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Abstract: We report a measurement of the cosmic ray energy spectrum obtained using the inclined
events detected with the Pierre Auger Observatory. Showerswith zenith angles between 60◦ and 80◦

recorded in the period between 1 January 2004 and 28 February2007 are analysed. Showers are first
reconstructed in arrival direction and then fitted to density maps of the muon numbers obtained from
10

19eV simulated proton showers for different arrival directions, in order to obtain the core position and
an overall normalisation factorN19 which is used as an energy estimator. The parameterN19 is shown
to be correlated with the shower energy measured with the fluorescence technique for a sub-sample of
good quality hybrid showers. This correlation, measured with hybrid events, is then used to determine
the energy of all the showers.

Introduction

Inclined showers are detected regularly with the
Pierre Auger Observatory. They are of interest be-
cause they enhance both the exposure of the de-
tector and its sky coverage. Showers induced by
hadronic nuclei with zenith angles greater than 60◦

are mainly composed of muons at ground level and
their detection provides complementary informa-
tion, relevant for composition and hadronic model
studies. In addition inclined events constitute a
background for the detection of neutrino-induced
showers.

The Pierre Auger Observatory combines the sur-
face and fluorescence techniques to study high-
energy cosmic ray showers. The surface detec-
tor (SD), described in [1], uses 1.2 m deep water-
Cherenkov tanks that provide enhanced sensitivity
to muons and make the Auger Observatory suitable
for studying inclined showers. Inclined events are
reconstructed using a special analysis procedure to
account for the muons deviating in the geomag-
netic field [2]. The energy assignment is performed
using an estimator that is calibrated with a subset
of events (hybrid) which are also detected with the
fluorescence detector (FD), in a manner similar to

what is done for showers below 60◦. The energy
spectrum of cosmic ray above 6.3 EeV and with
zenith angles between 60◦ and 80◦ as measured
with the Pierre Auger Observatory is presented for
the first time and shown to be consistent with that
measured for events below 60◦.

Analysis and results

The event reconstruction is essentially a two-fold
process. First the arrival direction of the shower
is reconstructed using the measured start time of
the signals in the tanks. Then the core and the
size of the shower are determined using the rel-
ative distributions of the muon number densities
at ground level, “muon maps”, which are obtained
from simulation [2]. The muons entering the tank
are converted to signal by convoluting with the
tank response which has been simulated with the
GEANT4 package, accounting for the different rel-
evant processes. Signal probability distributions
are evaluated and the best core position andN19,
the normalization factor of the muon map, are ob-
tained using a maximum likelihood method.N19

can be used as an energy estimator and its relation
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to shower energy is determined experimentally us-
ing inclined hybrid events.

Before comparing the measured signal to the muon
maps, the electromagnetic component of the signal
is subtracted. Close to60◦ an electromagnetic con-
tribution from the main showering process, arising
from neutral pions, can be expected, particularly
close to the shower axis. At very high zenith an-
gles the only electromagnetic contribution arises
from the muons themselves, mainly through muon
decay in flight, and is of order 15%. These con-
tributions have been calculated using simulations
of protons with AIRES at different energies and
zenith angles (proton primaries, being more pen-
etrating, have the largest electromagnetic contribu-
tion). The fraction of electromagnetic signal to the
total has been parametrised as a function of zenith
angle and distance to the core.

The reconstructedN19 values are calibrated using
the sub-sample of events which are recorded si-
multaneously by the FD. For these hybrid events
a direct measurement of the energy released in the
atmosphere by the electromagnetic component of
the shower is available. The yield used to estimate
the FD energy is taken from [3]. The events used
are selected according to a set of standard qual-
ity cuts in the FD reconstruction [4], with minor
adjustments optimised for this analysis. The re-
quirement that the shower maximum is well con-
tained in the field of view of the FD strongly con-
strains the geometry of inclined events and there
are no events above 75◦. The correlation between
FD energies andN19 values is shown in figure 1.
The calibration curve is obtained by a linear fit
to the data points in this logarithmic plot, in the
form N19 = 10αE

β
FD, that yields best fit values of

α = −0.77± 0.06 andβ = 0.96± 0.05.

A high-level trigger (T5) is defined for the SD
events; it has a two-fold purpose, to assure
the quality of the reconstruction avoiding events
falling close to the border of the array and to allow
a simple geometrical calculation of the exposure.
The T5 definition requires that the tank closest to
the reconstructed core is surrounded by an hexag-
onal ring of working stations. With this definition,
the aperture is calculated, for a given array configu-
ration, by counting the number of T5 hexagons and
integrating in solid angle. The aperture for events
with zenith angles exceeding80◦ only represents
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Figure 1: Correlation between FD energies and
N19 in double logarithmic scale. The calibration
curve, obtained by a linear fit to the data points, is
shown superimposed.

about 12% of that above60◦ and these events are
discarded because as the zenith angle increases the
uncertainty associated with the angular reconstruc-
tion rises. In addition, for zenith angles above80◦

the triggering efficiency decreases rapidly. The to-
tal exposure is determined by integrating the in-
stantaneous aperture weighted by the detection ef-
ficiency over the different array configurations dur-
ing the period of time. The detection efficiency
has been calculated using the muon maps. For val-
ues ofN19 > 1 the efficiency integrated over the
solid angle range exceeds 98%. Only events with
N19 > 1 (E ∼ 6.3 EeV) are considered for the
present analysis. In figure 2 thesin2 θ-distribution
is shown to be flat forN19 > 1 consistent with the
result deduced from simulation.

