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The Pierre Auger Observatory is a state-of-the-art cosmic ray detector,
allowing one to analyse the properties of ultra-high energy cosmic rays with
unprecedented precision. The observatory, covering an area of 3 000 km2,
combines two different detection techniques, making it the first of its kind.
Here, we present some of the most relevant results obtained by this exper-
iment.
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1. The Pierre Auger Observatory

The Pierre Auger Observatory [1] consists of the Surface Detector (SD),
an array of 1660 water Cherenkov stations arranged on a triangular grid of
1500 m spacing for the main array and a 750 m spacing for a small infill
area, and the Fluorescence Detector (FD), consisting of 27 air fluorescence
telescopes that overlook the array.

The two detectors can work independently, making the Pierre Auger
Observatory a hybrid detector. While the SD samples the particles arriv-
ing at the ground, providing information of the transversal footprint of the
showers with nearly 100% duty cycle, the FD directly observes the longitu-
dinal development of the showers with about 13% duty cycle, through the
light produced by the de-excitation of nitrogen molecules. The advantages
of having a hybrid detector include a better understanding of systematic
uncertainties as well as a data-driven calibration of the detector.
∗ Presented at the XXXVII International Conference of Theoretical Physics “Matter
to the Deepest” Ustroń, Poland, September 1–6, 2013.
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2. Measurement of the energy spectrum

The most distinct features of the flux above 1018 eV are a flattening of
the spectrum at 4× 1018 eV (the ankle) and a strong flux suppression above
5× 1019 eV. A precise measurement of the flux at energies above 1017 eV is
important for discriminating between different theoretical models [2, 3].

The amount of fluorescence light registered by the FD represents an
almost model-independent calorimetric measurement of the energy deposited
in the atmosphere by a shower. The energy measured by the FD, EFD,
is obtained via the integration of the energy deposition as a function of
atmospheric depth. Systematic uncertainty is about 14% [4].

The energy reconstruction of vertical events in the SD is based on the
estimation of the number of secondary particles reaching ground at an op-
timal distance to the shower core. The signals S(1000) and S(450) (for the
infill array) are corrected for their zenith angle dependence with a Constant
Intensity Cut (CIC) method [5]. Inclined air-showers are characterised by
the dominance of secondary muons at ground, so the reconstruction is based
on the estimation of the relative muon content N19. Events that indepen-
dently trigger the SD and the FD, and pass strict quality cuts are used for
the energy calibration of the SD.

The combined energy spectrum [6] is shown in Fig. 1. To characterise the
spectral features, we describe the data with a broken power-law J(E) ∝ E−γ

with smooth suppression. γ1, γ2 are the spectral indices below/above the
ankle at Ea, E1/2 is the energy at which the flux drops to a half, with
steepness log10Wc. The resulting spectral parameters are given in Table I.

Fig. 1. The Pierre Auger Observatory combined spectrum (left). Relative exposure
of the different datasets (right) [6].
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TABLE I

Parameters of the parametrisation describing the combined energy spectrum mea-
sured at the Pierre Auger Observatory.

Parameter Result (±σstat ± σsys)
log10(Ea/eV) 18.72 ± 0.01± 0.02

γ1 3.23 ± 0.01± 0.07
γ2 2.63 ± 0.02± 0.04

log10(E1/2/eV) 19.63 ± 0.01± 0.01
log10Wc 0.15 ± 0.01± 0.02

3. Mass composition

In order to unravel the astrophysical scenarios for cosmic ray production
and propagation, the measurement of the energy spectrum needs to be com-
plemented by an independent measurement of primary mass composition.

The FD can observe the longitudinal development of the electromag-
netic component of the shower in a wide range of atmospheric depths. The
position of the maximum of this profile Xmax is used as a mass-sensitive pa-
rameter [5]. Not only the average value ofXmax depends on the average mass
of the primary cosmic rays, but also the spread of the distribution. There-
fore, we can extract information related to mass-composition from 〈Xmax〉,
and also from σ (Xmax). The results [7] obtained for these two parameters
compared to different hadronic models are shown in Fig. 2.
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Fig. 2. Evolution of 〈Xmax〉 and σ (Xmax) with the energy [7].

The interpretation of these data [8] can be done advocating the superpo-
sition model (see e.g. [9]), which relates a certain measurement of 〈Xmax〉
(σ2 (Xmax)) with the predicted value of 〈lnA〉 (σ2 (lnA)), A being the mass
number of the primary particle. The results are shown in Fig. 3. Within
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uncertainties, the overall features are similar in all the cases. The data imply
an increasing 〈lnA〉 above 1018.3 eV from light to intermediate masses and
a decreasing σ2(lnA) over the whole energy range.
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Figure 6: Conversion to �lnA� and σ2
lnA using various hadronic interaction models. The red bands indicate the systematic

uncertainties.([19]).

