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The search for UHECR sources  

★ Cosmic rays:  observed at energies of more than 1020 eV
★ Most energetic particles known in the universe

★ Above a few tens of EeV:  deflections small enough, directional information for small 
charges

★ The cosmological volume within which UHECRs sources should be sought is limited
★ CR interact with photon backgrounds, mean free path for energy losses depends on 

their mass and energies
★ At 100 EeV,  protons and iron:  200-300 Mpc,   intermediate nuclei He, N:  3-6 Mpc
★ Sources of UHECRs must be in the local universe! 

★ Search for sources is challenging:  charged particles deflected by magnetic fields 
★ Magnetic fields: difficult to study and their modeling is far from being complete



Two approaches to search for anisotropies 
Large scale anisotropies can be present at all energies 

★ Propagation from extragalactic sources distributed 
anisotropically 

★ Diffusion from individual extragalactic sources
★ Diffusive escape from Galaxy of CRs from galactic sources 
★ Compton-Getting effect due to the Earth motion in the CR 

rest frame 

Method: Rayleigh analysis in right ascension (and azimuth) 

Challenge: control exposure and event rate down below < % level 

Small-intermediate scale anisotropies can be present 
in the suppression region 

At UHE, cosmic rays have reduced horizon and maybe enough 
rigidity to point back to their sources 

Method: Comparison of UHECR arrival directions with catalogues of 
astronomical objects 

Challenge: control of exposure and trial factor (energy, angle...) 2MASS Survey,  Astrophys. J.,  2011

Pierre Auger Collab.,  Science, 2017



Large scale:  weighted harmonic analysis  

★ Search for harmonic modulation in right ascension and azimuth: 

★ Fourier coefficients of order k (1 or 2)  

★ Amplitude,                                   ,  phase     

★ Weights: small variations in coverage and tilt of the array  

number of active 
detector cells 

 right ascension of the 
zenith of the observatory 

average tilt of
 the array  

Dipolar modulation: 



 Harmonic analysis above 4 EeV  
R. de Almeida, for P.  
Auger Collab.,  ICRC 

2021

Significance of the first harmonic modulation became larger as the exposure increase 

4-8 EeV bin: consistent with isotropy 

ApJ 2020

Science 2017 

ApJ 2015

> 8 EeV bin:                                           ,       

Evidence of large scale anisotropies above 8 EeV 
(detection above 5σ accounting  for the 
null results in the other energy bins) 

https://pos.sissa.it/395/335
https://pos.sissa.it/395/335
https://pos.sissa.it/395/335
https://pos.sissa.it/395/335
https://arxiv.org/abs/1808.03579
https://arxiv.org/abs/1808.03579
https://arxiv.org/abs/1411.6953v3


 Dipole reconstruction  
suposing a pure 
dipolar distribution

E > 8 EeV:  

dipole amplitude:

dipole direction
Galactic 
center 

Flux sky map E > 8 EeV 

Equatorial coordinates 

Dipole directions in galactic scenario

Galactic coordinates 

Extragalactic origin 



Split the E>8 EeV bin in three

dipole amplitude increases with energy 

(energy-independent fit disfavored above 5σ) 

Energy dependence of dipolar modulation 

Dipole directions above 4 EeV outer 
spiral arm

Galactic coordinates 

No clear trend in the evolution of 
dipole direction with energy 



Extragalactic Dipole and GMF 

Extragalactic dipole direction gets 
shifted towards spiral arms 

Dipole interpretation

Dipole direction after accounting for JF12 
Galactic B field for E/Z = 32, 16, 8 and 4 EeV Dipole direction 

outside Galaxy 

Outer spiral
 arm Measured

dipole 

Models with mixed composition,  
𝑅max = 6 EV,  source density 10-4  Mpc-3

Consistent with expectations 

Possibly due to the larger relative contribution 
from nearby sources to the flux at higher energies 



Highest energies:  blind searches for overdensities  

Search for excesses not specifying a priori the 
targeted regions of the sky 

★ Li-Ma:  compare cumulative number of events (Nobs) 
given the expected on average from isotropic simulations 
(Nexp)

★ Scan in energy threshold in [32; 80] EeV, step of 1 EeV 
★ Scan in top-hat search angle Ψ in [1°; 30°], steps of 1° 

Most significant local excess over whole observable sky 

★ Eth ≥ 41EeV, Ψ =24°
★ (𝞪, 𝜹) = (196.3o, -46.6o), (l, b) = (305.4o, 16.2o)
★ Local p-value 3.7 × 10-8 , Li&Ma significance = 5.4σ
★ Global p-value = 3% 

(after accounting the scan, penalty factor ~𝑂(105) 

The dataset above 32 EeV is available for public use  
 

★ with the code to reproduce the results (link)

P. Auger Collab,  ApJ, 2022

https://zenodo.org/record/6759610#.YzGXFOxBwhs


Autocorrelation and correlation with astrophysical structures  

Structures 

★ Events in proximity of local 
astrophysical structures

★ Scan in threshold energy, angle Ѱ 
★

Autocorrelation 
★ Pairs of events separated 

by given angular distance
★ Scan in threshold energy, 

angle Ѱ 
★



Catalog-based searches  

Each source weighted based on

★ luminosity distance to account for 
propagation effects (supposing an average 
composition above 32 EeV)

★ electromagnetic emission to 
estimate UHECR flux 

AGN activity 
★ Accretion = X-rays from SwiftBAT (523 galaxies at 

14- 195 keV) 
★ Jet = γ-rays from 3FHL (26 galaxies at 10 GeV- 1 TeV) 

Star formation 
★ Generic/stellar mass = IR from 2MRS (>40000 galaxies 

2.2 μm) 
★ Burst = radio from Lunardini+19 (44 galaxies, 1.4 GHz) 

Result: 4 flux- limited samples:  Jetted AGNs, all AGNs, Starburst galaxies, all galaxies 



Catalogue searches for intermediate scale anisotropies  

Analysis strategy 

Sky model probability maps: 

Null hypothesis H0:  isotropy 

Contribution to the UHECR flux from each galaxy: 

Single population signal model H1:

(free parameters: 𝛼 and Θ) 

Modeled as a von Mises-Fisher distribution centered on the direction of the galaxy with a smearing angle Θ 

Test statistics:  



All catalogs have highest test statistics 
at Eth=38- 41EeV,  scale Ѱ=23°-27°, 
signal fraction ɑ=6-15% 

Catalogue searches for intermediate scale anisotropies  

Post-trial significance  

3.1σ for jetted AGNs 

4.0σ for Starburst galaxies 
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Figure 4. The test statistic as a function of signal fraction and search radius for the four tested catalogs, as labeled in the
Figure. The reference best-fit parameters obtained above the energy threshold that maximizes the departure from isotropy are
marked with a cross. The 68% C.L. contour is displayed as a black line. The complete Figure set (4 ⇥ 49 images), which shows
the evolution of the test statistic mapping as a function of energy threshold, is available in the online journal, in the arXiv
source file and on the website of the Pierre Auger Collaboration.

