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Reconstruction of inclined showers at the Pierre Auger Observatory: implications for the muon
content.
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Abstract: The properties of extensive air showers (EAS) induced by cosmic rays with zenith angles up to80◦ can be
measured accurately in the surface detector (SD) of the Pierre Auger Observatory. Using a model of the density pattern
of muons, extracted from simulations, the shower size,N19, related to the total number of muons in EAS, is estimated
from the signals measured in the SD stations. The accuracy ofthe reconstruction ofN19 is tested using a large sample of
simulated events. The shower size is calibrated using the shower energy measured with the fluorescence detector (FD) in
a sub-sample of high-quality hybrid events (i.e. events detected simultaneously by SD and FD). This allows the number
of muons versus energy to be measured. We compare the number of muons versus energy as obtained through simulations
with that measured in data. We find that none of the current shower models, neither for proton nor for iron primaries, are
able to predict as many muons as are observed.
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1 Introduction

The Pierre Auger Observatory [1] is a hybrid cosmic ray
air shower instrument for experiment that uses different
techniques to detect extensive air-showers. An array of
over 1600 water-Cherenkov detectors that covers an area
of 3000 km2 with a 1.5 km triangular grid, samples the sig-
nal,S, as the air shower arrives at the Earth’s surface. The
Surface Detector (SD) has a 100% duty cycle. The longitu-
dinal shower development is observed by the Fluorescence
Detector (FD) that provides a nearly calorimetric measure-
ment of the shower energy. The duty cycle of the FD is
approximately 13% [2]. It is possible to relate the energy
measured with the FD to the shower size which can be ob-
tained with the SD, using events that can be reconstructed
with both the SD and FD, thegolden hybrid events. This
procedure provides the energy calibration [3].

With the SD detector of the Pierre Auger Observatory we
have recorded 5936 events between 1 January 2004 and 31
December 2010, with energy above4×1018 eV and zenith
angle range62◦ < θ < 80◦. Those events represent the
19% of the total data collected, and a 25% increase over
the exposure obtained with events< 60◦. The analysis
of inclined events is important because it increases the sky
coverage allowing the study of clustering and anisotropy
in a larger region of the sky than it is possible with more
vertical events. The dominant particles in these events are
muons because most of the electromagnetic component is

absorbed in the atmosphere. As the total number of muons
depends on primary particle type, inclined showers can be
used to study composition. Inclined events are also impor-
tant because they constitute the background in the search
for neutrino-induced showers. In this paper we will des-
cribe the procedure used to reconstruct the shower size,
N19, of inclined showers. We will explain howN19 is cali-
brated using the energy measured by FD in events detected
simultaneously by SD and FD. Finally we will compare the
behavior of the number of muons versus energy as observed
with data to that obtained through Monte Carlo (MC) sim-
ulations.

2 Reconstruction of size parameter N19

The arrival direction of a cosmic ray is reconstructed
from the signal arrival times by fitting a shower front
model [4, 5]. The angular resolution achieved is better
than1◦ at energiesE > 4 × 1018eV. The reconstruction
of the shower size requires techniques that are different to
those used for more vertical showers. A procedure has been
developed in which a set of muon densities at the ground,
derived from simulations at different energies and zenith
angles, is compared with experimental data. This tech-
nique was first used to analyse inclined showers recorded
at Haverah Park [6] and has been subsequently adapted for
the Auger Observatory [7] which uses water-Cherenkov de-
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tectors of exactly the same depth. Two reconstruction pro-
cedures have been developed independently, referred to as
Efit and HasOffline in what follows. Using the two proce-
dures provides an opportunity to test for systematic uncer-
tainties arising from the different reconstruction processes.

The shower core position and the size parameter are ob-
tained through a fit of the expected number of muons at
each detector,nµ, to the measured signal. The expected
number of muons can be obtained from:

nµ = N19ρ
19
µ (x − xc, y − yc, θ, φ)A⊥(θ) (1)

where (xc,yc) are the coordinates of the shower core,θ
andφ are the zenith and the azimuth of the shower direc-
tion,ρ19µ is the reference muon distribution (the muon map)
corresponding to the inferred arrival direction,A⊥(θ) is the
detector area projected onto the shower plane. It is shown
that the dependence of the shape ofρ19µ on energy and
primary composition can be approximately factorised out
and hence the two dimensional distributions of the muon
patterns at ground level depend primarily on zenith and
azimuthal angles because of the geomagnetic deviation of
muons [8].N19 is thus defined as the ratio of the total num-
ber of muons,Nµ, in the shower with respect to the total
number of muons atE=10 EeV given by the reference dis-
tribution,N19 = Nµ(E, θ)/Nmap

µ (E = 10 EeV, θ).