In [23] we have selected all showers (411) measured in280

hybrid mode with an energy between 100.8 and 101.2 EeV.281

For each of those showers, we have generated Monte Carlo282

events with similar energies selecting those which also283

matched the measured longitudinal profile. Then, for those284

matching events, the predicted lateral distribution of the285

signal has been compared to the data recorded by the SD.286

The Monte Carlo predictions have been found to be sys-287

tematically below the observed signals, regardless of the288

hadronic model being used. To match the lateral distribu-289

tions we introduced two parameters that have been adjusted290

to the data. These parameters are RE which acts as a rescal-291

ing of the shower energy, and Rµ which acts as a muon size292

rescaling factor. The values that best reproduce the data293

are shown on Fig. 7 for a set of proton showers only and294

for a set showers from a mixed composition sample whose295

global Xmax distribution matches that of the data.296

In all case the Rµ rescaling factor is larger than one, indi-297

cating a deficit in the predictions, while for RE it is compat-298

ible with 1 for the mixed set and also for the pure proton set299

but only within the systematic uncertainties (mainly origi-300

nating form our absolute energy scale). Independent analy-301

ses using inclined showers or relying on the distinct signal302

shape left by muons in the WCD also point to a deficit of303

muons in the simulations [21, 22].304

In another study, based purely on the SD data we have305

reconstructed the muon production depth profile (MPD,306

[20]). From this profile it is possible to extract the depth of307

maximum production of the muons that reach the ground308

(Xµ
max ) which is also a mass indicator as it is linked to the309

longitudinal evolution of the EAS in the atmosphere.310

An interesting aspect of this study is that it gives us a311

second observable, similar to Xmax, that can be converted312

into �lnA�. It is therefore tempting to convert both our313

Xmax and Xµ
max data into �lnA� using the same interaction 314

model. The result of such conversion is shown on Fig. 8 315

for two models. In the first case, with EPOS-LHC, the 316

two observables convert into an incompatible mass value. 317

According to the model authors [53] this is linked to 318

the better representation of the rapidity gap distribution 319

of the new LHC (p-p). Of course, UHECR collision in 320

atmosphere are not p-p collisions but at least p-Air collisions 321

if not higher masses. The observed apparent contradiction 322

could then simply point at collective effects of the nuclei 323

collisions in the atmosphere. The representation from the 324

second model, QGSJetII-04, seems better but in that case 325

the rapidity gap distribution from the model is in poorer 326

agreement with the LHC data. While one cannot conclude 327

on the quality of a given model from this plot alone, this 328

analysis shows the interest and the power of UHECR data 329

to constrain high energy interaction models. 330

5 Anisotropies 331

The Auger collaboration has also performed extended anal- 332

yses of the UHECR arrival direction distributions in several 333

energy ranges and different angular scales [24, 25, 26, 27]. 334

Some particularly interesting results come out of the 335

analysis of the first harmonic modulation in the right as- 336

cension distribution of the events [24]. The results of these 337

analysis on the equatorial dipole amplitudes is shown on 338

Fig 9 for an extended range in energy covering nearly 4 or- 339

ders of magnitude. While no clear evidence for anisotropy 340

has been found yet it is remarkable to see that in the range 341

from 1 to 10 EeV, 3 points are above the 99% CL line, i.e. 342

only one percent of isotropic samples would show an equal 343

or larger amplitudes. 344

Fig. 3. Evolution of 〈lnA〉 and σ2 (lnA) with log10E [7].

4. Hadronic interactions

The interpretation of mass composition measurements is indiscernible
from the description of high energy hadronic interactions. UHECRs (Ultra-
high energy cosmic rays) can have energies up to one order of magnitude
larger than the ones reached in the man-made experiments. It is useful then
to extract hints about the hadronic interaction properties from UHECRs.

4.1. Cross-section

The tail of the Xmax distribution is sensitive to the proton-air cross
section. An exponential fit to the tail of this distribution provides

dN

dXmax
∝ exp

(−Xmax

Λf

)
; σp−air ∝ Λ−1

f . (1)

Simulations are used to transform Λf into σp−air in the energy interval
between 1018 and 1018.5 eV, the average energy corresponding to a center-
of-mass energy in the nucleon–nucleon system of

√
s = 57 TeV. The final

result is shown in Fig. 4

σp−air =
[
505± 22(stat)+28

−36(sys)
]
mb . (2)
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Fig. 4. σp−air as measured by the Pierre Auger Observatory (left). Conversion into
σp−p applying the Glauber formalism (right) [10].

It is possible to use the Glauber model to translate this measurement
into proton–proton cross section

σGlauber
p−p =

[
92± 7(stat)+9

−11(sys)± 11(Glauber)
]
mb . (3)

Our result [10] favours a moderately slow rise of the cross section with energy,
in accordance with recent results from the LHC (e.g. [11]).

4.2. Number of muons at ground level

For inclined events, the electromagnetic signal is mostly absorbed by the
atmosphere, and the signal registered by the SD is almost purely muonic.
Therefore, the footprint of these events is proportional to the total number
of muons of the shower. This is characterised by N19, which represents the
ratio to a benchmark model.

Fig. 5. Muon excess observed via N19 for inclined events (left). Confirmation by
other techniques and zenith dependence (right) [5, 12].
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Figure 5 shows how current models have difficulties to accommodate the
Auger data, even in the muon-richest scenario [5]. This result is interpreted
as a muon excess in real data as compared to simulations, and its origin
is unclear. Several techniques have been developed to measure the muonic
content of showers [12], with the similar outcome (Fig. 5). The muon deficit
shows a dependence with zenith angle. Our data can be used to constrain
hadronic interaction models at the highest energies ever probed.

5. Conclusions

The Pierre Auger Observatory is the largest cosmic ray experiment ever
built, and it has been accumulating a massive set of data for almost a decade
now. It has measured the end of the cosmic ray energy spectrum with
unprecedented statistics, confirming the existence of the ankle and a large
suppression at the highest energies.

The mass composition analyses clearly disfavour a pure-proton composi-
tion, and indicate a trend towards heavier composition as the energy grows.
However, the interpretation of these results relies heavily on high energy
hadronic interaction models, which show some stress with current data, es-
pecially in the number of muons at ground.

The Pierre Auger Observatory provides a measurement of the proton–
proton cross section at the highest energy achieved so far, through the mea-
surement of proton–air cross section and the Glauber formalism.

I would like to thank A. Bueno for carefully revising the manuscript. This
work has been funded by the Ministerio de Economía y Competitividad.
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