one of the pillars of the so-called Council of Giants
(McCall 2014) surrounding the Milky Way and An-
dromeda galaxy. Inspection of the two AGN models,
tracing accretion through X-ray emission and jet activ-
ity through �-ray emission, does not suggest bright sec-
ondary hotspots in other sky regions at the highest en-
ergies (E & 60 EeV), as the attenuation of the UHECR
flux dramatically reduces the contribution from more
distant galaxies. On the other hand, both the infrared
model of stellar mass and the radio model of enhanced
starforming activity suggest hotspots in the directions
of other members of the Council of Giants: the star-
burst galaxies NGC 253 and M 82, which are the only
two starburst galaxies currently detected at TeV ener-

gies.7 While M 82 lies in the blind region of the Pierre
Auger Observatory, which can only be observed with
Telescope Array (Telescope Array Collaboration 2018),
the contribution from NGC 253 is responsible for the
larger departure from isotropy obtained with the star-
burst model with respect e.g. to the X-ray AGN model
(see Appendix C). The infrared model instead yields a
smaller test statistic than both the X-ray AGN and star-
burst models. Within the infrared model, the region of
the Virgo cluster (at d ⇠ 20 Mpc) would be brighter
than the Centaurus region, which is in tension with the
UHECR observations. Following the same procedure as
in Pierre Auger Collaboration (2018b), we performed
a quantitative comparison between the four models to

7 http://tevcat2.uchicago.edu/
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Figure 3. The test statistic (top), signal fraction (center)
and Fisher search radius (bottom) maximizing the deviation
from isotropy as a function of energy threshold. The results
obtained with each of the four catalogs are displayed with
varying colors and line styles, as labeled in the Figure. The
uncertainties on the parameters, which are correlated above
successive energy thresholds, are not displayed for the sake
of readability.

ence, we estimate that there is a total of five to six inde-
pendent energy bins, by identifying the successive refer-
ence energy thresholds above which the number of events
is less that half that above a previous reference energy.
Such a procedure suggests reference energy thresholds
at E & 32, 40, 50, 60, 70, 80 EeV, with boundaries dis-
tant by more than � log10 E = 0.06, that corresponds
to the energy resolution of ±7% relevant in the range
covered here (Pierre Auger Collaboration 2020b). As
illustrated by the set of Figures above energy thresh-
olds ranging in 32–80 EeV (see online material attached
to Figure 4), the reconstructed parameters do not show
significant variations with energy.

For the sake of completeness, we provide the best-fit
parameters and maximum test statistic obtained above
energy thresholds corresponding to the global maximum
at E & 40 EeV, in the upper part of Table 2, as well as
those obtained above the secondary maximum identi-
fied at E & 60 EeV, in the lower part of the same table.
The most significant departure from isotropy is iden-
tified for all four catalogs at energy thresholds in the
range 38–40 EeV, with post-trial p-values of 8.3⇥ 10�4,
7.9 ⇥ 10�4, 4.2 ⇥ 10�4 and 3.2 ⇥ 10�5 for jetted AGNs
traced by their �-ray emission, galaxies traced by their
near-infrared emission, all AGNs traced by their X-ray
emission and starburst galaxies traced by their radio
emission, respectively. As in Pierre Auger Collaboration
(2018b), we do not penalize for the test of the four cata-
logs, which all provide similar UHECR flux patterns. As
a note, the infrared sample of galaxies contains a large
fraction (more than 75%) of each of the three other cat-
alogs and only jetted AGN and starburst catalogs can
be considered as strictly distinct galaxy samples.

As discussed in Sec. 4.1, all four sky models tested
here are based on improved versions of the catalogs used
in Pierre Auger Collaboration (2018b), although with a
mild impact on the significance of the results and no
noticeable change in the best-fit parameters. The max-
imum test statistic is obtained at the same point of the
parameter space using the catalogs of infrared galaxies,
starburst galaxies, and X-ray AGNs from Pierre Auger
Collaboration (2018b), with TS values of 16.0, 23.1 and
18.0, respectively, di↵ering by less than 2 units from the
results in Table 2. The most important change is ob-
served for the gamma-ray catalog of jetted AGNs: the
maximum TS (13.5) is obtained above ⇠ 60 EeV with
the earlier catalog version based on the 2FHL catalog
(E� > 50 GeV), while it is obtained above ⇠ 40 EeV
with the current version based on the 3FHL catalog
(E� > 10 GeV). The change can be understood from
the lower energy threshold of the 3FHL catalog, which
reduces the relative flux of blazars beyond 100 Mpc
(Mkn 421, Mkn 501) with respect to the flux of local
radio galaxies (Cen A, NGC 1275, M 87).

5. THE CENTAURUS REGION

A visual inspection of the sky models displayed in
Appendix C highlights the main similarity between the
four catalogs, namely a hotspot expected in the Auger
field of view in the direction of the group of galaxies
composed of the radio galaxy Centaurus A, the Seyfert
galaxy NGC 4945 and the starburst galaxy M 83. These
three galaxies, at distances of about 4 Mpc, constitute
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and Fisher search radius (bottom) maximizing the deviation
from isotropy as a function of energy threshold. The results
obtained with each of the four catalogs are displayed with
varying colors and line styles, as labeled in the Figure. The
uncertainties on the parameters, which are correlated above
successive energy thresholds, are not displayed for the sake
of readability.
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is less that half that above a previous reference energy.
Such a procedure suggests reference energy thresholds
at E & 32, 40, 50, 60, 70, 80 EeV, with boundaries dis-
tant by more than � log10 E = 0.06, that corresponds
to the energy resolution of ±7% relevant in the range
covered here (Pierre Auger Collaboration 2020b). As
illustrated by the set of Figures above energy thresh-
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to Figure 4), the reconstructed parameters do not show
significant variations with energy.

For the sake of completeness, we provide the best-fit
parameters and maximum test statistic obtained above
energy thresholds corresponding to the global maximum
at E & 40 EeV, in the upper part of Table 2, as well as
those obtained above the secondary maximum identi-
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logs, which all provide similar UHECR flux patterns. As
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fraction (more than 75%) of each of the three other cat-
alogs and only jetted AGN and starburst catalogs can
be considered as strictly distinct galaxy samples.
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mild impact on the significance of the results and no
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imum test statistic is obtained at the same point of the
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starburst galaxies, and X-ray AGNs from Pierre Auger
Collaboration (2018b), with TS values of 16.0, 23.1 and
18.0, respectively, di↵ering by less than 2 units from the
results in Table 2. The most important change is ob-
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maximum TS (13.5) is obtained above ⇠ 60 EeV with
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with the current version based on the 3FHL catalog
(E� > 10 GeV). The change can be understood from
the lower energy threshold of the 3FHL catalog, which
reduces the relative flux of blazars beyond 100 Mpc
(Mkn 421, Mkn 501) with respect to the flux of local
radio galaxies (Cen A, NGC 1275, M 87).
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A visual inspection of the sky models displayed in
Appendix C highlights the main similarity between the
four catalogs, namely a hotspot expected in the Auger
field of view in the direction of the group of galaxies
composed of the radio galaxy Centaurus A, the Seyfert
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three galaxies, at distances of about 4 Mpc, constitute



Excess in the Centaurus region 
Motivation: 

★ A priori: prominent area in the Council of Giants
★ Flagged area since the first anisotropy results (7% of 

current exposure)
★ Most significant overdensity present in the blind search
★ Driving hotspot in all the catalog based models 
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Figure 5. The local p-value for an excess in the Centau-
rus region as a function of top-hat search angle and energy
threshold. The minimum p-value, obtained for the best-fit
parameters, is marked with a white cross.