Two sets of reference distribution have been produced for
protons atE=10 EeV. They are based on two different
shower simulation packages and two different hadronic in-
teraction models. One of them has been obtained with a
set of histograms in two dimensions based on the model
developed in [7], using simulations made with AIRES
2.6.0 [9] with QGSJET01 [10] as the choice for the
hadronic interaction. The other set is a continuous parame-
terizations of the patterns obtained directly from the simu-
lations [11] made with CORSIKA 6.72 [12] and the mod-
els QGSJETII [13] and FLUKA [14]. Both approaches are
valid out to 4 km from the shower axis in the energy range
1018 eV to 1020 eV and zenith angle 60◦ to 88◦. The Efit
(HasOffline) packages uses the first (second) set based on
QGSJET01 (QGSJETII).

From the measured signalS we obtain the muonic signal
Sµ subtracting the average electromagnetic (EM) compo-
nent. We calculate the EM component in MC simulations
in which we obtainrEM = SEM/Sµ, the ratio of the EM
to muonic signal.rEM depends on composition, interac-
tion models and shower energy. We have adopted proton
AIRES simulations at 1019 eV with QGSJET01 as a refe-
rence for this work. For inclined showersrEM is largest
near the shower axis and its effect practically disappears at
zenith angles exceeding about65◦. OncerEM is parame-
terised the muonic signal is obtained asSµ = S/(1+rEM)

A maximum likelihood method is used to fit the shower
size and the core position. This requires knowledge of the
probability density function of the measured signal for all
the triggered stations. The probability densityp to observe
a muonic signal,Sµ, in a given station is obtained from

the expected number of muons,nµ, which depends on its
relative position with respect to the core:

p(Sµ, nµ, θ) =

k=∞∑
k=0

Poisson(k;nµ)Pst(k, Sµ, θ)PTr(Sµ).

HerePoisson(k;nµ) gives the Poisson probability thatk
muons go through the detector whennµ are expected,
PTr(Sµ) is the probability of triggering andPst(k, Sµ, θ)
is the probability density function (p.d.f.) of the muon sig-
nalSµ for k through-going muons. The response of the SD
stations to the passage of a single muon is obtained from
a detailed simulation using the standard GEANT4 pack-
age [16] within the official software framework of the Ob-
servatory [17]. The p.d.f. fork muons,Pst(k, Sµ, θ), is ob-
tained by convolution. It is important to include details of
the non-triggered stations to avoid biases in the reconstruc-
tion arising from upward fluctuations of the trigger. These
stations provide upper limits to the signals. This can be
achieved within the maximum likelihood method, replac-
ing the probability density by the probability that the de-
tectors do not trigger:

p(Sµ = 0, Nµ, θ) =

k=∞∑
k=0

Poisson(k;Nµ)×

∫ ∞

0

dSµ(1 − PTr(Sµ))Pst(k, Sµ, θ) (2)

The likelihood function to be maximised is then the prod-
uct of these probabilities for all stations. In practice only
stations that lie within 5 km of the barycenter. The likeli-
hood function depends on three free parameters that have to
be fitted, the shower core position (xc,yc) and the shower
sizeN19 through the expected number of muons (Nµ) in
Eq. (1) which determines the Poisson probabilities. The
Poisson distribution takes into account fluctuations in the
number of muons entering the detector, while the rest of
the fluctuations in the station are introduced through the
detector response.

3 Accuracy of N19 reconstruction

A sample of 100,000 proton showers were generated using
AIRES and the hadronic model QGSJET01, with anE−2.6

energy spectrum in the rangelog10(E/eV )=(18.5,20).
Showers were chosen from a zenith angle distribution that
is flat in sin2θ in the range (50◦, 89◦), and uniform in azi-
muthal angle. A further 2700 proton showers were genera-
ted using CORSIKA, with the hadronic model QGSJETII
and FLUKA. The energy spectrum is flat inlog10(E/eV )
in the range (18,20), and the zenith angle has a flat distri-
bution in sin2θ in the range (60◦,86◦) and a uniform dis-
tribution in azimuthal angle. All SD events were genera-
ted within the Offline framework [17] with random impact
points on the ground.

For simulated showers it is possible to obtain the true
value of the size parameter, referred asNMC

19 . In Fig-



32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011

(E/eV)
10

log
18.5 19 19.5

19
)/

N
19

(Nσ
>

 &
 

M
C

19
)/

N
M

C
19

 -
 N

19
<

(N

-0.1

0

0.1

0.2

0.3 Rec. Efit

Rec. HasOffline

Figure 1: Average(points) and RMS(lines) values of the
relative difference between reconstructed (N19) and simu-
lated (NMC

19 ) shower sizes. Circles and solid line are the
results for Efit. Squares and dashed lines for HasOffline.

ure 1 we show the difference between the reconstructed
N19 andNMC

19 for both reconstructions. It is plotted as
a function of the energy obtained by converting the value
of N19 into energy according to the calibration data (see
figure 3 and related discussions). We note that the ave-
rage bias for both reconstructions is below∼4% level in
the rangelog10(E/eV )=(18.5,19.7). We have found agree-
ment between both reconstructions at the 3% level. In
the same figure we show the energy resolution, Efit (solid
line) and HasOffline (dashed line), going from 25% at
log10(E/eV ) = 18.5 to 12% at high energies where we
expect a more accurate reconstruction as there are more
triggered stations.

