and XLF, near the Observatory center.

Fig. 2. The fluorescence detector enclosure Los Leones (top) and a surface detector
station (bottom).
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!! ! 55:8" 2:3#stat$ " 1:6#syst$% g=cm2; (1)

with the average energy of these events being
1018:24"0:005#stat$ eV. The differential energy distribution
for these events follows a power law with index &1:9.
The average energy corresponds to a center-of-mass
energy of

!!!
s

p ! 57" 0:3#stat$ TeV in proton-proton
collisions.

Determination of the cross section.—The determination
of the proton-air cross section for particle production
requires the use of air-shower simulations, which inher-
ently introduces some dependence on model assumptions.
We emulate the measurement of !! with Monte Carlo
simulations to derive predictions of the slope, !MC

! . It is
known from previous work that the values of !MC

! are
directly linked to the hadronic cross sections used in the
simulations [2]. Accordingly we can explore the effect
of changing cross sections empirically by multiplying all
hadronic cross sections input to the simulations by an
energy-dependent factor [7]

f#E; f19$ ! 1' #f19 & 1$ lg#E=1015 eV$
lg#1019 eV=1015 eV$ ; (2)

where E denotes the shower energy and f19 is the factor
by which the cross section is rescaled at 1019 eV. This
factor is unity below 1015 eV, reflecting the fact that
measurements of the cross section at the Tevatron were
used to tune the interaction models. This technique of
modifying the original predictions of the cross sections
during the simulation process assures a smooth transition
from accelerator data up to the energies of our analysis.

For each hadronic interaction model, the value of f19 is
obtained that reproduces the measured value of !!. The
modified cross section is then deduced by multiplying
the original cross section used in the model by the factor
f#E; f19$ of Eq. (2) using E ! 1018:24 eV. For the conver-
sion of !! into cross section, we have used the four

high-energy hadronic interaction models commonly
adopted for air-shower simulations: QGSJET01 [8],
QGSJETII.3 [9], SIBYLL 2.1 [10], and EPOS1.99 [11]. While
in general no model gives a completely accurate represen-
tation of cosmic-ray data in all respects, these have been
found to give reasonably good descriptions of many of the
main features. It has been shown [12] that the differences
between the models used in the analysis are typically big-
ger than the variations obtained within one model by
parameter variation. Therefore we use the model differ-
ences for estimating the systematic model dependence.
The proton-air cross sections for particle production

derived for QGSJET01, QGSJETII, SIBYLL, and EPOS are
523.7, 502.9, 496.7, and 497.7 mb, respectively, with the
statistical uncertainty for each of these values being 22 mb.
The difference of these cross sections from the original
model predictions are <5%, with the exception of the
result obtained with the SIBYLL model, which is 12%
smaller than the original SIBYLL prediction. We use the
maximum deviations derived from using the four models,
relative to the average result of 505 mb, to estimate a
systematic uncertainty of #& 8;'19$ mb related to the
difficulties of modeling high-energy interactions. This pro-
cedure relies on the coverage of the underlying theoretical
uncertainties by the available models. For example, dif-
fraction, fragmentation, inelastic intermediate states, nu-
clear effects, QCD saturation, etc., are all described at
different levels using different phenomenological, but
self-consistent, approaches in these models. It is thus pos-
sible that the true range of the uncertainty for air-shower
analyses is larger, but this cannot be estimated with these
models. Furthermore, certain features of hadronic particle
production, such as the multiplicity, elasticity, and pion-
charge ratio, have an especially important impact on
air-shower development [13,14]; of these we found that
only the elasticity can have a relevant impact on !!.

The identified systematic uncertainty of #& 8;'19$ mb
induced by the modeling of hadronic interactions corre-
sponds to the impact of modifying the elasticity within
"#10–25$% in the models.
The selection of events with large values of Xmax also

enhances the fraction of primary cosmic-ray interactions
with smaller multiplicities and larger elasticities, which is,
for example, characteristic for diffractive interactions.
The value of !! is thus more sensitive to the cross section

of those interactions. The identified model dependence for

the determination of "prod
p-air is also caused by the compen-

sation of this effect.
Also the choice of a logarithmic energy dependence for

the rescaling factor in Eq. (2) may affect the resulting cross
sections. However, since the required rescaling factors are
small, this can only be a marginal effect.
The systematic uncertainty of 22% [15] in the absolute

value of the energy scale leads to systematic uncertainties
of 7 mb in the cross section and 6 TeV in the center-of-mass
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FIG. 1 (color online). Unbinned likelihood fit to obtain !!

(thick line). The Xmax distribution is unbiased by the fiducial
geometry selection applied in the range of the fit.
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•E < 1018.5 eV - high proton 
fraction and statistics

•The tail of the Xmax 
distribution is dominated by 
the distribution of the first 
interaction depths

We report a measurement of the proton-air cross section for particle production at the center-of-mass

energy per nucleon of 57 TeV. This is derived from the distribution of the depths of shower maxima observed

with the Pierre Auger Observatory: systematic uncertainties are studied in detail. Analyzing the tail of the

distribution of the shower maxima, a proton-air cross section of !505" 22#stat$%28
&36#syst$' mb is found.

DOI: 10.1103/PhysRevLett.109.062002 PACS numbers: 13.85.Tp, 96.50.sd

Introduction.—We present an analysis of the proton-air
cross section based on measurements made at the Pierre
Auger Observatory [1]. For this purpose, we analyze the
shape of the distribution of the largest values of the depth
of shower maximum, Xmax, the position at which an air
shower deposits the maximum energy per unit of mass of
atmosphere traversed. The tail of the Xmax distribution is
sensitive to the proton-air cross section, a fact exploited in
the pioneering work of the Fly’s Eye Collaboration [2]. To
obtain accurate measurements of Xmax, timing data from
the fluorescence telescopes are combined with that from
the surface detector array for a precise hybrid reconstruc-
tion of the geometry of events [3].

We place particular emphasis on studying systematic
uncertainties in the cross-section analysis. The unknown
mass composition of cosmic rays [4] is identified to be the
major source of systematic uncertainty and accordingly the
analysis has been optimized to minimize the impact of
particles other than protons in the primary beam. This begins
with restricting the analysis to the energy interval 1018 to
1018:5 eV, where the shape of the Xmax distribution is com-
patible with there being a substantial fraction of protons;
also there are a large number of events recorded in this
energy range. The corresponding average center-of-mass
energy of a proton interacting with a nucleon is 57 TeV,
significantly above the reach of the Large Hadron Collider.

Analysis approach.—The proton-air cross section is de-
rived in a two-step process. First, we measure an air shower
observable with high sensitivity to the cross section.
Second, we convert this measurement to a value of the
proton-air cross section for particle production (cf. [5]).
This is the cross section that accounts for all interactions
which produce particles and thus contribute to the air-
shower development; it implicitly also includes diffractive
interactions. As the primary observable, we define !! via
the exponential shape of the tail of the Xmax distribution,
dN=dXmax / exp#&Xmax=!!$, where ! denotes the frac-
tion of most deeply penetrating air showers used.
Considering only these events enhances the contribution
of protons in the sample, since the depth at which proton-
induced showers maximize is deeper in the atmosphere
than for showers from heavier nuclei. Thus, ! is a key
parameter: a small value enhances the proton fraction, but
reduces the number of events available for the analysis. We
have chosen ! ( 0:2 so that, for helium-fractions up to
25%, biases introduced by the possible presence of helium
and heavier nuclei do not exceed the level of the statistical
uncertainty. This was chosen after a Monte Carlo study that

probed, for different values of !, the sensitivity of the
analysis to the mass composition.
The measurement of!!We use events collected between

1 December 2004 and 20 September 2010. The atmos-
pheric and event-quality cuts applied are identical to those
used for the analysis of hXmaxi and rms(Xmax) [6] yielding
11 628 high-quality events. The Xmax distribution of these
data is affected by the known geometrical acceptance of
the fluorescence telescopes as well as by limitations related
to atmospheric light transmission. We use the strategy
developed for the measurement of hXmaxi and rms(Xmax)
to extract a sample that has an unbiased Xmax distribution: a
fiducial volume selection, which requires event geometries
that allow, for each individual shower, the complete
observation of a defined slant depth range.
First, we derive the range of values of Xmax that corre-

sponds to the fraction ! ( 0:2 of the most deeply pene-
trating showers. For this we need an unbiased distribution
of Xmax over the entire depth range of observed values of
Xmax. To achieve this, we perform a fiducial event selection
of the slant depth range containing 99.8% of the observed
Xmax distribution, which corresponds to the range from 550
to 1004 g=cm2. This reduces the data sample to 1635
events, providing an unbiased Xmax distribution that is
used to find the range of values of Xmax corresponding to
! ( 0:2, identified to extend from 768 to 1004 g=cm2.
Second, we select those events from the original 11 628

that have geometries allowing the complete observation of
values of Xmax from 768 to 1004 g=cm2, the tail of the
unbiased distribution. This fiducial cut maximizes the sta-
tistics of an unbiased Xmax distribution in the range of
interest. In total, 3082 events pass the fiducial volume
cuts, of which 783 events have their Xmax in the selected
range and thus contribute directly to the measurement of
!!. In Fig. 1 we show the 3082 selected events and the
result of an unbinned maximum likelihood fit of an ex-
ponential function over the range 768 to 1004 g=cm2.
Values of !! have been recalculated for subsamples of
the full data set selected according to zenith angle, shower-
to-telescope distance, and energy: the different values
obtained for !! are consistent with statistical fluctuations.
The reanalyses of the data for changes of fiducial event
selection, modified values of !, and for different ranges of
atmospheric depths yield changes of !! that are distrib-
uted around zero with a root-mean-square of 1:6 g=cm2.
We use this root-mean-square as an estimate of the system-
atic uncertainties associated with the measurement.
This yields
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•From proton-air to 
proton-proton 
interaction: Glauber 
model

•Proton-proton 
inelastic cross section 
derived at Ec.m. = 57 
TeV

the single-diffractive cross section, as well as from proton-
carbon cross-section data at lower energies.