Constraints from maximum shower-depths up to a few
tens of EeV and from the broad-band spectrum above
the ankle energy suggest that UHECRs are accelerated
in proportion to their charge, following so-called Pe-
ters’ cycles (Pierre Auger Collaboration 2017c, 2020d).
The cosmic-ray composition above the toe in the en-
ergy spectrum is then expected to be dominated by
UHECRs near a maximum magnetic rigidity, Rcut. Ac-
counting for both systematic uncertainties on the en-
ergy and maximum shower-depth scales, we inferred in
Pierre Auger Collaboration (2017c) a maximum rigidity
log10(Rcut/V) = 18.72+0.04

�0.03
with our reference model.

Adopting this value as the typical rigidity of UHECRs
above the toe, a lower bound on the charge of the bulk
of UHECRs above a given energy threshold can be es-
timated as Zmin = Eth/Rcut, as figured in the top axis
of Figure 6. The uncertainties on the points illustrate
those on the maximum rigidity in the reference scenario.
It should be noted that the composition at the highest
energies remains poorly constrained with Phase 1 data
and can only be conjectured from a model-dependent
approach at this stage.
At rigidities close to Rcut = 5EV, i.e. log10(Rcut/V) ⇡

18.7, UHECR propagation in the magnetic field of the
Milky Way enters into a semi-ballistic regime (Erdmann
et al. 2016). Excesses identified in the UHECR sky could
thus be used both to track back putative sources and
possibly to constrain the configuration and strength of
the Galactic magnetic field (see Boulanger et al. 2018,
and references therein). The angular scale inferred from
the catalog-based search, as well as that from the blind
search and search in the Centaurus region, are consis-
tent with the average angular dispersion expected in the
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Figure 6. The test statistic and pre-trial p-value, after
profiling against the search radius and penalization for this
free parameter, as a function of energy threshold. The gray
points along the top axis figure the estimate of a lower bound
on the bulk charge of UHECRs above a given energy thresh-
old, under the assumption of an energy-to-charge ratio close
to the maximum rigidity inferred by jointly modeling the
energy spectrum and composition observables (Pierre Auger
Collaboration 2017c).

Milky Way of the Auger mix of nuclear species (Pierre
Auger Collaboration 2018b). Nonetheless, the lack of a
significant preference for a specific class of galaxies and
the strength of the anisotropy signal, reaching at best
post-trial p-values of (3�5)⇥10�5, still limit the identi-
fication of the host galaxies of UHECR accelerators and
UHECR constraints on the Galactic magnetic field.
Although only pieces of evidence for anisotropy on

intermediate angular scale can be claimed with the
Phase 1 high-energy data set, the continued operation
of the array may enable the reach of the 5 � discovery
threshold. The latter corresponds to a post-trial p-value
of 2.9⇥10�7 or 5.7⇥10�7 considering a search for both
excesses and deficits (2-sided test) or just for excesses
(1-sided test). The growth of the signal in the Cen-
taurus region, quantified by the excess of events with
respect to the isotropic expectation, and the growth of
the test statistic of starburst model are displayed as a
function of accumulated exposure in Figure 7. These
analyses yield post-trial significances of 3.9–4.2 � for a
1- or 2-sided test applied to the Phase 1 high-energy data
set. Both the test statistic and the excess of events are
expected to grow linearly with exposure and the fluctua-
tions observed around such a linear behavior are consis-
tent with those expected from simulations. The model-
independent search in the Centaurus region shows the
smallest fluctuations and may be the most robust ap-
proach to forecasting the evolution of the signal. As-
suming a fixed top-hat angular scale  = 27� and a

★ Correlation with structure (Cen A)
★ Direction fixed to CenA, scan in threshold energy and angle Ѱ 
★ 3.9σ post-trial 
★ for Eth=38 EeV, Ѱ=27° Excess=Nobs-Nexp=215-152=63 

Results

MacCal, MNRAS, 2014

Council of Giants is a ring of 
twelve large galaxies surrounding 
the Local Group in the Local 
Sheet, with a radius of 3.75 Mpc 

https://www.semanticscholar.org/paper/A-Council-of-Giants-McCall/8e751ff59f888e3497cf0cc0f9b77bdf1379c47d?sort=relevance


Indication of mass-dependent anisotropy above 1018.7 eV
Hybrid events

Heavier composition on the Galactic Plane with 3.3σ significance.

E. Mayotte, P. Auger Collab. ICRC2 021
Rate of growth of  test statistics :1.3 TS/yr 

https://pos.sissa.it/395/321/


Conclusions  and prospects with Auger Phase 1 data 
(2004-2020) 

★ The first evidence of anisotropy at UHE.

★ First observational evidence that the origin of UHECRs is extragalactic.

★ Above 4 EeV, dipole amplitude grows with energy.  

★ Phases close to outer spiral.

Large scale anisotropy:  

Small-intermediate scale anisotropy searches in the suppression region 

★ Indication of departure from isotropy ~4σ from search in Centaurus region 
confirmed also by catalog-based searches 

★ Starburst galaxy model provides the most significant indication that UHECRs are 
not isotropically distributed.

