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Abstract—Ultra-high-energy cosmic rays (UHECRs) are the highest energy messengers in the universe, with
energies up to 1020 eV. Studies of astrophysical particles (nuclei, electrons, neutrinos and photons) at their
highest observed energies have implications for fundamental physics as well as astrophysics. The primary par-
ticles interact in the atmosphere (or in the Earth) and generate extensive air showers. Analysis of those show-
ers enables one not only to estimate the energy, direction and most probable mass of the primary cosmic par-
ticles, but also to obtain information about the properties of their hadronic interactions at energies more than
one order of magnitude above that accessible with the current highest energy human-made accelerator. The
Pierre Auger Observatory, located in the province of Mendoza, Argentina, is the largest cosmic ray experi-
ment ever built. The observatory was designed as a hybrid detector covering an area of 3000 km2 and has been
taking data for almost twenty years. In this paper, a selection of the latest results is presented: the cosmic ray
energy spectrum, studies of hadronic physics, searches for a directional anisotropy and studies of mass com-
position (including the photon and neutrino searches). Finally, the current upgrade (“AugerPrime”) of the
observatory, which is mostly aimed at improving the sensitivity to the particle type and mass of ultra-high
energy cosmic rays, is described.
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INTRODUCTION

Cosmic rays are particles arriving from outer space
incident on the Earth’s atmosphere (primaries), e.g.
protons, heavier nuclei, photons and neutrinos plus
the particles generated when they interact in the atmo-
sphere (secondaries). Studies of astrophysical particles
at their highest observed energies have implications for
fundamental physics as well as astrophysics. The exis-
tence of Ultra High Energy Cosmic Rays (UHECR—
here standing for cosmic rays with energy  EeV,
1 EeV  eV) has been known since the 1960s [1, 2]
but their nature and origin remain mysterious. For
energies up to  eV, cosmic rays probably have a
galactic origin and the most likely mechanism could
be shock acceleration in supernova remnants. At the
highest energies, the most probable sources of
UHECRs are extragalactic: jets of active galactic
nuclei (AGN), radio lobes, gamma-ray bursts and col-
liding galaxies, among others [3]. The UHECRs are
the subject of extensive studies, including measure-
ments of the energy spectrum, the nature of the pri-
maries, and identification of potential sources. With

energies that can reach about two orders of magnitude
higher than the ones possible in the LHC, the study of
the UHECRs probes the hadronic interactions in oth-
erwise inaccessible regions of the phase space.

The Pierre Auger Observatory is composed of sev-
eral systems. It is a hybrid detector that combines both
surface and f luorescence detectors at the same site.
The Surface Detector Array (SD) consists of 1660
10 m2 × 1.2 m water-Cherenkov detectors (WCD)
deployed over 3000 km2 on a 1500 m triangular grid
(SD1500). A smaller array with 61 detectors on a
750 m grid was added to the SD with the purpose of
measuring showers of lower energy (SD750). The SD
is overlooked by a f luorescence detector (FD) com-
posed of twenty-four f luorescence telescopes,
grouped in units of six wide-angle telescopes at four
buildings on its periphery. In addition, showers of
lower energy are measured in an additional building
with three high-elevation telescopes (HEAT). The
surface detector stations sample the electrons, photons
and muons in the shower front at ground level. The
fluorescence telescopes can record ultraviolet light
emitted as the shower crosses the atmosphere, allow-
ing one to observe the longitudinal development of the
air shower. The f luorescence detector operates only on
clear, moonless nights, so its duty cycle is about 13%.

1 Full author list: http://www.auger.org/archive/
authors_2020_10.html.
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Fig. 1. Energy spectrum scaled by  fitted with a
sequence of four power laws. The red line is the fit. The
numbers from 1 to 4 enclosed in the circles identify the
energy intervals where the spectrum is described by
the power law with the respective index [13].
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On the other hand, the surface detector array has a
duty cycle close to 100%. The Auger Engineering
Radio Array (AERA) complements the measurements
of low energy showers by detecting their radio emis-
sion, using more than 150 radio antennas. Long term
monitoring of the detectors and real-time monitoring
of the atmosphere are performed with different atmo-
spheric monitoring devices [4, 5]. A detailed descrip-
tion of the observatory and of the methods used to
determine the energy and arrival direction from the
data has been published [6].