This Glauber calculation is model-dependent since nei-
ther the parameters nor the physical processes involved are
known accurately at cosmic-ray energies. In particular, this
applies to the elastic slope parameter, Bel (defined by
d!el=dt / exp!"jtjBel# for very small t), the correlation
of Bel to the cross section, and the cross section for dif-
fractive dissociation. For the example of !inel

pp , the correla-
tion of Bel with the cross section is shown in Fig. 3 for
" $ 0:5. We have used the same four hadronic interaction
models to determine the uncertainty band of the Bel-!

inel
pp

correlation. Recent cross-section models such as [23] fall
within this band. We find that in the Glauber framework the
inelastic cross section is less dependent on model assump-
tions than the total cross section. The result for the inelastic
proton-proton cross section is

!inel
pp $ %92& 7!stat#'9

"11!syst# & 7!Glauber#( mb;

and the total proton-proton cross section is

!tot
pp $ %133& 13!stat#'17

"20!syst# & 16!Glauber#( mb:

The systematic uncertainties for the inelastic and total
cross sections include contributions from the elastic slope
parameter, from ", from the description of the nuclear
density profile, and from cross-checking these effects
using QGSJETII [9,24]. For the inelastic case, these three
independent contributions are 1, 3, 5, and 4 mb, respec-
tively. For the total cross section, they are 13, 6, 5, and
4 mb. We emphasize that the total theoretical uncertainty
of converting the proton-air to a proton-proton cross
section may be larger than estimated here within the
Glauber model. There are other extensions of the

Glauber model to account for inelastic screening [8,25]
or nucleon-nucleon correlations [26], and alternative
approaches that include, for example, parton saturation
or other effects [11,24,27,28].
In Fig. 4 we compare our inelastic cross-section result to

accelerator data and to the cross sections used in the
hadronic interaction models.
Summary.—We have presented the measurement of the

cross section for the production of particles in proton-air
collisions from data collected at the Pierre Auger
Observatory. We have studied in detail the effects of as-
sumptions on the primary cosmic-ray mass composition,
hadronic interaction models, simulation settings, and the
fiducial volume limits of the telescopes on the final result.
By analyzing only the most deeply penetrating events, we
selected a data sample enriched in protons. The results are
presented assuming a maximum contamination of 25% of
helium in the light cosmic-ray mass component. The lack
of knowledge of the helium component is the largest
source of systematic uncertainty. However, for helium
fractions up to 25% the induced bias remains below 6%.

To derive a value of !prod
p-air from the measured !#, we

assume a smooth extrapolation of hadronic cross sections
from accelerator measurements to the energy of the analy-
sis. This is achieved by modifying the model predictions of
hadronic cross sections above energies of 1015 eV during
the air-shower simulation process in a self-consistent
approach.
We convert the proton-air production cross section into

the total, and the inelastic, proton-proton cross section using
a Glauber calculation that includes intermediate inelastic
screening corrections. In this calculation, we use the corre-
lation between the elastic slope parameter and the proton-
proton cross sections taken from the interaction models as a
constraint. We find that the inelastic proton-proton cross
section depends less on the elastic slope parameter than
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simulations. Nevertheless, Heitler!s EM model pre-
dicted accurately the most important features of
electromagnetic showers.

Heitler!s model (Fig. 1a) has e+, e!, and pho-
tons undergoing repeated two-body splittings,
either one-photon bremsstrahlung or e+e! pair
production. Every particle undergoes a splitting
after it travels a fixed distance related to the radi-
ation length. After n splittings there are 2n total
particles in the shower. Multiplication abruptly
ceases when the individual e± energies drop below
the critical energy nec, where average collisional en-
ergy losses begin to exceed radiative losses.

This simplified picture does not capture accu-
rately all details of EM showers. But two very
important features are well accounted for: the final
total number of electrons, positrons, and photons
Nmax is simply proportional to E" and the depth of
maximum shower development is logarithmically
proportional to E".

We approximate hadronic interactions similarly
[4]. For example, Fig. 1b shows a proton striking
an air molecule, and a number of pions emerging
from the collision. Neutral pions decay to photons
almost immediately, producing electromagnetic
subshowers. The p± travel some fixed distance
and interact, producing a new generation of pions.

The multiplication continues until individual
pion energies drop below a critical energy npc ,
where it begins to become more likely that a p±

will decay rather than interact. All p± are then as-

sumed to decay to muons which are observed at
the ground.

This first approximation assumes that interac-
tions are perfectly inelastic, with all the energy
going into production of new pions. We will study
the more realistic case which includes a leading
particle carrying away a significant portion of the
energy later (Section 4).

The important di!erence between a hadronic
cascade and a pure EM shower is that a third of
the energy is ‘‘lost’’ from new particle production
at each stage from p" decay. Thus the total energy
of the initiating particle is divided into two chan-
nels, hadronic and electromagnetic. The primary
energy is linearly proportional to a combination
of the numbers of EM particles and muons.

We examine the model in detail below. In par-
ticular, we will look at its predictions for measur-
able properties of extensive air showers,
attempting to assess which predictions are reliable
and which may not be. First, we review the specif-
ics of Heitler!s electromagnetic shower model and
then develop the hadronic analogue. In all that fol-
lows, the term ‘‘electron’’ does not distinguish be-
tween e+ and e!.

2. Electromagnetic showers

As seen in Fig. 1a, an electron radiates a single
photon after traveling one splitting length

(a) (b)!

e+ e
_

n=1

n=2

n=3

n=4

p

" +_ " o

n=1

n=2

n=3

Fig. 1. Schematic views of (a) an electromagnetic cascade and (b) a hadronic shower. In the hadron shower, dashed lines indicate
neutral pions which do not re-interact, but quickly decay, yielding electromagnetic subshowers (not shown). Not all pion lines are
shown after the n = 2 level. Neither diagram is to scale.
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Heitler-Matthews model
•Neutral pions feed the 
electromagnetic cascade

•Charged pions decays feed 
the muonic cascade

•β is elasticity and multiplicity 
dependent

Muon production in extensive air showers

•Muons in EAS are probes of hadronic interactions and carry information on 
the primary mass

Xmax ∝ ln(E/A)

Nμ ∝ Eβ A1-β
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•Full EAS simulations using the leading hadronic interaction models: 
EPOS-LHC, QGSJET-II.0.4, Sybill

•Phenomenological approaches (diffraction, fragmentation, inelastic 
intermediate states, nuclear effects, QCD saturation, etc.) where 
accelerator data is unavailable

•Tuned after LHC data

Muon production in extensive air showers
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1) Muon production depth

2) Mean number of muons in 
highly inclined showers

3) Hadronic shower size

Phys. Rev. D 91, 032003 (2015)

Phys. Rev. Lett. 117, 192001 (2016)

Phys. Rev. D 90, 012012 (2014)
& Phys. Rev. D 92, 019903(E) (2015)

Auger muon measurements
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Muon production depth

work, we explore the possibility of using MPD distribu-
tions as an experimental observable sensitive to the mass of
the primary cosmic rays and able to constrain high-energy
interaction models. The Auger Collaboration is currently
evaluating other methods based on surface detector data
[12] that could add valuable information to the set of
parameters sensitive to mass composition.