★ The largest available dataset of ultra-high-energy cosmic rays above 32 EeV! 
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Backup slides



Evolution of the signal 
Considering the best-fit parameters of the Centaurus region search 

Compatible with linear growth within the expected variance 

5 sigma deviation from isotropy at 2025 ± 2 years 



Pierre Auger Observatory:                          
state-of-the art cosmic ray detector 

★Water Cherenkov stations 
★ SD1500:  1600, 1.5 km grid, 3000 km2

★ SD750:     61,    0.75 km grid,  23.5 km2

★ Live time ~ 100%
★ 4 Fluorescence sites
★ 24 telescopes, 1-300  FOV

★ 3 high elevation FD 300-600  FOV 

★ Live time ~ 13%
★Underground Muon Detectors
★ 7 in engineering array phase

★ 61 aside the Infill stations

★ AERA radio antennas
★153 antenas in  17 km2
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Cosmic-Ray Showers Reveal Muon
Mystery
The Pierre Auger Observatory has detected more muons from cosmic-ray showers than
predicted by the most up-to-date particle-physics models.

by Thomas Gaisser⇤

The Large Hadron Collider at CERN produces pro-
ton collisions with center-of-mass energies that are
13 thousand times greater than the proton’s rest
mass. At such extreme energies these collisions cre-

ate many secondary particles, whose distribution in momen-
tum and energy reveals how the particles interact with one
another. A key question is whether the interactions deter-
mined at the LHC are the same at higher energies. Luckily,
nature already provides such high-energy collisions—albeit
at a much lower rate—in the form of cosmic rays entering
our atmosphere. Using its giant array of particle detectors,
the Pierre Auger Observatory in Argentina has found that
more muons arrive on the ground from cosmic-ray showers
than expected from models using LHC data as input [1]. The
showers that the Auger collaboration analyzed come from
atmospheric cosmic-ray collisions that are 10 times higher in
energy than the collisions produced at the LHC. This result
may therefore suggest that our understanding of hadronic
interactions (that is, interactions between protons, neutrons,
and mesons) from accelerator measurements is incomplete.

Cosmic rays are relativistic particles (mostly protons and
light nuclei) that are produced by supernovae and other
powerful sources in and beyond our galaxy. When a cosmic-
ray particle collides with a molecule in Earth’s atmosphere,
it generates a cascade of secondary particles. An incident
proton, for example, will typically expend 40% of its energy
producing a secondary proton or neutron, together with a
large number of other hadrons, mostly pions. Neutral pions
decay immediately to two photons that generate an electro-
magnetic “cascade” comprising electron-positron pairs and
gamma rays. Charged pions with high energies interact
again in the atmosphere. The neutral pions they produce
contribute further to the electromagnetic component of the
shower, while other particles carry energy forward to sub-
sequent interactions. Lower-energy charged pions decay
before interacting again and produce muons, which largely

⇤Department of Physics and Astronomy, University of Delaware,
Newark, DE 19716 USA

Figure 1: This illustration shows the detection of a hybrid event
from a cosmic-ray shower in the Pierre Auger Observatory. The
pixels in the camera of the fluorescence telescope (light blue
semicircle) trace the shower profile—specifically, the energy loss
of the shower as a function of its penetration into the atmosphere.
Particles from the same shower are detected on the ground by an
array of water tanks (white dots). The red line shows the trajectory
of the shower. (APS/Carin Cain)

survive to the ground.
Unlike detectors at accelerators, experiments like Auger

do not directly detect the initial collision but only the sec-
ondary cascade that it generates. This is simply because the
rate of events is too low: At an energy equivalent to 10 times
the center-of-mass energy at the LHC, the cosmic-ray flux is
only about one particle per square kilometer per year. This
is far too low to observe the collision directly with a detector
in space or a balloon-borne detector above the atmosphere.
Auger, with a detector array that spans 3000 square kilome-
ters, may collect only a few thousand such events per year.
In comparison, the LHC can produce a billion proton colli-
sions per second.

Auger observes the first interaction indirectly by analyz-
ing the shower of particles it generates [2]. To detect shower
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tum and energy reveals how the particles interact with one
another. A key question is whether the interactions deter-
mined at the LHC are the same at higher energies. Luckily,
nature already provides such high-energy collisions—albeit
at a much lower rate—in the form of cosmic rays entering
our atmosphere. Using its giant array of particle detectors,
the Pierre Auger Observatory in Argentina has found that
more muons arrive on the ground from cosmic-ray showers
than expected from models using LHC data as input [1]. The
showers that the Auger collaboration analyzed come from
atmospheric cosmic-ray collisions that are 10 times higher in
energy than the collisions produced at the LHC. This result
may therefore suggest that our understanding of hadronic
interactions (that is, interactions between protons, neutrons,
and mesons) from accelerator measurements is incomplete.

Cosmic rays are relativistic particles (mostly protons and
light nuclei) that are produced by supernovae and other
powerful sources in and beyond our galaxy. When a cosmic-
ray particle collides with a molecule in Earth’s atmosphere,
it generates a cascade of secondary particles. An incident
proton, for example, will typically expend 40% of its energy
producing a secondary proton or neutron, together with a
large number of other hadrons, mostly pions. Neutral pions
decay immediately to two photons that generate an electro-
magnetic “cascade” comprising electron-positron pairs and
gamma rays. Charged pions with high energies interact
again in the atmosphere. The neutral pions they produce
contribute further to the electromagnetic component of the
shower, while other particles carry energy forward to sub-
sequent interactions. Lower-energy charged pions decay
before interacting again and produce muons, which largely

⇤Department of Physics and Astronomy, University of Delaware,
Newark, DE 19716 USA

Figure 1: This illustration shows the detection of a hybrid event
from a cosmic-ray shower in the Pierre Auger Observatory. The
pixels in the camera of the fluorescence telescope (light blue
semicircle) trace the shower profile—specifically, the energy loss
of the shower as a function of its penetration into the atmosphere.
Particles from the same shower are detected on the ground by an
array of water tanks (white dots). The red line shows the trajectory
of the shower. (APS/Carin Cain)

survive to the ground.
Unlike detectors at accelerators, experiments like Auger

do not directly detect the initial collision but only the sec-
ondary cascade that it generates. This is simply because the
rate of events is too low: At an energy equivalent to 10 times
the center-of-mass energy at the LHC, the cosmic-ray flux is
only about one particle per square kilometer per year. This
is far too low to observe the collision directly with a detector
in space or a balloon-borne detector above the atmosphere.
Auger, with a detector array that spans 3000 square kilome-
ters, may collect only a few thousand such events per year.
In comparison, the LHC can produce a billion proton colli-
sions per second.

Auger observes the first interaction indirectly by analyz-
ing the shower of particles it generates [2]. To detect shower
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ton collisions with center-of-mass energies that are
13 thousand times greater than the proton’s rest
mass. At such extreme energies these collisions cre-

ate many secondary particles, whose distribution in momen-
tum and energy reveals how the particles interact with one
another. A key question is whether the interactions deter-
mined at the LHC are the same at higher energies. Luckily,
nature already provides such high-energy collisions—albeit
at a much lower rate—in the form of cosmic rays entering
our atmosphere. Using its giant array of particle detectors,
the Pierre Auger Observatory in Argentina has found that
more muons arrive on the ground from cosmic-ray showers
than expected from models using LHC data as input [1]. The
showers that the Auger collaboration analyzed come from
atmospheric cosmic-ray collisions that are 10 times higher in
energy than the collisions produced at the LHC. This result
may therefore suggest that our understanding of hadronic
interactions (that is, interactions between protons, neutrons,
and mesons) from accelerator measurements is incomplete.