The collaboration is composed of about 400 scien-
tists from 17 countries and a very dedicated staff at the
observatory. The observatory is well connected with
the local population, and the outreach activities are a
key factor in the success of the project [7, 8].

THE COSMIC RAY ENERGY SPECTRUM
The all-particle energy spectrum is the most out-

standing observable in cosmic ray physics, since it
contains information in a combined way about the
sources and about the galactic and/or intergalactic
media in which the cosmic rays propagate. The energy
spectrum of cosmic rays above  eV was mea-
sured based on 215030 events recorded by the SD. The
total signal at a core distance of 1000 m, , is
the SD energy estimator. The observatory is a hybrid
system, and so its energy scale can be set with the FD
measurements that provide an almost calorimetric
estimate of the shower energy. This procedure allows
measuring the energy spectrum with an energy estima-
tion which is largely independent of air shower simu-
lations and of assumptions on hadronic interaction
models. The spectrum multiplied by  is shown in
Fig. 1 superimposed by a sequence of four power-laws
fitted to the data. The values of the spectral index  are
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shown here confirming the f lattening of the f lux near

 eV, the so-called “ankle”, and the abrupt sup-

pression at around  eV. The f lux also shows a

softening at about  eV, calling for a two-step
suppression. This feature was never observed previ-
ously. Another new observation is that the spectrum
shows no declination dependence [9].

To study the astrophysical implications of the fea-
tures of the energy spectrum, a simple scenario was
used in which a few nuclear componentes are injected
at the sources with a power-law spectrum and with the
maximal energy of the sources modelled with an expo-
nential cutoff. The sources are assumed to be station-
ary and uniform in a comoving volume. Using the data
from the energy spectrum and mass composition
[10, 11] we show in Fig. 2 the best reproduction of the
data by simultaneously fitting the energy spectrum

above  eV and the distribution of the depths of
the shower maximum ( ), which is a mass-sensi-
tive variable measured using the FD. EPOS LHC [12]
was used as a model of hadronic interactions in the
interpretation of the results. In this scenario, the inter-

mediate-mass nuclei accelerated to  eV and
escaping from the source environments with a very
hard spectrum dominate the nuclear abundance at the

sources. The steepening observed above  eV is
caused by the combination of the maximum energy of
acceleration of the heaviest nuclei at the sources and
the energy losses during the propagation (the GZK

effect). The steepening at  eV is due to the cutoff
of the helium spectrum with CNO contribution
shaped by the photodisintegration effect [13].
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Fig. 3.  as a function of energy compared to air-
shower simulations for proton and iron primaries using the
hadronic models EPOS-LHC, Sibyll 2.3c and QGSJetII-
04 [11].
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Fig. 4.  as a function of energy compared to air-
shower simulations for proton and iron primaries using the
hadronic models EPOS-LHC, Sibyll 2.3c and QGSJetII-
04 [11].
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MASS COMPOSITION MEASUREMENTS

As we mentioned above, , the depth of the
shower maximum, is a mass-sensitive variable because
showers from heavier nuclei develop higher in the
atmosphere and their profiles fluctuate less, while
showers from lighter nuclei develop deeper in the atmo-
sphere and their profiles fluctuate more. The  of
proton showers are on average about 100 g/cm2 deeper
in the atmosphere than the  of iron showers. In a
similar way, the f luctuation of the values of 
around the mean depth of the shower maximum,

, provides another sensitive observable
thought it depends on both the average and the spread
of the mass distribution. Iron showers f luctuate about
40 g/cm2 less than proton showers. Measurements of

 are performed at energies above  eV with the
standard FD telescopes. The HEAT telescopes make it
possible to measure showers with energies down to

 eV. The  moments are free from detector
effects and can be compared to predictions from MC
simulations in a direct way. The resolution of the stan-
dard FD is ~25 g/cm2 at  eV and at high energies
it is 15 g/cm2. For most of the energy range the sys-
tematic uncertainties are below 10 g/cm2 [14]. In
Fig. 3 the measurements of  as a function of
energy are shown, and in Fig. 4  in function of
energy is also shown. The mean mass of the UHECRs
shown in Fig. 3 decreases as function of energy until

 eV and increases for higher energies.
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The smaller values of  for energies above 
shown in Fig. 4 are as well in agreement with the MC
predictions for  of heavier nuclei. The results
agree with previous measurements of the same observ-
ables [14, 16].