II. THE PIERRE AUGER OBSERVATORY

The Pierre Auger Observatory is located in the Province
of Mendoza, Argentina (35.1°–35.5° S, 69.0°–69.6° W,
about 1400 m above sea level). Two detection methods are
used to obtain information about EASs, and hence infor-
mation on the primary cosmic rays that create them. The
SD array is comprised of 1660 cylindrical water Cherenkov
detectors arranged on a triangular grid, with 1500 m
spacing, that covers an area of over 3000 km2. Each
detector has a 10 m2 surface area and 1.2 m water depth,
the water volume being viewed by three 9 inch photo-
multiplier tubes (PMTs) [13,14]. PMT signals are digitized
using 40 MHz, 10 bit flash analog-to-digital converters
(FADCs). The detectors respond to the muons, photons,
and electrons of air showers and are calibrated in units of
the signal produced by a muon traversing the water
vertically, known as a vertical equivalent muon or VEM
[15]. The fluorescence detector (FD) consists of 27 optical
telescopes overlooking the SD array [16,17]. On clear
moonless nights these are used to observe the longitudinal
development of showers by detecting the fluorescence and
Cherenkov light produced in the atmosphere by charged
particles along the shower trajectory. In the context of
primary mass studies, hybrid events have been used to
provide a direct measurement of Xmax [7].
However, the bulk of events collected by the observatory

have information only from the surface array, making SD
observables, such as the one described in this work, very
valuable for composition analysis at the highest energies.
Only brief details of the reconstruction methods are given
here. More extended descriptions of detectors and of
reconstruction procedures can be found in Refs. [4,7,13].
The trigger requirement for the surface array to form an
event is based on a threefold coincidence, satisfied when a
triangle of neighboring stations is triggered locally [18].
For the present analysis, we use events that satisfy a fiducial
cut to ensure adequate containment inside the array. For
events whose reconstructed energy is above 3 EeV, the
efficiency of detection is 100%. For SD data, the arrival
directions are obtained from the times at which the shower
front passes through the triggered detectors, this time being
measured using GPS information. The angular resolution,
defined as the angular radius around the true cosmic-ray
direction that would contain 68% of the reconstructed
shower directions, is 0.8° for energies above 3 EeV [19].
The estimator of the primary energy of events recorded by
the SD array is the reconstructed signal at 1000 m from the

shower core, S!1000". The conversion from this estimator
to energy is derived experimentally through the use of a
subset of showers that trigger the FD and the SD simulta-
neously (hybrid events). The energy resolution above
10 EeV is about 12%. The absolute energy scale, deter-
mined by the FD, has a systematic uncertainty of 14% [20].

III. RECONSTRUCTION OF THE MUON
PRODUCTION DEPTH DISTRIBUTION

When an EAS develops in the atmosphere, the transverse
momentum of secondary particles makes them deviate from
the shower axis on their way to the ground. Unlike the
electromagnetic component of the shower, muon trajectories
can be taken as straight lines, due to the lesser importance
of bremsstrahlung and multiple scattering effects. This fact
confers the muons a distinctive attribute: they retain a
memory of their production points. The muon component
reaching the ground has a time structure caused by the
convolution of production spectra, energy loss, and decay
probability during propagation. Thanks to a set of simple
assumptions [21], these arrival times can beused to obtain the
distribution of muon production distances along the shower
axis. Since muons are the products of pion and kaon decays,
the distribution ofmuon production distances provides infor-
mation about the longitudinal development of the hadronic
component of the EAS [22]. This information is comple-
mentary to that obtained from the electromagnetic compo-
nent through the detection of atmospheric fluorescence light.
The basis of our measurement is a theoretical framework

originally developed in Refs. [23,24] and updated in
Ref. [25] to model the muon distributions in EAS. Here
we summarize its main aspects. As a first approximation,
we assume that muons travel in straight lines at the speed of
light c and that they are produced in the shower axis. This is
outlined in Fig. 1, where muons are produced at the
position z along the shower axis and, after traveling a

FIG. 1. Geometry used to obtain the muon traveled distance and
the time delay.
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•Assumption: muons produced in shower axis 
travel in straight lines
•From the muon arrival time to the muon 
production depth

distance l, they reach the ground at the point defined by
!r; ζ". r and ζ are measured in the shower reference frame
and represent the distance and the azimuthal position of the
point at the ground, respectively. Δ is the distance from
the ground impact point to the shower plane. Referencing
the muon time of flight to the arrival time of the shower-
front plane for each position (r; ζ), we obtain what we
define as the geometric delay, tg. It represents the delay of
muons due to the deviation of their trajectories with respect
to the direction of the shower axis. Given tg, it is possible to
derive the production distance z of muons for each position
(r; ζ) at the ground.
The geometric delay is not the only source contributing

to the measured muon delay t. The average energy of
muons at production (vμ < c) and their energy loss, mainly
because of inelastic collisions with atomic electrons in the
air, cause a kinematic delay tε, with respect to a particle
traveling at the speed of light. To compute it, we need an
estimation of the energy carried by each single muon. The
Auger SD array does not allow for such a measurement:
therefore we must use for this correction a mean kinematic
time value htεi as an approximation [24]. An additional
source of delay is given by the deflection of muons due to
their elastic scattering off nuclei. Furthermore, the geo-
magnetic field affects the trajectory of the muons, delaying
their arrival times even more. The longer the path of the
muon, the larger is the effect; hence, it is especially
important for very inclined events.
To demonstrate the importance of the different contri-

butions to the total delay, Fig. 2 presents, for events at a 60°
zenith angle, the average value of each delay as a function
of the distance to the shower core. All contributing effects
show a clear dependence with r. This behavior is similar for
events with different zenith angles. The geometric delay
dominates at large distances. The contribution of the
kinematic effect is larger near the core. In principle, one

may think that the kinematic delay decreases closer to the
core because muons are more energetic on average.
However, in this region the spread in energy is larger
[25], and the mean time delay is dominated by low-energy
muons. For events at !60°, at distances r > 1000 m, the
kinematic delay typically amounts to less than 30% of the
total delay, while the rest of the contributions are of
the order of a few percent (see Fig. 2).
Since muons are not produced in the shower axis, we

must apply a correction due to the path traveled by the
parent mesons. Assuming that muons are collinear with the
trajectory followed by the parent pion, the muon paths start
deeper in the atmosphere by an amount which is simply the
decay length of the pion: zπ # cτπEπ=!mπc2" cos α. The
pion energy dependence of this correction has been taken
from Ref. [24]. The distance zπ introduces an average time
delay of !3 ns [25] (this correction amounts to !1% of the
total delay; see Fig. 2).
All in all, the muon production point along the shower

axis z can be inferred by the expression

z≃ 1

2

!
r2

c!t " htεi"
" c!t " htεi"

"
$ Δ " hzπi; !1"

where the geometric delay tg has been approximated
by tg ≃ t " htεi.
For each point at the ground, Eq. (1) gives a mapping

between the production distance z and the arrival time t of
muons. The production distance can be easily related to the
production depthXμ (total amount of traversedmatter) using

Xμ #
Z

#

z
ρ!z0"dz0; !2"

where ρ stands for the atmospheric density. The set of
production depths forms theMPDdistribution that describes
the longitudinal development of the muons generated in an
air shower that reach the ground.

IV. FEATURES OF THE MUON PROFILES

The MPD is reconstructed from the FADC signals
obtained with the water Cherenkov detectors. The finite area
of the detectors induces fluctuations due to different muon
samples being collected. In addition, the shape of the MPD
distribution observed from different positions at the ground
varies because of differences in the probability of in-flight
decay and because muons are not produced isotropically
from the shower axis. It is an integration over rwhich enables
estimation of the dNμ=dX distribution or MPD distribution
(where Nμ refers to the number of produced muons).
However, for discrete detector arrays, measurements at just
a handful of r values are available and are limited to the small
number of muons due to the finite collection surface (10 m2

cross section for vertical incidence).
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FIG. 2 (color online). Average time delay of muons with a
breakdown of the different contributions. Those muons are
produced in a proton-initiated shower with a zenith angle of
60° and primary energy of E # 10 EeV [25].
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and represent the distance and the azimuthal position of the
point at the ground, respectively. Δ is the distance from
the ground impact point to the shower plane. Referencing
the muon time of flight to the arrival time of the shower-
front plane for each position (r; ζ), we obtain what we
define as the geometric delay, tg. It represents the delay of
muons due to the deviation of their trajectories with respect
to the direction of the shower axis. Given tg, it is possible to
derive the production distance z of muons for each position
(r; ζ) at the ground.
The geometric delay is not the only source contributing

to the measured muon delay t. The average energy of
muons at production (vμ < c) and their energy loss, mainly
because of inelastic collisions with atomic electrons in the
air, cause a kinematic delay tε, with respect to a particle
traveling at the speed of light. To compute it, we need an
estimation of the energy carried by each single muon. The
Auger SD array does not allow for such a measurement:
therefore we must use for this correction a mean kinematic
time value htεi as an approximation [24]. An additional
source of delay is given by the deflection of muons due to
their elastic scattering off nuclei. Furthermore, the geo-
magnetic field affects the trajectory of the muons, delaying
their arrival times even more. The longer the path of the
muon, the larger is the effect; hence, it is especially
important for very inclined events.
To demonstrate the importance of the different contri-

butions to the total delay, Fig. 2 presents, for events at a 60°
zenith angle, the average value of each delay as a function
of the distance to the shower core. All contributing effects
show a clear dependence with r. This behavior is similar for
events with different zenith angles. The geometric delay
dominates at large distances. The contribution of the
kinematic effect is larger near the core. In principle, one

may think that the kinematic delay decreases closer to the
core because muons are more energetic on average.
However, in this region the spread in energy is larger
[25], and the mean time delay is dominated by low-energy
muons. For events at !60°, at distances r > 1000 m, the
kinematic delay typically amounts to less than 30% of the
total delay, while the rest of the contributions are of
the order of a few percent (see Fig. 2).
Since muons are not produced in the shower axis, we

must apply a correction due to the path traveled by the
parent mesons. Assuming that muons are collinear with the
trajectory followed by the parent pion, the muon paths start
deeper in the atmosphere by an amount which is simply the
decay length of the pion: zπ # cτπEπ=!mπc2" cos α. The
pion energy dependence of this correction has been taken
from Ref. [24]. The distance zπ introduces an average time
delay of !3 ns [25] (this correction amounts to !1% of the
total delay; see Fig. 2).
All in all, the muon production point along the shower

axis z can be inferred by the expression

z≃ 1

2

!
r2

c!t " htεi"
" c!t " htεi"

"
$ Δ " hzπi; !1"

where the geometric delay tg has been approximated
by tg ≃ t " htεi.
For each point at the ground, Eq. (1) gives a mapping

between the production distance z and the arrival time t of
muons. The production distance can be easily related to the
production depthXμ (total amount of traversedmatter) using

Xμ #
Z

#

z
ρ!z0"dz0; !2"

where ρ stands for the atmospheric density. The set of
production depths forms theMPDdistribution that describes
the longitudinal development of the muons generated in an
air shower that reach the ground.