Cosmic rays are relativistic particles (mostly protons and
light nuclei) that are produced by supernovae and other
powerful sources in and beyond our galaxy. When a cosmic-
ray particle collides with a molecule in Earth’s atmosphere,
it generates a cascade of secondary particles. An incident
proton, for example, will typically expend 40% of its energy
producing a secondary proton or neutron, together with a
large number of other hadrons, mostly pions. Neutral pions
decay immediately to two photons that generate an electro-
magnetic “cascade” comprising electron-positron pairs and
gamma rays. Charged pions with high energies interact
again in the atmosphere. The neutral pions they produce
contribute further to the electromagnetic component of the
shower, while other particles carry energy forward to sub-
sequent interactions. Lower-energy charged pions decay
before interacting again and produce muons, which largely
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Figure 1: This illustration shows the detection of a hybrid event
from a cosmic-ray shower in the Pierre Auger Observatory. The
pixels in the camera of the fluorescence telescope (light blue
semicircle) trace the shower profile—specifically, the energy loss
of the shower as a function of its penetration into the atmosphere.
Particles from the same shower are detected on the ground by an
array of water tanks (white dots). The red line shows the trajectory
of the shower. (APS/Carin Cain)
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Unlike detectors at accelerators, experiments like Auger

do not directly detect the initial collision but only the sec-
ondary cascade that it generates. This is simply because the
rate of events is too low: At an energy equivalent to 10 times
the center-of-mass energy at the LHC, the cosmic-ray flux is
only about one particle per square kilometer per year. This
is far too low to observe the collision directly with a detector
in space or a balloon-borne detector above the atmosphere.
Auger, with a detector array that spans 3000 square kilome-
ters, may collect only a few thousand such events per year.
In comparison, the LHC can produce a billion proton colli-
sions per second.

Auger observes the first interaction indirectly by analyz-
ing the shower of particles it generates [2]. To detect shower
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The Pierre Auger Observatory has detected more muons from cosmic-ray showers than
predicted by the most up-to-date particle-physics models.
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The Large Hadron Collider at CERN produces pro-
ton collisions with center-of-mass energies that are
13 thousand times greater than the proton’s rest
mass. At such extreme energies these collisions cre-

ate many secondary particles, whose distribution in momen-
tum and energy reveals how the particles interact with one
another. A key question is whether the interactions deter-
mined at the LHC are the same at higher energies. Luckily,
nature already provides such high-energy collisions—albeit
at a much lower rate—in the form of cosmic rays entering
our atmosphere. Using its giant array of particle detectors,
the Pierre Auger Observatory in Argentina has found that
more muons arrive on the ground from cosmic-ray showers
than expected from models using LHC data as input [1]. The
showers that the Auger collaboration analyzed come from
atmospheric cosmic-ray collisions that are 10 times higher in
energy than the collisions produced at the LHC. This result
may therefore suggest that our understanding of hadronic
interactions (that is, interactions between protons, neutrons,
and mesons) from accelerator measurements is incomplete.

Cosmic rays are relativistic particles (mostly protons and
light nuclei) that are produced by supernovae and other
powerful sources in and beyond our galaxy. When a cosmic-
ray particle collides with a molecule in Earth’s atmosphere,
it generates a cascade of secondary particles. An incident
proton, for example, will typically expend 40% of its energy
producing a secondary proton or neutron, together with a
large number of other hadrons, mostly pions. Neutral pions
decay immediately to two photons that generate an electro-
magnetic “cascade” comprising electron-positron pairs and
gamma rays. Charged pions with high energies interact
again in the atmosphere. The neutral pions they produce
contribute further to the electromagnetic component of the
shower, while other particles carry energy forward to sub-
sequent interactions. Lower-energy charged pions decay
before interacting again and produce muons, which largely
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Figure 1: This illustration shows the detection of a hybrid event
from a cosmic-ray shower in the Pierre Auger Observatory. The
pixels in the camera of the fluorescence telescope (light blue
semicircle) trace the shower profile—specifically, the energy loss
of the shower as a function of its penetration into the atmosphere.
Particles from the same shower are detected on the ground by an
array of water tanks (white dots). The red line shows the trajectory
of the shower. (APS/Carin Cain)

survive to the ground.
Unlike detectors at accelerators, experiments like Auger

do not directly detect the initial collision but only the sec-
ondary cascade that it generates. This is simply because the
rate of events is too low: At an energy equivalent to 10 times
the center-of-mass energy at the LHC, the cosmic-ray flux is
only about one particle per square kilometer per year. This
is far too low to observe the collision directly with a detector
in space or a balloon-borne detector above the atmosphere.
Auger, with a detector array that spans 3000 square kilome-
ters, may collect only a few thousand such events per year.
In comparison, the LHC can produce a billion proton colli-
sions per second.

Auger observes the first interaction indirectly by analyz-
ing the shower of particles it generates [2]. To detect shower
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tum and energy reveals how the particles interact with one
another. A key question is whether the interactions deter-
mined at the LHC are the same at higher energies. Luckily,
nature already provides such high-energy collisions—albeit
at a much lower rate—in the form of cosmic rays entering
our atmosphere. Using its giant array of particle detectors,
the Pierre Auger Observatory in Argentina has found that
more muons arrive on the ground from cosmic-ray showers
than expected from models using LHC data as input [1]. The
showers that the Auger collaboration analyzed come from
atmospheric cosmic-ray collisions that are 10 times higher in
energy than the collisions produced at the LHC. This result
may therefore suggest that our understanding of hadronic
interactions (that is, interactions between protons, neutrons,
and mesons) from accelerator measurements is incomplete.

Cosmic rays are relativistic particles (mostly protons and
light nuclei) that are produced by supernovae and other
powerful sources in and beyond our galaxy. When a cosmic-
ray particle collides with a molecule in Earth’s atmosphere,
it generates a cascade of secondary particles. An incident
proton, for example, will typically expend 40% of its energy
producing a secondary proton or neutron, together with a
large number of other hadrons, mostly pions. Neutral pions
decay immediately to two photons that generate an electro-
magnetic “cascade” comprising electron-positron pairs and
gamma rays. Charged pions with high energies interact
again in the atmosphere. The neutral pions they produce
contribute further to the electromagnetic component of the
shower, while other particles carry energy forward to sub-
sequent interactions. Lower-energy charged pions decay
before interacting again and produce muons, which largely
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Figure 1: This illustration shows the detection of a hybrid event
from a cosmic-ray shower in the Pierre Auger Observatory. The
pixels in the camera of the fluorescence telescope (light blue
semicircle) trace the shower profile—specifically, the energy loss
of the shower as a function of its penetration into the atmosphere.
Particles from the same shower are detected on the ground by an
array of water tanks (white dots). The red line shows the trajectory
of the shower. (APS/Carin Cain)

survive to the ground.
Unlike detectors at accelerators, experiments like Auger

do not directly detect the initial collision but only the sec-
ondary cascade that it generates. This is simply because the
rate of events is too low: At an energy equivalent to 10 times
the center-of-mass energy at the LHC, the cosmic-ray flux is
only about one particle per square kilometer per year. This
is far too low to observe the collision directly with a detector
in space or a balloon-borne detector above the atmosphere.
Auger, with a detector array that spans 3000 square kilome-
ters, may collect only a few thousand such events per year.
In comparison, the LHC can produce a billion proton colli-
sions per second.