In Figure 2 we show the accuracy in the angular reconstruc-
tion as a function of the zenith angle input to the MC cal-
culation. The zenith and azimuth angles are reconstructed
with a bias of less than 0.05◦, and the opening angle, the
angle between the MC and the reconstructed directions, is
always less than 0.5◦.

4 N19 versus energy: data versus simulations

The energy of each event is obtained by calibratingN19

with the golden hybrid data set. In addition the calibration
procedure can be used to obtain the number of muons as
a function of energy which is sensitive to cosmic ray com-
position and to the hadronic interactions in the shower. A
fit is done using a power lawA(EFD/10 EeV )B for ener-
gies above4 × 1018 eV where the array is 100% efficient.
This considerably reduces the systematic uncertainties as
the only use of hadronic models comes through the esti-
mate of the energy carried by muons and neutrinos into the
ground, the missing or invisible energy. The results of the
fit are shown in Fig. 3. From the fit we obtainA = (2.13±
0.04± 0.11 (sys.)) andB = (0.95± 0.02± 0.03 (sys.)).
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Figure 2: The zenith(square) and azimuth(circles) accuracy
as a function of the zenith angle input from MC. The trian-
gles shows the opening angle resolution.

Details of the calibration procedure and the data are given
respectively in [18] and [3]. A spectrum has been obtained
with these data [18].

It is possible to relateN19 and shower energy using MC
simulation in an analogous way leading toAMC andBMC .
The results depend on the choices made for composition
and hadronic model. In Figure 3 we also show the extreme
cases for protons with QGSJETII and for iron nuclei with
EPOS1.99 [19].

Using the formula for the calibration fit [18], it is also po-
ssible to derive the muon number in the data compared to
the predictions from the simulationNdata

19 /NMC
19 as a func-

tion of EFD. Simple calculations yield the following ex-
pression:

Ndata
19

NMC
19

=
A(EFD/10 EeV )B

AMC(EFD/10 EeV )BMC

(3)

We show the observed number of muons in data com-
pared with the number of muons obtained with the two
extreme predictions for proton QGSJETII (solid line) and
iron EPOS1.99 (dashed line) in Fig. 4. The grey bands co-
rresponds to theN19 systematic uncertainties obtained by
comparison between reconstructed and the true values of
N19 using simulated data. The value ofAMC for proton
(iron) QGSJETII (EPOS1.99) is 1 (1.7) and that ofBMC

is 0.934 (0.928). The number of muons deduced from data
exceeds that of proton QGSJETII simulations by a factor
of 2.1 and that of iron EPOS1.99 by23%. No significant
dependence on the energy is obtained in either case.

5 Summary and discussion

The reconstruction method for inclined showers has been
tested with simulated data. It has been shown that the ave-
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Figure 3: Fit of the calibration curveN19 =
A(E/10 EeV )B . The constantsA andB are obtained
using the maximum-likelihood method. The contours in-
dicate the constant levels of the p.d.f. fhyb integrated over
zenith angle, corresponding to 10, 50 and 90% of the maxi-
mum value [18]. Calibration curves for proton QGSJETII
(dot line) and iron EPOS1.99 (dashed line) are shown for
comparison.

/eV]
FD

log [E
18.5 19 19.5 20

M
C

19
/N

19
N

0

1

2

3

p-QGSJETII

Fe-EPOS1.99

Figure 4: Ratio of the number of muons in data com-
pared to proton QGSJETII (solid line) and iron EPOS1.99
(dashed line) as a function of the energy. The grey bands
indicates the systematic uncertanties inN19. See text for
details.

rage opening angle between the true and reconstructed di-
rections is below0.5◦ and that the average shower size ob-
tained in the reconstruction reproduces the simulated one
within 4%. We have shown that the reconstruction of in-
clined events can be used to extract the number of muons
from the data. This is done through the energy calibra-

tion that relates the FD energy toN19, the muon size with
respect to a reference model. When compared to protons
simulated with QGSJETII the ratio of the total number of
muons atEFD=10 EeV is measured to be (2.13± 0.04
± 0.11 (sys.)). The22% systematic uncertainty in the FD
energy measurement [2] has not been included.

Several other methods have been developed to obtain the
number of muons from the data collected at the Pierre
Auger Observatory. All of them use events below60◦.
These methods report similar enhancements of the muon
content in the showers [20].

We find that none of the current shower models, neither for
proton nor for iron primaries, are able to predict as many
muons as are observed.
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