IV. FEATURES OF THE MUON PROFILES

The MPD is reconstructed from the FADC signals
obtained with the water Cherenkov detectors. The finite area
of the detectors induces fluctuations due to different muon
samples being collected. In addition, the shape of the MPD
distribution observed from different positions at the ground
varies because of differences in the probability of in-flight
decay and because muons are not produced isotropically
from the shower axis. It is an integration over rwhich enables
estimation of the dNμ=dX distribution or MPD distribution
(where Nμ refers to the number of produced muons).
However, for discrete detector arrays, measurements at just
a handful of r values are available and are limited to the small
number of muons due to the finite collection surface (10 m2

cross section for vertical incidence).
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Testing hadronic interactions with the Pierre Auger Observatory

Imaging the muon production profile

Muons interact scarcely with the
atmosphere

I preserve information from their
production point

Muon Production Depth

I large ✓ (55�-65�), r (>1.7 km)

dominated by muons

I time ! production point

I fit profile ! X

µ

max
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Muon production depth

•Inclined showers with 
muon-rich signal at ground - 
SD measurement:
θ ϵ [55°, 65°]
r > 1700 m

•MPD reconstruction 
efficiency increases with the 
number of muons per event:
E > 1019.3 eV

•From the muon production 
depth distribution to Xμmax - 
composition-sensitive 
variable
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Full simulations of extensive air showers require large amounts of CPU time and disk space. Consequently, the
generation of Monte Carlo events calls for the implementation of a thinning algorithm. A procedure to undo the thinning is
thus mandatory to have a fair representation of the signals collected by the water Cherenkov detectors. The strategy consists
in the estimation of the distributions of particles at the position of the detectors by averages over extended areas around this
position. Following a thorough revision of the unthinning algorithm used in our simulations [1], we discovered that the
value chosen for the sampling area was not optimal and introduced an underestimation of the muon delay with respect to the
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•Test hadronic models 
with mass limits from 
cosmic ray abundances

•Significant 
differences among 
model predictions

•Data points in the 
region of heavy mass

Muon production depth
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•Xmax independent measurement with FD: consistency between electromagnetic 
and muonic shower components?

For a given model, translate Xμmax and Xmax into atomic mass A
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•Measurement of the muon content

•Highly inclined showers for high 
muon purity: θ ϵ [62°, 80°]

•Lateral muon profile from SD 
stations signal, using maximum-
likelihood method based on muon 
density templates

•Surface integration to get total 
number of muons at ground: Rμ
(normalized to energy and reference value 
1.5×107 muons)

Number of muons in inclined 
showers

Phys. Rev. D 91, 032003 (2015)

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 atmos-
pheric 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 electro-
magnetic 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 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 recon-
struct 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
EeVenergy 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" # N19ρμ;19!~r; θ;ϕ"; !3"

where ρμ;19 is the parametrized ground density for a proton
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 probabi-
listic 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 predic-
tions (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 end-

to-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].
Showers 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.

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.
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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 recon-
struct 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
EeVenergy 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" # N19ρμ;19!~r; θ;ϕ"; !3"

where ρμ;19 is the parametrized ground density for a proton
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 probabi-
listic 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 predic-
tions (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 end-

to-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].
Showers 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.

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.
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IV. 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 hRμi, and the
cosmic-ray energy E have a relationship that is not far from
a power law. Therefore we fit the parametrization

hRμi ! a"E=1019 eV#b "4#

to the selected data set, using a detailed maximum-
likelihood 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
hRμi"1019 eV# at 1019 eV and the b parameter the loga-
rithmic gain dhlnRμi=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 ! hRμi"1019 eV# ! "1.841& 0.029& 0.324"sys##; "5#

b ! dhlnRμi=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.
The fitted model agrees well with data. To obtain a

goodness-of-fit estimator, we compute the histogram
of the residuals "Rμ ! hRμi#=hRμi and compare it with
its expectation g""Rμ!hRμi#=hRμi#!

R
f""Rμ!hRμi"E##=

hRμi"E#;E#dE computed from the fitted two-dimensional
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
hRμi"1019 eV# of 18% combines the intrinsic uncertainty
of the Rμ-measurement (11%) and the uncertainty of the
Auger energy scale (14%) [38]. The systematic uncertainty
of the logarithmic gain dhlnRμi=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 compar-
isons, it is sufficient to simulate showers at this zenith 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 RMC

μ , which
can be directly compared to our measurement.
Our fit yields the average muon content hRμi. For model

comparisons the average logarithmic muon content,
hlnRμi, 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

FIG. 3. The selected hybrid events above 4 ! 1018 eV and a fit
of the power law hRμi ! ahE=1019 eVib. The error bars indicate
statistical detection uncertainties only. The inset shows a histo-
gram 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.
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hlnRμi numerically based on our fitted model of the
intrinsic fluctuations:

hlnRμi!1019 eV" #
Z

!

0
lnRμN !Rμ"dRμ

# 0.601$ 0.016%0.167
"0.201!sys"; !8"

where N !Rμ" is a Gaussian with mean hRμi and spread
σ&Rμ' as obtained from the fit. The deviation of hlnRμi from
lnhRμi 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, or 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 hRμi=!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
binwise 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 binwise 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 hRμi 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 [38]. This limits its power as a mass
composition estimator, but we will see that our measure-
ment 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, sug-
gesting contributions of even heavier elements. This
interpretation is not in agreement with studies based on
the depth of shower maximum [40], which show an average
logarithmic mass hlnAi between proton and iron in 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 wewill demonstrate
that this does not completely resolve the discrepancy. The
logarithmic gain dhlnRμi=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 hXmaxi 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 hXmaxi [40]. We can therefore make predictions
for the mean logarithmic muon content hlnRμi based on
these hlnAi data, and compare them directly to our
measurement.
We consider QGSJET01, QGSJETII-03, QGSJETII-04,

and EPOS LHC for this comparison. The relation of hXmaxi
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,

hXmaxi # hXmaxip % fEhlnAi; !9"

where hXmaxip is the average depth of the shower maxi-
mum for proton showers at the given energy and fE an
energy-dependent parameter [4,41]. The parameters
hXmaxip and fE were computed from air shower simula-
tions 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

FIG. 4 (color online). Average muon content hRμi 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 theo-
retical 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.
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hlnNμi ! hlnNμip " #1 ! β$hlnAi #10$

β ! 1 !
hlnNμiFe ! hlnNμip

ln 56
: #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 approxi-

mate Heitler model by computing β from Eq. (11), and
alternatively from dhlnRμip=d lnE and dhlnRμiFe=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 the
predicted logarithmic muon content of σsys%hlnRμi& < 0.02.
With Eqs. (9)–(10), we convert the measured mean depth

hXmaxi into a prediction of the mean logarithmic muon
content hlnRμi at θ ! 67° for each hadronic interaction
model. The relationship between hXmaxi and hlnRμi 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 predictions is shown
by a lack of overlap of the data point with any of the
model lines.
The model predictions of hlnRμi and dhlnRμi=d lnE

are summarized and compared to our measurement in
Figs. 6–7, respectively. For QGSJETII-03, QGSJETII-04,
and EPOS LHC, we use estimated hlnAi data from
Ref. [40]. Since QGSJET01 has not been included in that
reference, we compute hlnAi using Eq. (9) [4] from the

latest hXmaxi data [40]. The systematic uncertainty of
the hlnRμi predictions is derived by propagating the sys-
tematic uncertainty of hlnAi ['0.03#sys$], combined with
the systematic uncertainty of the Heitler model ['0.02#sys$].
The predicted logarithmic gain dhlnRμi=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

and 5 ! 1019 eV. The systematic uncertainty of the
dhlnRμi=d lnE predictions is derived by varying the fitted
line within the systematic uncertainty of the hlnAi data
['0.02#sys$], and by varying β within its systematic
uncertainty in Eq. (2) ['0.005#sys$].
The four hadronic interaction models fall short in

matching our measurement of the mean logarithmic muon
content hlnRμi. 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
1.4σ. To reproduce the higher signal intensity in data, 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, con-
clusions about the mass composition from the measured
absolute muon content remain tentative.

FIG. 5 (color online). Average logarithmic muon content
hlnRμi (this study) as a function of the average shower depth
hXmaxi (obtained by interpolating binned data from Ref. [40]) 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.