Auger observes the first interaction indirectly by analyz-
ing the shower of particles it generates [2]. To detect shower
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Figure 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.

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

Figure 8: Photo of a fluorescence telescope at Coihueco.

illuminating a camera in case of a malfunction of the shutter or a failure of the Slow
Control System.

A simplified annular lens, which corrects spherical aberration and eliminates coma
aberration, is mounted in the outer part of the aperture. The segmented corrector ring
has inner and outer radii of 850 and 1100 mm, respectively. Six corrector rings were

23

elevation 1.5
� � 30

�Schema of a cosmic ray detection at the Pierre Auger Obs. 

25



APS/Karin Cain

VIEWPOINT

Cosmic-Ray Showers Reveal Muon
Mystery
The Pierre Auger Observatory has detected more muons from cosmic-ray showers than
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The Large Hadron Collider at CERN produces pro-
ton collisions with center-of-mass energies that are
13 thousand times greater than the proton’s rest
mass. At such extreme energies these collisions cre-

ate many secondary particles, whose distribution in momen-
tum and energy reveals how the particles interact with one
another. A key question is whether the interactions deter-
mined at the LHC are the same at higher energies. Luckily,
nature already provides such high-energy collisions—albeit
at a much lower rate—in the form of cosmic rays entering
our atmosphere. Using its giant array of particle detectors,
the Pierre Auger Observatory in Argentina has found that
more muons arrive on the ground from cosmic-ray showers
than expected from models using LHC data as input [1]. The
showers that the Auger collaboration analyzed come from
atmospheric cosmic-ray collisions that are 10 times higher in
energy than the collisions produced at the LHC. This result
may therefore suggest that our understanding of hadronic
interactions (that is, interactions between protons, neutrons,
and mesons) from accelerator measurements is incomplete.

Cosmic rays are relativistic particles (mostly protons and
light nuclei) that are produced by supernovae and other
powerful sources in and beyond our galaxy. When a cosmic-
ray particle collides with a molecule in Earth’s atmosphere,
it generates a cascade of secondary particles. An incident
proton, for example, will typically expend 40% of its energy
producing a secondary proton or neutron, together with a
large number of other hadrons, mostly pions. Neutral pions
decay immediately to two photons that generate an electro-
magnetic “cascade” comprising electron-positron pairs and
gamma rays. Charged pions with high energies interact
again in the atmosphere. The neutral pions they produce
contribute further to the electromagnetic component of the
shower, while other particles carry energy forward to sub-
sequent interactions. Lower-energy charged pions decay
before interacting again and produce muons, which largely
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Figure 1: This illustration shows the detection of a hybrid event
from a cosmic-ray shower in the Pierre Auger Observatory. The
pixels in the camera of the fluorescence telescope (light blue
semicircle) trace the shower profile—specifically, the energy loss
of the shower as a function of its penetration into the atmosphere.
Particles from the same shower are detected on the ground by an
array of water tanks (white dots). The red line shows the trajectory
of the shower. (APS/Carin Cain)

survive to the ground.
Unlike detectors at accelerators, experiments like Auger

do not directly detect the initial collision but only the sec-
ondary cascade that it generates. This is simply because the
rate of events is too low: At an energy equivalent to 10 times
the center-of-mass energy at the LHC, the cosmic-ray flux is
only about one particle per square kilometer per year. This
is far too low to observe the collision directly with a detector
in space or a balloon-borne detector above the atmosphere.
Auger, with a detector array that spans 3000 square kilome-
ters, may collect only a few thousand such events per year.
In comparison, the LHC can produce a billion proton colli-
sions per second.

Auger observes the first interaction indirectly by analyz-
ing the shower of particles it generates [2]. To detect shower
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tum and energy reveals how the particles interact with one
another. A key question is whether the interactions deter-
mined at the LHC are the same at higher energies. Luckily,
nature already provides such high-energy collisions—albeit
at a much lower rate—in the form of cosmic rays entering
our atmosphere. Using its giant array of particle detectors,
the Pierre Auger Observatory in Argentina has found that
more muons arrive on the ground from cosmic-ray showers
than expected from models using LHC data as input [1]. The
showers that the Auger collaboration analyzed come from
atmospheric cosmic-ray collisions that are 10 times higher in
energy than the collisions produced at the LHC. This result
may therefore suggest that our understanding of hadronic
interactions (that is, interactions between protons, neutrons,
and mesons) from accelerator measurements is incomplete.

Cosmic rays are relativistic particles (mostly protons and
light nuclei) that are produced by supernovae and other
powerful sources in and beyond our galaxy. When a cosmic-
ray particle collides with a molecule in Earth’s atmosphere,
it generates a cascade of secondary particles. An incident
proton, for example, will typically expend 40% of its energy
producing a secondary proton or neutron, together with a
large number of other hadrons, mostly pions. Neutral pions
decay immediately to two photons that generate an electro-
magnetic “cascade” comprising electron-positron pairs and
gamma rays. Charged pions with high energies interact
again in the atmosphere. The neutral pions they produce
contribute further to the electromagnetic component of the
shower, while other particles carry energy forward to sub-
sequent interactions. Lower-energy charged pions decay
before interacting again and produce muons, which largely
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Figure 1: This illustration shows the detection of a hybrid event
from a cosmic-ray shower in the Pierre Auger Observatory. The
pixels in the camera of the fluorescence telescope (light blue
semicircle) trace the shower profile—specifically, the energy loss
of the shower as a function of its penetration into the atmosphere.
Particles from the same shower are detected on the ground by an
array of water tanks (white dots). The red line shows the trajectory
of the shower. (APS/Carin Cain)

survive to the ground.
Unlike detectors at accelerators, experiments like Auger

do not directly detect the initial collision but only the sec-
ondary cascade that it generates. This is simply because the
rate of events is too low: At an energy equivalent to 10 times
the center-of-mass energy at the LHC, the cosmic-ray flux is
only about one particle per square kilometer per year. This
is far too low to observe the collision directly with a detector
in space or a balloon-borne detector above the atmosphere.
Auger, with a detector array that spans 3000 square kilome-
ters, may collect only a few thousand such events per year.
In comparison, the LHC can produce a billion proton colli-
sions per second.