The correlation between  (measured by the
FD) and the signal in the WCD is another measure-
ment relevant for mass composition2. With this cor-
relation the spread of the masses in the primary
UHECRs can be estimated. In [17] the correlation
between  and the number of muons  in air
showers was proposed as an observable to determine
whether the mass composition is pure or mixed. Cor-
relations close to or larger than zero are found in sim-
ulations for pure cosmic-ray mass composition. In
contrast, a negative correlation is obtained in mixed
mass composition. The data used for this measure-
ment has . The surface array of
WCD provide a significant sensitivity to muons: for
zenith angles between 20 and 60 deg, muons contrib-
ute about 40 to 90% of . So  is used in
the place of . To avoid a decorrelation due to the
spreads of energies and zenith angles, the observables

 and  are scaled to a reference energy of
10 EeV. In addition  is scaled to a zenith angle

2 The measurement must be performed with the usage of two
independent detector systems to avoid correlated detector sys-
tematics.
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Fig. 5. Dependence of the correlation coefficients  on
 for EPOS-LHC. Each simulated point corre-

sponds to a mixture with different fractions of (p, He, O,
Fe), the relative fractions changing in steps of 0.1. Four
points in the upper left show the pure compositions at

 [11].
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of 38°. The rescaled variables are denoted as  and
. The correlation for a pure proton sample is

 and for a pure iron sample is ,
with both Monte Carlo samples produced with the
EPOS-LHC model. But for the data the correlation is

. The negative correlation found
in data cannot be reproduced using any pure compo-
sition. In Fig. 5 the dependence of the simulated cor-
relation  on the spread of  is shown for
EPOS-LHC. The correlation found in data is com-
pared to the values in simulated mixtures with all pos-
sible combinations of relative fractions of (p, He, O,
Fe) nuclei changing with a step of 0.1. The spread of
the primary masses  can be estimated from
Fig. 5 to be . The comparison of
the energy dependence of  in data to the predictions
for proton, iron and extreme mix p/Fe = 1/1 for
EPOS-LHC interaction model is shown in Fig. 6. For
higher energies, the correlation in data becomes con-
sistent with the compositions with smaller mixings.
This work was reported by the Pierre Auger Observa-
tory in [10] and updated in [11].

HADRONIC PHYSICS
Analysis of UHECRs enables one to obtain infor-

mation about the properties of their hadronic interac-
tions at an energy more than one order of magnitude
above that accessible with the current highest energy
human-made accelerator.

An update of the analysis of the proton-air cross-
section based on the shape of the distribution of 
published in [19] was presented in [18]. The analysis is
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based on the fact that the tail of the  distribution
is sensitive to . The 20% most deeply penetrat-
ing showers were selected for the analysis to reduce
the impact of primary cosmic ray nuclei heavier than
protons.

The cross section is related to the exponential dis-
tribution of the depth of the first interaction  which
cannot be measured. But the strong correlation
between  and  makes the distribution of the lat-
ter sensitive to the proton-air cross-section and the tail
of the distribution maximizes the proton content,
since it is the most penetrating nucleus. The slope
( ) obtained from a fit to the exponential tail of the

 distribution (see Fig. 7) can be used as an estima-
tor for  through Monte Carlo simulations: the
cross-section is rescaled consistently to reproduce the
value of the measurement. The lack of detailed knowl-
edge of the mass composition at these energies turns
out to be the main difficulty for this analysis since one
cannot exclude contamination by photons and helium
primaries, for instance. This translates into the main
contribution to the systematic uncertainty of this mea-
surement.

The available data sample is divided into two energy inter-
vals, one with 18090 events ranging from  to  eV
and the other 21270 events from  to  eV and the
measured cross-sections are  mb

and  mb respectively. While
the composition of primary cosmic rays in the above
energy ranges is compatible with being dominated by
protons, a contamination with helium cannot be
excluded. The quoted systematic uncertainties take
into account, among many other effects, an impact of
25% helium in the data sample. Figure 8 displays the
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Fig. 7. The result of the unbinned log-likelihood fit to
derive  is shown in the range of the tail of the  dis-

tribution fit for the first bin in energy ranging from 

to  eV [18].
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σp–air measurement compared to previous data and
model predictions. The data are consistent with a ris-
ing cross section with energy, however, the statistical
precision is not yet sufficient to make a statement on
the functional form [18].

The measurement of the muonic component at the
ground is very sensitive to the characteristics of the
hadronic interactions along many steps of the cascade,
such as the fraction of the electromagnetic component
of the shower with respect to the total signal and the
multiplicity of the secondaries [22].