The cosmic ray energy spectrum in the angular
range between60◦ and 80◦ as measured by the
Pierre Auger observatory between 1 January 2004
and 28 February 2007 is shown in figure 3. A to-
tal of 734 events are used to build the spectrum
and the integrated exposure in the period amounts
to 1510 km2sr year, i.e. 29% of the exposure for
events below 60◦ [5].
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Figure 2: Distribution ofsin2 θ for T5 events and
two different values ofN19 (1.0 > N19 > 0.4,
open circles;N19 > 1.0, full circles). The distribu-
tion flattens for higherN19 as the detector reaches
full efficiency.

Discussion

The reconstruction of inclined showers is a rela-
tively new challenge. Some of the uncertainties in
the reconstruction are avoided by using the FD en-
ergy calibration as for the analysis for showers be-
low 60◦. There are still a number of systematic
uncertainties which need to be discussed in some
detail. Several test and cross-checks have been per-
formed to ensure the validity of the results, as dis-
cussed below.

The inclined shower reconstruction uses simulated
muon maps. For a given arrival direction the shape
of the muon distributions is quite insensitive to
the energy, to the composition and to the hadronic
model used in the simulation [6]. Differences can
be quantified by an overall normalization. The pro-
cedure to obtain the energy by correlatingN19 with
the FD energy takes care of a great part of the sys-
tematic normalization changes. The maps implic-
itly account for the attenuation of the muon content
due to the different amounts of matter traversed
for the different zenith angles. The study of the
sin2 θ distribution (figure 2) suggests that this ef-
fect is below the current level of statistical uncer-
tainties. There is a systematic uncertainty which
stems from the angular uncertainty, of order 1◦,
in the reconstruction which translates directly to a

 (Energy [eV])
10

log

18.6 18.8 19 19.2 19.4 19.6 19.8 20 20.2 20.4

]
-1

 e
V

-1
 s

r
-1

 s
-2

J 
[m

-3610

-3510

-3410

-3310

-3210

246

153
122

78
52

29
21

18

9

5

1

 (Energy [eV])
10

log

18.6 18.8 19 19.2 19.4 19.6 19.8 20 20.2 20.4

]2
 e

V
-1

 s
r

-1
 s

-2
 [

m
3

JE

2310

2410

2510

Figure 3: Upper panel, inclined event energy spec-
trum (statistical errors or 95% CL, number of
events in each bin indicated) . Lower panel, spec-
trum multplied byE3. The spectrum obtained for
events below 60◦ [5] is superimposed (blue open
circles).

change ofN19. The corresponding uncertainty in
N19 increases as the zenith angle rises and has a
maximum value of12% at80◦.

The reconstruction process depends on the mod-
els and on composition, mainly through the elec-
tromagnetic component, introducing possibly the
largest systematic uncertainty. The effect has been
explored by changing the fraction of electromag-
netic correction applied to the data by an overall
normalization factor that ranges between 1.5 and
0.5. The net effect on average is an overall change
in N19 for showers of zenith angle above65◦ that is
independent of zenith angle and energy. Such sys-

341



UHECRSPECTRUM AT THEAUGER OBSERVATORY USING SHOWERS WITH ZENITH GREATER THAN60◦

Entries  38
 / ndf 2χ  3.30 / 6

Constant  2.06± 9.60 
Mean      0.04± 0.05 
Sigma     0.03± 0.20 

) SD+E
FD

) /(ESD - E
FD

2*(E
-2 -1.5 -1 -0.5 0 0.5 1 1.5 20

2

4

6

8

10

12

14

16

18
Entries  38

 / ndf 2χ  3.30 / 6
Constant  2.06± 9.60 
Mean      0.04± 0.05 
Sigma     0.03± 0.20 

Figure 4: Relative difference between FD energies
and calibrated energies for the events in the cali-
bration plot.

tematic change would be on average reabsorbed in
the energy correlation plot. Below65◦ the average
normalization obtained in the reconstruction shifts
by less than7%. We tentatively assign this value to
the systematic error associated to the electromag-
netic part.

The calibration curve is another possible source of
systematic uncertainty. Effects due to the cuts ap-
plied to assure the quality of the reconstruction of
the FD events have been carefully evaluated and
are at the level of 10%, within the statistical sig-
nificance of the calibration curve. Also, currently
only 38 events are available.

The uncertainty in the measurements of the aper-
ture is∼ 3%, negligible in view of other uncer-
tainties. The effect of the quality trigger has been
evaluated using well contained showers found in
the data and randomly repositioning them in the
real array. The distribution of theN19 values ob-
tained after the reconstruction of the events has an
RMS value of7%. The fraction of events that are
misreconstructed to be outside the array is4%.

At the moment the main source of systematic un-
certainty in the analysis comes directly form the
uncertainty in the FD energy scale, that is quoted
at 22% level, dominated by a14 % uncertainty in
the fluorescence yield measurement,11% in the
detector calibration and10% in the reconstruction
method [7].

The hybrid events can be used also to test the SD
reconstruction. The distribution of the difference
between the SD and the FD hybrid-reconstructed
energies normalised to the FD energy is shown in
figure 4. The RMS fractional deviation is(20 ±
3)%. This is consistent with the combination of
statistical uncertainties, uncorrelated FD system-
atics uncertainties, shower to shower fluctuations
and the systematic uncertainties estimated for this
analysis.

The spectrum observed is in good agreement with
the SD spectrum for events below 60◦. The com-
parison between the two spectra has implications
for composition and/or hadronic models. This is
presently under study.
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