FIG. 6 (color online). Comparison of the mean logarithmic
muon content hlnRμi 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 hXmaxi 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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hlnNμi ! hlnNμip " #1 ! β$hlnAi #10$

β ! 1 !
hlnNμiFe ! hlnNμip

ln 56
: #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 approxi-

mate Heitler model by computing β from Eq. (11), and
alternatively from dhlnRμip=d lnE and dhlnRμiFe=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 the
predicted logarithmic muon content of σsys%hlnRμi& < 0.02.
With Eqs. (9)–(10), we convert the measured mean depth

hXmaxi into a prediction of the mean logarithmic muon
content hlnRμi at θ ! 67° for each hadronic interaction
model. The relationship between hXmaxi and hlnRμi 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 predictions is shown
by a lack of overlap of the data point with any of the
model lines.
The model predictions of hlnRμi and dhlnRμi=d lnE

are summarized and compared to our measurement in
Figs. 6–7, respectively. For QGSJETII-03, QGSJETII-04,
and EPOS LHC, we use estimated hlnAi data from
Ref. [40]. Since QGSJET01 has not been included in that
reference, we compute hlnAi using Eq. (9) [4] from the

latest hXmaxi data [40]. The systematic uncertainty of
the hlnRμi predictions is derived by propagating the sys-
tematic uncertainty of hlnAi ['0.03#sys$], combined with
the systematic uncertainty of the Heitler model ['0.02#sys$].
The predicted logarithmic gain dhlnRμi=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

and 5 ! 1019 eV. The systematic uncertainty of the
dhlnRμi=d lnE predictions is derived by varying the fitted
line within the systematic uncertainty of the hlnAi data
['0.02#sys$], and by varying β within its systematic
uncertainty in Eq. (2) ['0.005#sys$].
The four hadronic interaction models fall short in

matching our measurement of the mean logarithmic muon
content hlnRμi. 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
1.4σ. To reproduce the higher signal intensity in data, 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, con-
clusions about the mass composition from the measured
absolute muon content remain tentative.

FIG. 5 (color online). Average logarithmic muon content
hlnRμi (this study) as a function of the average shower depth
hXmaxi (obtained by interpolating binned data from Ref. [40]) 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.

FIG. 6 (color online). Comparison of the mean logarithmic
muon content hlnRμi 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 hXmaxi 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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The situation is better for the logarithmic gain
dhlnRμi=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 1.4σ. 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 dhlnRμi=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 2.2σ (2.6σ).

VI. CONCLUSIONS

We presented the first measurement of the mean muon
number in inclined air showers with θ > 62° between
4 ! 1018 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 cosmic-ray 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

!20"sys#% at
1019 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 compo-
sition, 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 2.2σ.
Our measurement of the muon number combined with

measurements of the depth of shower maximum provides
important insights into the consistency of hadronic inter-
action models. The hadronic and muonic components of
air showers are less well understood than the electromag-
netic 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 measure-
ment further reduced. The main contributions are the
systematic uncertainties in the simulated response of the
Auger SD to inclined muons, and the systematic uncer-
tainty 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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•To reproduce the higher signal in data:

•increase the number of muons in simulations by

•or increase the Auger energy scale by a similar factor

•Analysis method to measure the hadronic shower size that removes the 
sensitivity to the absolute energy calibration

•includes data from vertical showers

Hadronic shower size Phys. Rev. Lett. 117, 192001 (2016)

The situation is better for the logarithmic gain
dhlnRμi=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 1.4σ. 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 dhlnRμi=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 2.2σ (2.6σ).

VI. CONCLUSIONS

We presented the first measurement of the mean muon
number in inclined air showers with θ > 62° between
4 ! 1018 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 cosmic-ray 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

!20"sys#% at
1019 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 compo-
sition, 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 2.2σ.
Our measurement of the muon number combined with

measurements of the depth of shower maximum provides
important insights into the consistency of hadronic inter-
action models. The hadronic and muonic components of
air showers are less well understood than the electromag-
netic 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 measure-
ment further reduced. The main contributions are the
systematic uncertainties in the simulated response of the
Auger SD to inclined muons, and the systematic uncer-
tainty 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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Ultrahigh energy cosmic ray air showers probe particle physics at energies beyond the reach of
accelerators. Here we introduce a new method to test hadronic interaction models without relying on
the absolute energy calibration, and apply it to events with primary energy 6-16 EeV (E

CM

= 110-170
TeV), whose longitudinal development and lateral distribution were simultaneously measured by the
Pierre Auger Observatory. The average hadronic shower is 1.33±0.16 (1.61±0.21) times larger than
predicted using the leading LHC-tuned models EPOS-LHC (QGSJetII-04), with a corresponding
excess of muons.

PACS numbers: Pierre Auger Observatory, ultrahigh energy cosmic rays, muons, hadronic interactions

INTRODUCTION

For many years there have been hints that the num-
ber of muons in ultrahigh energy cosmic ray (UHECR)
air showers is larger than predicted by hadronic inter-
action models, e.g., [1]. Most recently, the Pierre Auger
Observatory [2] compared the muon number in highly in-
clined events to predictions using the two leading LHC-
tuned hadronic event generators (HEGs) for air showers,
QGSJet-II-04 [3, 4] and EPOS-LHC [5, 6]. The observed
number of muons for 1019 eV primaries was found [7] to
be 30%-80% higher than the models predict assuming the
primary composition inferred from the depth-of-shower-
maximum distribution for each given model [8, 9], but the
significance of the inferred muon excess is limited due to
the uncertainty in the absolute energy calibration.

For a given primary energy and mass, the number of
muons is sensitive to hadronic interactions. Typically
about 25% of the final state energy in each hadronic in-
teraction is carried by ⇡0’s, which immediately decay to
two photons and thus divert energy from the hadronic
cascade, which is the main source of muons, to the elec-
tromagnetic (EM) cascade. The hadronic cascade termi-
nates when the energy of charged pions drops low enough
that they decay before interacting, O(100 GeV). If the
average fraction of EM energy per interaction were in-
creased or decreased, or there were more or fewer gen-
erations of hadronic interactions in the cascade (which
depends on the primary mass and properties of the fi-
nal states such as multiplicity), the muon ground signal
would be lower or higher. Therefore, a significant dis-
crepancy between observed and predicted muon ground
signal would indicate that the description of hadronic in-
teractions is inaccurate, assuming that the composition
can be properly understood.

There has been excellent recent progress in compo-
sition determination [8–10], which provides a valuable
“prior” for modeling individual showers. Here we comple-
ment that progress with a new, more powerful approach
to the muon analysis which removes the sensitivity to
the absolute energy calibration. It is applicable to the
entire data set of hybrid events: those events whose lon-
gitudinal profile (LP) is measured by the Pierre Auger
Observatory’s fluorescence detector (FD) [2, 11] at the
same time the ground signal is measured with its surface
detector (SD) [2, 12].
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Figure 1: Top panel: A longitudinal profile measured for
a hybrid event and matching simulations of two showers
with proton and iron primaries. Middle panel: A lateral
distribution function determined for the same hybrid event
as in the top panel and that of the two simulated events.
Bottom panel: R, defined as S(1000)Data

S(1000)Sim
, averaged over the

hybrid events as a function of sec!.

and arrival direction of the showers matches the measured
event, and the LPs of the selected showers have the lowest
"2 compared to the measured LP. The measured LP and
two selected LPs of an example event are shown in the top
panel of Fig. 1.
The detector response for the selected showers was simu-
lated using the Auger Offline software package [8, 9]. The
lateral distribution function of an observed event and that
of two simulated events are shown in the middle panel of
Fig. 1. For each of the 227 events, the ground signal at
1000m from the shower axis, S (1000), is smaller for the
simulated events than that measured. The ratio of the mea-
sured S (1000) to that predicted in simulations of showers
with proton primaries, S(1000)DataS(1000)Sim

, is 1.5 for vertical showers
and grows to around 2 for inclined events; see the bottom
panel of Fig. 1. The ground signal of more-inclined events

is muon-dominated. Therefore, the increase of the discrep-
ancy with zenith angle suggests that there is a deficit of
muons in the simulated showers compared to the data. The
discrepancy exists for simulations of showers with iron pri-
maries as well, which means that the ground signal cannot
be explained only through composition.

3 Estimate of the Muonic Signal in Data
3.1 A multivariate muon counter
In this section, the number of muons at 1000 m from the
shower axis is reconstructed. This was accomplished by
first estimating the number of muons in the surface detec-
tors using the characteristic signals created by muons in the
PMT FADC traces and then reconstructing the muonic lat-
eral distribution function (LDF) of SD events.
In the first stage, the number of muons in individual surface
detectors is estimated. As in the jump method [4], the total
signal from discrete jumps

J =
!