The Pierre Auger Collaboration has been showing
consistently that the number of muons in the models
is smaller than what is measured in data [23]. More
recently we showed that this inconsistency between
PHYSICS O

Fig. 8. Resulting  compared to other measurements
and model predictions. The blue point was reported in [19]
and the two red points are from the updated analysis
in [18].
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data and models is also present at lower energies, by
directly measuring the muon content of air showers
with an engineering array of underground muon
detectors (UMD) deployed in the SD750 area.

In Fig. 9 we see the evolution with energy of the
muon content in data compared to simulations with
proton and iron primaries. To soften the strong energy
dependence, the muon densities have been normalised
by the energy. The slopes in the curves for the
hadronic models are 0.91 for iron and 0.92 for proton,
slightly steeper than the slope for data

. Additionally, simu-
lations fail to reproduce the observed muon densities
which are between 8% for the EPOS-LHC model and
14% for the QGSJetII-04 larger than those obtained
for iron showers at an energy of  eV [20].

Another observable of UHECRs that can constrain
exotic models to explain the muon excess is the
shower-to-shower f luctuations in the number of
muons. This measurement is performed with inclined
air showers since the electromagnetic cascade is heav-
ily absorbed in the atmosphere and the signals at the
ground are dominated by muons. A fit of the normal-
ization factor of a reference model for the muon den-
sity at the ground to the observed distribution of sig-
nals in the SD array provides the number of muons at
the ground relative to the average of the total number
of muons in a shower with primary energy of  eV.
In Fig. 10 we show the results of the relative f luctua-
tions in the number of muons. The observed f luctua-
tions fall in the range of the predictions from air
shower simulations with current hadronic interaction
models. The measured f luctuations decrease with pri-
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Fig. 9. Energy-normalized densities as a function of 
compared to expectations. Error bars denote the statistical
uncertainties. Systematic uncertainties are indicated by
square brackets. The fit is represented by the black solid
line, the shaded band shows the statistical uncertainties
[20].
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Fig. 10. Shower to shower f luctuations. The statistical
uncertainty (error bars) is dominant. The systematic
effects are shown by the square brackets. The energy ranges
for which the f luctuations are evaluated are marked by the
black triangles at the top of the figure [21].
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mary energy: fitting  to the f luctu-
ations we find . Thus, the results
suggest that models are describing reasonably well the
distribution of energy going into the electromagnetic
component after the first interaction, while the discrep-
ancy in the overall muon number should be explained
by resorting to changes of different hadronic interaction
characteristics along all the shower stages [21].

ARRIVAL DIRECTION ANISOTROPY
An observable that sheds light on the nature and

origin of UHECRs is the distribution of their arrival
directions over the sky. Their arrival directions are
basically free from systematic errors, in contrast with
energies or primary mass, but do not exactly corre-
spond to the position of the sources because of deflec-
tions of cosmic rays by intergalactic and galactic mag-
netic fields. Although the sources of UHECRs are yet
to be discovered, their large-scale distribution is
expected to follow the local distribution of matter in
the universe at some level. Dipoles, quadrupoles and
higher order multipoles of the distribution in the sky
could be present due to diffusive propagation of
UHECRs, excesses in the supergalactic plane, and
other possible features of the source distributions.

In [26] a dipolar anisotropy was reported in the
arrival directions of UHECRs above  eV and it
was updated in [24]. The data cover more than three
decades in energy and comprises about 15 years of
measurements. Above the full trigger efficiency of the
array, a weighted Fourier analysis in right-ascension
and azimuth and below 2 EeV the East-West method
was used down to 0.3 EeV. As can be seen in Fig. 11, for

 EeV a clear dipolar pattern is present with total
amplitude  and it points ~125° away
from the Galatic centre, shown with an asterisk. This
result indicates that the anisotropy has an extragalac-
tic origin. The growth of the dipole amplitude as a
function of energy is shown in Fig. 12. The data were
divided into four bins for  EeV and fitted with
the expression , with

 and . The data are
compared to predictions from [25] for scenarios of
extragalactic sources with a density of   Mpc–3 with
a mixed cosmic ray composition which agrees with the
ones measured by the Pierre Auger Observatory. The
sources were sampled either from an isotropic distri-
bution or according to the distribution of galaxies in
the 2MRS catalog.