Auger observes the first interaction indirectly by analyz-
ing the shower of particles it generates [2]. To detect shower
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more muons arrive on the ground from cosmic-ray showers
than expected from models using LHC data as input [1]. The
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proton, for example, will typically expend 40% of its energy
producing a secondary proton or neutron, together with a
large number of other hadrons, mostly pions. Neutral pions
decay immediately to two photons that generate an electro-
magnetic “cascade” comprising electron-positron pairs and
gamma rays. Charged pions with high energies interact
again in the atmosphere. The neutral pions they produce
contribute further to the electromagnetic component of the
shower, while other particles carry energy forward to sub-
sequent interactions. Lower-energy charged pions decay
before interacting again and produce muons, which largely
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Figure 1: This illustration shows the detection of a hybrid event
from a cosmic-ray shower in the Pierre Auger Observatory. The
pixels in the camera of the fluorescence telescope (light blue
semicircle) trace the shower profile—specifically, the energy loss
of the shower as a function of its penetration into the atmosphere.
Particles from the same shower are detected on the ground by an
array of water tanks (white dots). The red line shows the trajectory
of the shower. (APS/Carin Cain)
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do not directly detect the initial collision but only the sec-
ondary cascade that it generates. This is simply because the
rate of events is too low: At an energy equivalent to 10 times
the center-of-mass energy at the LHC, the cosmic-ray flux is
only about one particle per square kilometer per year. This
is far too low to observe the collision directly with a detector
in space or a balloon-borne detector above the atmosphere.
Auger, with a detector array that spans 3000 square kilome-
ters, may collect only a few thousand such events per year.
In comparison, the LHC can produce a billion proton colli-
sions per second.

Auger observes the first interaction indirectly by analyz-
ing the shower of particles it generates [2]. To detect shower
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at ground level. A comprehensive interpretation of these
curves is however not addressed here.
The energy dependence in the CIC curves that is

observed is accounted for by introducing an empirical
dependence in terms of y ¼ log10ðS38=40 VEMÞ in the
coefficients a, b and c through a second-order polynomial
in y. The polynomial coefficients derived are shown in
Table I. They relate to S38 values ranging from 15 VEM to
120 VEM. Outside these bounds, the coefficients are set to
their values at 15 and 120 VEM. This is because below 15
VEM, the isotropy is not expected anymore due to the
decreasing efficiency, while above 120 VEM, the number
of events is low and there is the possibility of localized
anisotropies.

B. From S38 to ESD

The shower-size estimator, S38, is converted into energy
through a calibration with EFD by making use of a subset of
SD events, selected as described in Sec. II, which have
triggered the FD independently. For the analysis, we apply
several selection criteria to guarantee a precise estimation
of EFD as well as fiducial cuts to minimize the biases in the
mass distribution of the cosmic rays introduced by the field
of view of the FD telescopes.
The first set of cuts aims to select time periods during

which data-taking and atmospheric conditions are suitable
for collecting high-quality data [37]. We require a high-
quality calibration of the gains of the PMTs of the FD and
that the vertical aerosol optical depth is measured within
1 hour of the time of the event, with its value integrated up
to 3 km above the ground being less than 0.1. Moreover,
measurements from detectors installed at the observatory to
monitor atmospheric conditions [21] are used to select only
those events detected by telescopes without clouds within
their fields of view. Next, a set of quality cuts are applied to
ensure a precise reconstruction of the energy deposit [37].
We select events with a total track length of at least

200 g=cm2, requiring that any gap in the profile of the
deposited energy be less than 20% of the total track length
and we reject events with an uncertainty in the recon-
structed calorimetric energy larger than 20%. We transform
the χ2 into a variable with zero mean and unit variance,
z ¼ ðχ2 − ndofÞ=

ffiffiffiffiffiffiffiffiffiffi
2ndof

p
with ndof the number of degrees of

freedom, and require that the z values be less than 3.
Finally, the fiducial cuts are defined by an appropriate
selection of the lower and upper depth boundaries to

enclose the bulk of the Xmax distribution and by requiring
that the maximum accepted uncertainty in Xmax is
40 g=cm2 and that the minimum viewing angle of light
in the telescope is 20° [37]. This limit is set to reduce
contamination by Cherenkov radiation. A final cut is
applied to EFD: it must be greater than 3 × 1018 eV to
ensure that the SD is operating in the regime of full
efficiency (see Sec. IVA).
After applying these cuts, a dataset of 3,338 hybrid

events is available for the calibration process. With the
current sensitivity of our Xmax measurements in this energy
range, a constant elongation rate (that is, a single loga-
rithmic dependence of Xmax with energy) is observed [37].
In this case, a single power law dependence of S38 with
energy is expected from Monte-Carlo simulations. We thus
describe the correlation between S38 and EFD, shown in
Fig. 3, by a power law function,

EFD ¼ AS38B; ð1Þ

where A and B are fitted to data. In this manner the
correlation captured through this power-law relationship is
fairly averaged over the underlying mass distribution, and
thus provides the calibration of the mass-dependent S38
parameter in terms of energy in an unbiased way over the
covered energy range. Due to the limited number of events
in the FD dataset at the highest energies, deviations from
the inferred power law cannot be fully investigated cur-
rently. We note however that any indication for a strong
change of elongation rate cannot be inferred at the highest
energies from our SD-based indirect measurement reported
in [15].

TABLE I. Coefficients of the second-order polynomial in terms
of y ¼ log10ðS38=40 VEMÞ for the CIC parameters a, b, and c.

y0 y1 y2

a 0.952 0.06 −0.37
b −1.64 −0.42 0.09
c −0.9 −0.04 1.3
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FIG. 3. Correlation between the SD shower-size estimator, S38,
and the reconstructed FD energy, EFD, for the selected 3,338
hybrid events used in the fit. The uncertainties indicated by the
error bars are described in the text. The solid line is the best fit of
the power-law dependence EFD ¼ AS38B to the data. The reduced
deviance of the fit, whose calculation is detailed in Appendix B,
is shown in the bottom-right corner.
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in the telescope is 20° [37]. This limit is set to reduce
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applied to EFD: it must be greater than 3 × 1018 eV to
ensure that the SD is operating in the regime of full
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events is available for the calibration process. With the
current sensitivity of our Xmax measurements in this energy
range, a constant elongation rate (that is, a single loga-
rithmic dependence of Xmax with energy) is observed [37].
In this case, a single power law dependence of S38 with
energy is expected from Monte-Carlo simulations. We thus
describe the correlation between S38 and EFD, shown in
Fig. 3, by a power law function,

EFD ¼ AS38B; ð1Þ

where A and B are fitted to data. In this manner the
correlation captured through this power-law relationship is
fairly averaged over the underlying mass distribution, and
thus provides the calibration of the mass-dependent S38
parameter in terms of energy in an unbiased way over the
covered energy range. Due to the limited number of events
in the FD dataset at the highest energies, deviations from
the inferred power law cannot be fully investigated cur-
rently. We note however that any indication for a strong
change of elongation rate cannot be inferred at the highest
energies from our SD-based indirect measurement reported
in [15].
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FIG. 3. Correlation between the SD shower-size estimator, S38,
and the reconstructed FD energy, EFD, for the selected 3,338
hybrid events used in the fit. The uncertainties indicated by the
error bars are described in the text. The solid line is the best fit of
the power-law dependence EFD ¼ AS38B to the data. The reduced
deviance of the fit, whose calculation is detailed in Appendix B,
is shown in the bottom-right corner.
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3,338 hybrid events in the fit