FADC bin i

(x
i+1 ! x

i

)
" #$ %

jump

I {x
i+1 ! x

i

> 0.1} (1)

was extracted from each FADC signal, where x
i

is the sig-
nal measured in the ith bin in Vertical Equivalent Muon
(VEM) units, and the indicator function I {y} is 1 if its
argument y is true and 0 otherwise. The estimator J is
correlated with the number of muons in the detector, but it
has an RMS of approximately 40%. To improve the pre-
cision, a multivariate model was used to predict the ratio
# = (N

µ

+ 1)/(J + 1). 172 observables that are plausibly
correlated to muon content, such as the number of jumps
and the rise-time, were extracted from each FADC signal.
Principal Component Analysis was then applied to deter-
mine 19 linear combinations of the observables which best
capture the variance of the original FADC signals. Using
these 19 linear combinations, an artificial neural network
(ANN) [10] was trained to predict # and its uncertainty.
The output of the ANN was compiled into a probability ta-
ble PANN = P (N

µ

= N | FADC signal). The RMS of this
estimator is about 25%, and biases are also reduced com-
pared to the estimator J .
In the second stage of the reconstruction, a LDF

N(r, $,%, &) =

exp

&

$ + % log
r

1000m
+ & log

' r

1000m

(2
) (2)

is fit to the estimated number of muons in the detectors for
each event, where r is the distance of the detector from the
shower axis and $, %, and & are fit parameters. The num-
ber of muons in each surface detector varies from the LDF
according to the estimate PANN and Poisson fluctuations.
The fit parameters, $, %, and &, have means which depend
on the primary energy and zenith angle as well as vari-
ances arising from shower-to-shower fluctuations. Gaus-
sian prior distributions with energy- and zenith-dependent
means were defined for the three fit parameters. All the
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FIG. 1. Top: The measured longitudinal profile of an illus-
trative air shower with its matching simulated showers, using
QGSJet-II-04 for proton (red solid) and iron (blue dashed)
primaries. Bottom: The observed and simulated ground sig-
nals for the same event (p: red squares, dashed-line, Fe: blue
triangles, dot-dash line) in units of vertical equivalent muons;
curves are the lateral distribution function (LDF) fit to the
signal.

The ground signal of an individual shower of a CR of
given energy and mass, depends primarily on the zenith
angle and the depth-of-shower-maximum, X

max

, because
together these determine the path length and thus atten-
uation of the electromagnetic and muonic components at
ground. In order to most simply characterize a possible
discrepancy between the predicted and observed prop-

•Region of small mass composition 
change:
E ϵ [1018.8, 1019.2] eV

•411 hybrid events

•Eliminate the effect of shower-to-
shower fluctuations: for each data 
event, find simulations that match 
the longitudinal profile

•Excess in signal is evident in the 
shower lateral profile

•Consider S(1000) - shower size 
at 1000m

Hadronic shower size
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erties of the air shower, we introduce an energy rescal-
ing parameter, RE , to allow for a possible shift in the
FD energy calibration, and a multiplicative rescaling of
the hadronic component of the shower by a factor R

had

.
RE rescales the total ground signal of the event approxi-
mately uniformly, while R

had

rescales only the contribu-
tion to the ground signal of inherently hadronic origin,
which consists mostly of muons. Because the EM com-
ponent of the shower is more strongly attenuated in the
atmosphere than the muonic component, and the path
length in the atmosphere varies as a function of zenith
angle, RE and R

had

can be separately determined by fit-
ting a su�ciently large sample of events covering a range
of zenith angles.

In this analysis we test the consistency of the observed
and predicted ground signal event by event, for a large
sample of events covering a wide range of X

max

and
zenith angles. By selecting simulated events which ac-
curately match the observed LP of each event, we largely
eliminate the noise from shower-to-shower fluctuations in
the ground signal due to fluctuations in X

max

, while at
the same time maximally exploiting the relative attenu-
ation of the EM and muonic components of the shower.

The LP and lateral distribution of the ground signal
of an illustrative event are shown in Fig. 1, along with a
matching proton and iron simulated event; the ground
signal size is measured in units of vertical equivalent
muons (VEM), the calibrated unit of SD signal size [13].
Figure 1 (bottom) illustrates a general feature of the
comparison between observed and simulated events: the
ground signal of the simulated events is systematically
smaller than the ground signal in the recorded events.
Elucidating the nature of the discrepancy is the motiva-
tion for the present study.

The data we use for this study are the 411 hybrid
events with 1018.8 < E < 1019.2 eV and zenith angle
0� � 60� recorded between 1 January 2004 and 31 De-
cember 2012, which satisfy the event quality selection
criteria in Refs. [14, 15]. We thus concentrate on a rel-
atively narrow energy range such that the mass compo-
sition changes rather little [8, 9], while having adequate
statistics. This energy range corresponds to an energy of
110 to 170 TeV in the center-of-mass reference frame of
the UHECR and air nucleon, far above the LHC energy
scale.

Figure 2 shows the ratio of S(1000), the ground signal
size at 1000 m from the shower core [2], for the events in
our sample relative to that predicted for simulated events
with matching zenith angle, depth-of-shower-maximum
(X

max

) and calorimetric FD energy, for QGSJet-II-04 [3]
and EPOS-LHC [5]. For each HEG, the analysis is done
using the composition mix which reproduces the observed
X

max

distribution [8, 9]; we also show the result for pure
protons for comparison. The discrepancy between a mea-
sured and simulated S(1000) evident in Fig. 2 is striking,
at all angles and for both HEGs, and for both the mixed
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FIG. 2. The average ratio of S(1000) for observed and simu-
lated events as a function of zenith angle, for mixed or pure
proton compositions.

composition and pure proton cases.
The zenith angle dependence of the discrepancy is the

key to allowing RE and R
had

to be separated. As seen in
Fig. 3, the ground signal from the hadronic component is
roughly independent of zenith angle, whereas that of the
EM component falls with sec(✓), so that to reproduce
the rise seen in Fig. 2, the hadronic component must
be increased with little or no modification of the EM
component. This will be quantified below.
The analysis relies on there being no significant zenith-

angle-dependent bias in the determination of the SD and
FD signals. The accuracy of the detector simulations as a
function of zenith angle in the 0��60� range of the study
here, and hence the absence of a zenith angle dependent
bias in the SD reconstruction, has been extensively val-
idated with muon test data [16]. The absence of zenith
angle dependence in the normalization of the FD signal
follows from the zenith angle independence of E

FD

/E
SD

of individual hybrid events.

PRODUCTION OF SIMULATED EVENTS

The first step of the analysis is to generate a set
of Monte Carlo (MC) events, to find simulated events
matching the LPs of the data events. The MC air-shower
simulations are performed using the SENECA simulation
code [17], with FLUKA [19] as the low-energy HEG. Sim-
ulation of the surface detector response is performed with
GEANT4 [20] within the software framework O↵line [21]
of the Auger Observatory. We produce showers match-
ing each data event, with both HEGs and for all four
primary cosmic-ray types (proton, helium, nitrogen, and
iron nuclei), as follows:
• Repeatedly generate showers with the measured ge-
ometry and calorimetric energy of the given data event,
reconstructing the LP and determining the X

max

value
until 12 showers having the same X

max

value as the real

6

event (within the reconstruction uncertainty) have been
produced, or stopping after 600 tries. For data events
whose X

max

cannot be matched with all primary types,
the analysis is done using only those primaries that give
12 events at this stage, in 600 tries [22].
• Repeat the simulation of these 12 showers at very high
resolution, and select the 3 which best reproduce the
observed longitudinal profile based on the �2-fit. For
each of the 3 selected showers, do a full surface detector
simulation and generate SD signals for comparison with
the data. From these detailed simulations of 3 showers
that match the full LP of the data event, determine the
hadronic component of the simulated ground signal and
the shower-to-shower variance.

The choices of 12 and 3 showers in the two stages above
assure, respectively, that i) the LPs of the final simulated
data set fit the real data with a �2 distribution that is
comparable to that found in a Gaisser-Hillas fit to the
data itself, and ii) that the variance within the simulated
events for a given shower is smaller than the shower-to-
shower fluctuations in real events. More than 107 showers
must be simulated to create the analysis library of well-
fitting simulated showers for the 411 hybrid events of the
data set. A high-quality fit to the LP is found for all
events, for at least one primary type.

QUANTIFYING THE DISCREPANCY

The history of all muons and EM particles (e± and
�’s) reaching the ground is tracked during simulation,
following the description in Ref. [23]. Most muons come
from ⇡± or K decay and most EM particles from ⇡0 de-
cay. The portion of EM particles that are produced by
muons through decay or radiative processes, and by low-
energy ⇡0’s, are attributed to the hadronic signal, S

had

;
muons that are produced through photoproduction are
attributed to the electromagnetic signal, SEM . The rel-
ative importance of the di↵erent components varies with
zenith angle, as illustrated in Fig. 3. Once SEM and S

had

are known for a given shower i, with assumed primary
mass j, the rescaled simulated S(1000) can be written
as:

S
resc

(RE , Rhad

)i,j ⌘ RE SEM,i,j+R
had

R↵
E S

had,i,j . (1)

The linear scaling of the EM contribution with RE is
obvious, as is the factor R

had

for the hadronic contribu-
tion. The factor R↵

E reflects the fact that the hadronic
signal increases slower than linearly with energy, since
higher energy events require more stages in the shower
cascade before the pions have low enough energy to decay
to muons rather than re-interact, and at each stage, en-
ergy is removed from the hadronic cascade. The value of
↵ is a prediction of the HEG and depends also on mass;
in practice both EPOS and QGSJet-II simulations find
↵ ⇡ 0.9, relatively independently of composition [24]. We
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FIG. 3. The contributions of di↵erent components to the
average signal as a function of zenith angle, for stations at
1 km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJet-II-04.