MULTI-MESSENGERS
The Pierre Auger Observatory is a key detector for

multi-messenger physics at EeV energies. Photons and
neutrinos can be discriminated in the background of

+0 1 10log (E eV)p p

= − ±1 0.11 0.04p

× 188 10

> 8E
+
−= 0.010

0.0090.060d

> 4E
β= 10( 10 EeV)d d E

= ±10 0.051 0.007d β = ±0.96 0.16

−410
PHYSICS OF PARTICLES AND NUCLEI  Vol. 53  No. 2  2022



230 DE MELLO NETO

Fig. 13. Upper limits on the cosmogenic photon flux com-
pared to limits from other experiments and to model pre-
dictions [27].
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charged UHECRs with large identification efficiency
of about 50% for photons and more than 85% for neu-
trinos. Moreover, the continuous monitoring of a
large fraction of the sky can be done with good angular
resolution. And finally, the observatory has a unri-
valled sensitivity to transient sources if they are located
in regions of the sky within its field of view. It is rela-
tively easy to identify neutrinos which interact in the
lower layers of the atmosphere by looking at the devel-
opment of the cosmic-ray showers as a function of the
atmospheric depth. Photon showers develop deeper
than cosmic rays in the atmosphere producing less
muons making it possible to discriminate them [29].

In Fig. 13 the upper limits on the integral photon
flux from hybrid and SD data are shown together with
results from other experiments. The search for pho-
tons was performed in a energy range of three decades
due to an exposure of about 40000 km2 sr yr and to the
analysis of data from the low energy enhancements
SD750 and HEAT. Eleven candidates were found but
since their background hypothesis cannot be excluded
with further analysis using proton simulations for the
geometry and energy of the candidates, they are con-
servatively considered as background. The green
arrows are integral photon upper limits from the
SD750 and HEAT extensions assuming a photon flux
following  and with no background subtraction.
The limits shown as blue arrows are from the hybrid
data sample and those as black arrows are from the SD
data sample. Previous data from Auger as well as data
from TA, AGASA, Yakutsk, and Haverah Park are
included for comparison. The lines and shaded
regions give the predictions for top-down models and
GZK photon fluxes, respectively. Some top-down
scenarios proposed to explain the origin of trans-GZK
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cosmic rays are severely constrained. This analysis was
presented in [30–32] and updated in [27].

The single f lavour 90% upper limit on the inte-
grated neutrino f lux, for an assumed flux  and no

candidates, is  GeV cm–2 s–1 sr–1. It is
shown in Fig. 14 as the solid straight red line. It mostly
applies in the energy interval –  eV for
which  of the total event rate is expected for the
assumed spectral f lux. Also plotted are the upper dif-
ferential limits. The solid red line is for Auger all chan-
nels and flavors. The dashed red line is for the Auger
Earth-skimming  only. Similar limits for ANITA
and Ice Cube are displayed along with predictions for
several neutrino models. All limits and fluxes are con-
verted to a single f lavor. This analysis was presented in
[31, 33] and updated in [28].

OUTLOOK: AUGERPRIME
The Pierre Auger Observatory is being upgraded in

order to extend the composition sensitivity of the
experiment into the f lux suppression region. It will
also allow the estimation of the primary mass of the
highest energy cosmic rays on a shower-by-shower
basis. The measurement of the mass composition, the
search for light primaries at the highest energies, the
study of composition-selected anisotropy and the
search for new phenomena including unexpected
changes of hadronic interactions are the main objec-
tives of the upgrade [34].

Each WCD will be equipped with a 3.8 m2 slab of
plastic scintillator (the Surface Scintillator Detector,
SSD) [35], new SD electronics [36] and an additional
small photomultiplier inside the WCD for the exten-
sion of the dynamic range. In addition, a radio
antenna will be mounted above each WCD for the
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detection of radio signals from the extensive air show-
ers in the frequency range from 30 to 80 MHz [37].
Finally, a UMD will be deployed beside each WCD
from the SD750 array to make direct muon measure-
ments possible [38]. The upgrade is named Auger-
Prime. The prototypes of the radio detectors are now
installed in the field and the mass production is
underway. The production and deployment of the
AugerPrime detectors and electronics will be com-
pleted by 2021, for a data-taking planned up to 2025
and beyond [39].

The Pierre Auger Observatory will continue to pro-
vide first quality data that surely will assure its position
as one of the major players in the astroparticle physics
field.
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