investigated the sensitivity of our conclusions to the pos-
sibility that ↵ predicted by the models is incorrect, and
find its potential e↵ect is small enough to be ignored for
the present analysis [25].
The best fit values of RE and R

had

are determined
by maximizing the likelihood function

Q
i Pi, where the

index i runs over each event in the data set and the con-
tribution of the ith event is

Pi =
X

j

pj (Xmax,i)p
2⇡�i,j

exp

"
� (S

resc

(RE , Rhad

)i,j � S(1000)i)
2

2 �2

i,j

#
.

(2)
The index j labels the di↵erent possible primaries (p, He,
N and Fe), and pj (Xmax,i) is the prior on the probability
that an event with X

max,i has mass j, given the mass
fractions fj in the interval 1019±0.2 eV (see Ref. [8] for
the fit to the observed X

max

distribution for each HEG):

pj(Xmax

) = fj Pj(Xmax

) /⌃j0fj0 Pj0(Xmax

), (3)

where Pj(Xmax

) is the probability density of observing
X

max

for primary type j, for the given HEG. The
variance entering Eq. (2) includes (a) measurement
uncertainty of typically 12%, from the uncertainty in
the reconstruction of S(1000), the calorimetric energy
measurement, and the uncertainty in the X

max

scale, as
well as (b) the variance in the ground signals of showers
with matching LPs due to shower-to-shower fluctuations
(ranging from typically 16% for proton-initiated showers
to 5% for iron-initiated showers) and (c) the uncertainty
in separating Sµ and SEM in the simulation, and from
the limited statistics of having only three simulated
events (typically 10% for proton-initiated showers and
4% for iron-initated showers).

•θ ϵ [0°, 60°]

•All models and composition 
hypotheses: data/sim ratio 
increases with zenith angle

•Signal with hadronic origin 
dominates the region of maximum 
excess

•To explore the signal excess 
angular dependence

Hadronic shower size
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•Rescale the simulated signal (event i, mass j)
•RE and Rhad best fit values from maximizing the likelihood function: ∏i Pi 
•pj prior probability for mass j, given Xmax,i

Hadronic shower size

all four primary cosmic-ray types (proton, helium, nitrogen,
and iron nuclei), as follows:
Repeatedly generate showers with the measured geom-

etry and calorimetric energy of the given data event,
reconstructing the LP and determining the Xmax value until
12 showers having the same Xmax value as the real event
(within the reconstruction uncertainty) have been produced,
or stopping after 600 tries. For data events whose Xmax
cannot be matched with all primary types, the analysis is
done using only those primaries that give 12 events at this
stage, in 600 tries [22].
Repeat the simulation of these 12 showers at very high

resolution, and select the 3 which best reproduce the
observed longitudinal profile based on the χ2 fit. For each
of the 3 selected showers, do a full surface detector
simulation and generate SD signals for comparison with
the data. From these detailed simulations of 3 showers that
match the full LP of the data event, determine the hadronic
component of the simulated ground signal and the shower-
to-shower variance.
The choices of 12 and 3 showers in the two stages above

assure, respectively, that (i) the LPs of the final simulated
data set fit the real data with a χ2 distribution that is
comparable to that found in a Gaisser-Hillas fit to the data
itself, and (ii) that the variance within the simulated events
for a given shower is smaller than the shower-to-shower
fluctuations in real events. More than 107 showers must be
simulated to create the analysis library of well-fitting
simulated showers for the 411 hybrid events of the data
set. A high-quality fit to the LP is found for all events, for at
least one primary type.
Quantifying the discrepancy.—The history of all muons

and EM particles (e! and γ’s) reaching the ground is
tracked during simulation, following the description in
Ref. [23]. Most muons come from π! or K decay and most
EM particles from π0 decay. The portion of EM particles
that are produced by muons through decay or radiative
processes, and by low-energy π0’s, are attributed to the
hadronic signal, Shad; muons that are produced through
photoproduction are attributed to the electromagnetic
signal, SEM. The relative importance of the different
components varies with zenith angle, as illustrated in
Fig. 3. Once SEM and Shad are known for a given shower
i, with assumed primary mass j, the rescaled simulated
S"1000# can be written as

Sresc"RE; Rhad#i;j ! RESEM;i;j $ RhadRα
EShad;i;j: "1#

The linear scaling of the EM contribution with RE is
obvious, as is the factor Rhad for the hadronic contribution.
The factor Rα

E reflects the fact that the hadronic signal
increases slower than linearly with energy, since higher
energy events require more stages in the shower cascade
before the pions have low enough energy to decay to muons
rather than re-interact, and at each stage, energy is removed

from the hadronic cascade. The value of α is a prediction of
the HEG and depends also on mass; in practice, both EPOS
and QGSJet-II simulations find α ! 0.9, relatively inde-
pendently of composition [24]. We investigated the sensi-
tivity of our conclusions to the possibility that α predicted
by the models is incorrect, and find its potential effect is
small enough to be ignored for the present analysis [25].
The best fit values of RE and Rhad are determined by

maximizing the likelihood function
Q

iPi, where the index
i runs over each event in the data set and the contribution of
the ith event is

Pi%
X

j

pj"Xmax;i#!!!!!!!!!!!!
2πσ2i;j

q exp
""(Sresc"RE;Rhad#i;j"S"1000#i)2

2σ2i;j

#
:

"2#

The index j labels the different possible primaries (p, He,
N, and Fe), and pj"Xmax;i# is the prior on the probability
that an event with Xmax;i has mass j, given the mass
fractions fj in the interval 1019!0.2 eV (see Ref. [8] for the
fit to the observed Xmax distribution for each HEG):

pj"Xmax# % fjPj"Xmax#=!jfjPj"Xmax#; "3#

where Pj"Xmax# is the probability density of observing
Xmax for primary type j, for the given HEG. The variance
entering Eq. (2) includes (a) measurement uncertainty of
typically 12%, from the uncertainty in the reconstruction of
S"1000#, the calorimetric energy measurement, and the
uncertainty in the Xmax scale, as well as (b) the variance in
the ground signals of showers with matching LPs due to
shower-to-shower fluctuations (ranging from typically 16%
for proton-initiated showers to 5% for iron-initiated show-
ers) and (c) the uncertainty in separating Sμ and SEM in the
simulation, and from the limited statistics of having only
three simulated events (typically 10% for proton-initiated
showers and 4% for iron-initated showers).
Results and discussion.—Table I gives the values of RE

and Rhad which maximize the likelihood of the observed
ground signals, for the various combinations of HEGs and
compositions considered. The systematic uncertainties in
the reconstruction of Xmax, EFD and S"1000# are propa-
gated through the analysis by shifting the reconstructed
central values by their one-sigma systematic uncertainties.

TABLE I. RE and Rhad with statistical and systematic uncer-
tainties, for QGSJet-II-04 and EPOS-LHC.

Model RE Rhad

QII-04 p 1.09! 0.08! 0.09 1.59! 0.17! 0.09
QII-04 mixed 1.00! 0.08! 0.11 1.61! 0.18! 0.11
EPOS p 1.04! 0.08! 0.08 1.45! 0.16! 0.08
EPOS mixed 1.00! 0.07! 0.08 1.33! 0.13! 0.09
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•Electromagnetic shower sizes scales with energy: RE 
•Hadronic rescaling: Rhad

•REα for hadronic signal slower evolution with energy, α=0.9all four primary cosmic-ray types (proton, helium, nitrogen,
and iron nuclei), as follows:
Repeatedly generate showers with the measured geom-

etry and calorimetric energy of the given data event,
reconstructing the LP and determining the Xmax value until
12 showers having the same Xmax value as the real event
(within the reconstruction uncertainty) have been produced,
or stopping after 600 tries. For data events whose Xmax
cannot be matched with all primary types, the analysis is
done using only those primaries that give 12 events at this
stage, in 600 tries [22].
Repeat the simulation of these 12 showers at very high

resolution, and select the 3 which best reproduce the
observed longitudinal profile based on the χ2 fit. For each
of the 3 selected showers, do a full surface detector
simulation and generate SD signals for comparison with
the data. From these detailed simulations of 3 showers that
match the full LP of the data event, determine the hadronic
component of the simulated ground signal and the shower-
to-shower variance.
The choices of 12 and 3 showers in the two stages above

assure, respectively, that (i) the LPs of the final simulated
data set fit the real data with a χ2 distribution that is
comparable to that found in a Gaisser-Hillas fit to the data
itself, and (ii) that the variance within the simulated events
for a given shower is smaller than the shower-to-shower
fluctuations in real events. More than 107 showers must be
simulated to create the analysis library of well-fitting
simulated showers for the 411 hybrid events of the data
set. A high-quality fit to the LP is found for all events, for at
least one primary type.
Quantifying the discrepancy.—The history of all muons

and EM particles (e! and γ’s) reaching the ground is
tracked during simulation, following the description in
Ref. [23]. Most muons come from π! or K decay and most
EM particles from π0 decay. The portion of EM particles
that are produced by muons through decay or radiative
processes, and by low-energy π0’s, are attributed to the
hadronic signal, Shad; muons that are produced through
photoproduction are attributed to the electromagnetic
signal, SEM. The relative importance of the different
components varies with zenith angle, as illustrated in
Fig. 3. Once SEM and Shad are known for a given shower
i, with assumed primary mass j, the rescaled simulated
S"1000# can be written as

Sresc"RE; Rhad#i;j ! RESEM;i;j $ RhadRα
EShad;i;j: "1#

The linear scaling of the EM contribution with RE is
obvious, as is the factor Rhad for the hadronic contribution.
The factor Rα

E reflects the fact that the hadronic signal
increases slower than linearly with energy, since higher
energy events require more stages in the shower cascade
before the pions have low enough energy to decay to muons
rather than re-interact, and at each stage, energy is removed

from the hadronic cascade. The value of α is a prediction of
the HEG and depends also on mass; in practice, both EPOS
and QGSJet-II simulations find α ! 0.9, relatively inde-
pendently of composition [24]. We investigated the sensi-
tivity of our conclusions to the possibility that α predicted
by the models is incorrect, and find its potential effect is
small enough to be ignored for the present analysis [25].
The best fit values of RE and Rhad are determined by

maximizing the likelihood function
Q

iPi, where the index
i runs over each event in the data set and the contribution of
the ith event is

Pi%
X

j

pj"Xmax;i#!!!!!!!!!!!!
2πσ2i;j

q exp
""(Sresc"RE;Rhad#i;j"S"1000#i)2

2σ2i;j

#
:

"2#

The index j labels the different possible primaries (p, He,
N, and Fe), and pj"Xmax;i# is the prior on the probability
that an event with Xmax;i has mass j, given the mass
fractions fj in the interval 1019!0.2 eV (see Ref. [8] for the
fit to the observed Xmax distribution for each HEG):

pj"Xmax# % fjPj"Xmax#=!jfjPj"Xmax#; "3#

where Pj"Xmax# is the probability density of observing
Xmax for primary type j, for the given HEG. The variance
entering Eq. (2) includes (a) measurement uncertainty of
typically 12%, from the uncertainty in the reconstruction of
S"1000#, the calorimetric energy measurement, and the
uncertainty in the Xmax scale, as well as (b) the variance in
the ground signals of showers with matching LPs due to
shower-to-shower fluctuations (ranging from typically 16%
for proton-initiated showers to 5% for iron-initiated show-
ers) and (c) the uncertainty in separating Sμ and SEM in the
simulation, and from the limited statistics of having only
three simulated events (typically 10% for proton-initiated
showers and 4% for iron-initated showers).
Results and discussion.—Table I gives the values of RE

and Rhad which maximize the likelihood of the observed
ground signals, for the various combinations of HEGs and
compositions considered. The systematic uncertainties in
the reconstruction of Xmax, EFD and S"1000# are propa-
gated through the analysis by shifting the reconstructed
central values by their one-sigma systematic uncertainties.

TABLE I. RE and Rhad with statistical and systematic uncer-
tainties, for QGSJet-II-04 and EPOS-LHC.

Model RE Rhad

QII-04 p 1.09! 0.08! 0.09 1.59! 0.17! 0.09
QII-04 mixed 1.00! 0.08! 0.11 1.61! 0.18! 0.11
EPOS p 1.04! 0.08! 0.08 1.45! 0.16! 0.08
EPOS mixed 1.00! 0.07! 0.08 1.33! 0.13! 0.09
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TABLE I. RE and R
had

with statistical and systematic un-
certainties, for QGSJet-II-04 and EPOS-LHC.

Model RE R
had

QII-04 p 1.09± 0.08± 0.09 1.59± 0.17± 0.09
QII-04 Mixed 1.00± 0.08± 0.11 1.61± 0.18± 0.11
EPOS p 1.04± 0.08± 0.08 1.45± 0.16± 0.08
EPOS Mixed 1.00± 0.07± 0.08 1.33± 0.13± 0.09

RESULTS AND DISCUSSION

Table I gives the values of RE and R
had

which max-
imize the likelihood of the observed ground signals, for
the various combinations of HEGs and compositions con-
sidered. The systematic uncertainties in the reconstruc-
tion of X

max

, E
FD

and S(1000) are propagated through
the analysis by shifting the reconstructed central values
by their one-sigma systematic uncertainties. Figure 4
shows the one-sigma statistical uncertainty ellipses in the
RE�R

had

plane; the outer boundaries of propagating the
systematic errors are shown by the gray rectangles.

The values of R
had

needed in the models are com-
parable to the corresponding muon excess detected in
highly inclined air showers [7], as is expected because at
high zenith angle the nonharonic contribution to the sig-
nal (shown with red curves in Fig. 3) is much smaller
than the hadronic contribution. However the two anal-
yses are not equivalent because a muon excess in an
inclined air shower is indistinguishable from an energy
rescaling, whereas in the present analysis the system-
atic uncertainty of the overall energy calibration enters
only as a higher-order e↵ect. Thus the significance of
the discrepancy between data and model prediction is
now more compelling, growing from 1.38 (1.77) sigma to
2.1 (2.9) sigma, respectively, for EPOS-LHC (QGSJet II-
04), adding statistical and systematic errors from Fig. 6
of Ref. [7] and Table I, in quadrature.

The signal deficit is smallest (the best-fit R
had

is the
closest to unity) with EPOS-LHC and mixed composi-
tion. This is because, for a given mass, the muon signal
is ⇡ 15% larger for EPOS-LHC than QGSJet-II-04 [27],
and in addition the mean primary mass is larger when
the X

max

data are interpreted with EPOS rather than
with QGSJet-II [9].

Within the event ensemble used in this study, there
is no evidence of a larger event-to-event variance in the
ground signal for fixed X

max

than predicted by the cur-
rent models. This means that the muon shortfall cannot
be attributed to an exotic phenomenon producing a very
large muon signal in only a fraction of events, such as
could be the case if micro-black holes were being pro-
duced at a much-larger-than-expected rate [28, 29].
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R h
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QII-04 Mixed
EPOS-LHC p
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FIG. 4. Best-fit values of RE and R
had

for QGSJet-II-04 and
EPOS-LHC, for pure proton (solid circle/square) and mixed
composition (open circle/square). The ellipses and gray boxes
show the 1-� statistical and systematic uncertainties.

SUMMARY

We have introduced a new method to study hadronic
interactions at ultrahigh energies, which minimizes re-
liance on the absolute energy determination and improves
precision by exploiting the information in individual hy-
brid events. We applied it to hybrid showers of the Pierre
Auger Observatory with energies 6-16 EeV (E

CM

= 110
to 170 TeV) and zenith angle 0��60�, to quantify the dis-
parity between state-of-the-art hadronic interaction mod-
eling and observed UHECR atmospheric air showers. We
considered the simplest possible characterization of the
model discrepancies, namely an overall rescaling of the
hadronic shower, R

had

, and we allow for a possible over-
all energy calibration rescaling, RE .
No energy rescaling is needed: RE = 1.00 ± 0.10 for

the mixed composition fit with EPOS-LHC, and RE =
1.00± 0.14 for QGSJet II-04, adding systematic and sta-
tistical errors in quadrature. This uncertainty on RE is
of the same order of magnitude as the 14% systematic
uncertainty of the energy calibration [14].
We find, however, that the observed hadronic signal

in these UHECR air showers is significantly larger than
predicted by models tuned to fit accelerator data. The
best case, EPOS-LHC with mixed composition, requires
a hadronic rescaling of R

had

= 1.33±0.16 (statistical and
systematic uncertainties combined in quadrature), while
for QGSJet II-04, R

had

= 1.61±0.21. It is not yet known
whether this discrepancy can be explained by some in-
correctly modeled features of hadron collisions, possibly
even at low energy, or may be indicative of the onset of
some new phenomenon in hadronic interactions at ultra-
high energy. Proposals of the first type include a higher
level of production of baryons [27] or vector mesons [30]
(see Ref. [31] for a recent review of the many constraints
to be satisfied), while proposals for possible new physics

•No energy rescaling needed; hadronic rescaling with a corresponding 
muon excess of 1.33 ± 0.16 (1.61 ± 0.21) at 2.1 (2.9) sigma for EPOS-LHC 
(QGSJet-II-04)

Hadronic shower size
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Auger&upgrade&

R.#Conceição# 12#

•  Auger#PRIME#–#“Primary#cosmic#
Ray#Iden:fica:on#through#Muons#
and#Electrons”#
–  Scin:llator#on#top#of#the#tank#to#
measure#directly#e.m.#shower#
component#

– WCD#measures#e.m.#+#muons#
–  Upgrade#to:#

•  Enhance#primary#iden:fica:on##
•  Improve#shower#descrip:on#
•  Reduce#systema:c#uncertain:es#

Where we stand  

8 

The Swiss clock!   

Many and important results !    

Frac:on#of#Cherenkov#tanks#in#opera:on#

Summary and Outlook

•Accelerator data in the forward 
region for model builders

•AugerPrime: upgrade scintillators on 
top of the Cherenkov tanks

•Measurement of the electromagnetic 
component at ground

•Improve the shower description and 
enhance the primary identification

•Auger muon measurements:
•muon production depth
•mean number of muons in highly inclined showers
•hadronic shower size vs energy rescaling

•Results are in tension with expectations from LHC-tuned hadronic interaction models



Acknowledgments:

Rencontres de Moriond - VEHPU, La Thuile, 22nd March 2017

Muon measurements and hadronic interactions 
at the Pierre Auger Observatory

Thanks for the attention!