The correlation fit is carried out using a tailored
maximum-likelihood method allowing various effects of
experimental origin to be taken into account [38]. The
probability density function entering the likelihood pro-
cedure, detailed in Appendix B, is built by folding the
cosmic-ray flux, observed with the effective aperture of the
FD, with the resolution functions of the FD and of the SD.
Note that to avoid the need to model accurately the cosmic-
ray flux observed through the effective aperture of the
telescopes (and thus to rely on mass assumptions), the
observed distribution of events passing the cuts described
above is used in this probability density function.
The uncertainties in the FD energies are estimated, on an

event-by-event basis, by adding in quadrature all uncer-
tainties in the FD energy measurement which are uncorre-
lated shower-by-shower (see [34] for details). The
uncertainties in S38 are also estimated on an event-by-
event basis considering the event-by-event contribution
arising from the reconstruction accuracy of Sð1000Þ. The
error arising from the determination of the zenith angle is
negligible. The contribution from shower-to-shower fluc-
tuations to the uncertainty in ESD is parametrized as a
relative error in S38 with 0.13 − 0.08xþ 0.03x2 where
x ¼ log10ðE=eVÞ − 18.5. It is obtained by subtracting in
quadrature the contribution of the uncertainty in S38 from
the SD energy resolution. The latter, as detailed in the
following, is measured from data and the resulting shower-
to-shower fluctuations are free from any reliance on mass
assumption and model simulations.
The best fit parameters are A ¼ ð1.86% 0.03Þ × 1017 eV

and B ¼ 1.031% 0.004 and the correlation coefficient
between the parameters is ρ ¼ −0.98. The resulting cali-
bration curve is shown as the red line in Fig. 3. The
goodness of the fit is provided by the value of the reduced
deviance, namely D=ndof ¼ 3419=3336. The statistical
uncertainty on the SD energies obtained propagating the
fit errors on A and B is 0.4% at 3 × 1018 eV, increasing up
to 1% at the highest energies. The most energetic event
used in the calibration is detected at all four fluorescence
sites. Its energy is ð8.5% 0.4Þ × 1019 eV, obtained from a
weighted average of the four calorimetric energies and
using the resulting energy to evaluate the invisible energy
correction [33]. It has a depth of shower maximum of
ð763% 8Þ g=cm2, which is typical/close to the average for
a shower of this energy [37]. The energy estimated from
S38 ¼ 354 VEM is ð7.9% 0.6Þ × 1019 eV.

C. ESD: Systematic uncertainties

The calibration constants A and B are used to estimate
the energy for the bulk of SD events: ESD ≡ AS38B. They
define the SD energy scale. The uncertainties in the FD
energies are estimated, on an event-by-event basis, by
adding in quadrature all uncertainties in the FD energy
measurement which are correlated shower-by-shower [23].

The contribution from the fluorescence yield is 3.6% and
is obtained by propagating the uncertainties in the high-
precision measurement performed in the AIRFLY experi-
ment of the absolute yield [39] and of the wavelength
spectrum and quenching parameters [40,41]. The uncer-
tainty coming from the characterization of the atmosphere
ranges from 3.4% (low energies) to 6.2% (high energies). It
is dominated by the uncertainty associated with the aerosols
in the atmosphere and includes a minor contribution related
to the molecular properties of the atmosphere. The largest
correlated uncertainty, associated with the calibration of the
FD, amounts to 9.9%. It includes a 9% uncertainty in the
absolute calibration of the telescopes and other minor
contributions related to the relative response of the tele-
scopes at different wavelengths and relative changes with
time of the gain of the PMTs. The uncertainty in the
reconstruction of the energy deposit ranges from 6.5% to
5.6% (decreasing with energy) and accounts for the
uncertainty associated with the modeling of the light spread
away from the image axis and with the extrapolation of the
modified Gaisser-Hillas profile beyond the field of view of
the telescopes. The uncertainty associated with the invisible
energy is 1.5%. The invisible energy is inferred from data
through an analysis that exploits the sensitivity of the
water-Cherenkov detectors to muons and minimizes the
uncertainties related to the assumptions on hadronic inter-
action models and mass composition [33].
We have performed several tests aimed at assessing the

robustness of the analysis that returns the calibration
coefficients A and B. The correlation fit was repeated
selecting events in three different zenithal ranges. The
obtained calibration parameters are reported in Table II.
The calibration curves are within one standard deviation of
the average one reported above, resulting in energies within
1% of the average ones. Other tests performed using looser
selection criteria for the FD events give similar results. By
contrast, determining the energy scale in different time
periods leads to some deviation of the calibration curves
with respect to the average one. Although such variations
are partly accounted for in the FD calibration uncertainties,
we conservatively propagate these uncertainties into a 5%
uncertainty on the SD energy scale.
The total systematic uncertainty in the energy scale is

obtained by adding in quadrature all of the uncertainties
detailed above, together with the contribution arising from
the statistical uncertainty in the calibration parameters.
The total is about 14% and it is almost energy independent

TABLE II. Calibration parameters in three different zenithal
ranges. N is the number of events selected in each range.

0° < θ < 30° 30° < θ < 45° 45° < θ < 60°

N 435 1641 1262
A=1017 eV 1.89% 0.08 1.86% 0.04 1.83% 0.04
B 1.029% 0.012 1.030% 0.006 1.034% 0.006
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Real-time Atmospheric Measurements at the Auger Observatory Violet M. Harvey

of the first FD site, while the eXtreme Laser Facility was constructed later to benefit the FD sites
furthest from the CLF. Each facility houses a UV laser which fires 50 vertical pulses every 15 min.
Each pulse has a width of 7 ns and the average pulse energy is 6.5 mJ. Each of the two lasers are
observed from each of the four FD sites, creating a bistatic lidar system of eight laser-FD pairs.
For each laser-FD pair, the average of the 200 pulses in each hour creates a trace of photons at the
detector as a function of height (hourly light profile).

Since 2013 there has also been a monostatic Raman lidar system at the CLF [54], used to make
three measurements of the vertical aerosol profile each night: before, during, and after the FD
observations. The Raman lidar cannot be operated while the FD is running, but this only interrupts
data acquisition for four of the 27 fluorescence telescopes and only for 20 min each night.

In order to calculate vertical aerosol distributions with the bistatic lidar, we normalise our data
periodically with “reference” nights, typically one for each year, for which the aerosol attenuation
is negligible. To find a reference night we select candidates with hourly light profiles which match
closely to profiles simulated under aerosol-free conditions, and cross-reference to other sources
such as the Raman lidar to determine the clearest night. The data-normalised method for aerosol
analysis at the Auger Observatory [55] uses the reference light profile to cancel out all detector
systematics and molecular scattering effects in other light profiles each year, leaving just aerosols
to explain any difference in magnitude and shape.

2.3 Cloud monitoring

At each FD site is a monostatic elastic backscatter lidar which automatically scans for cloud
outside of the field of view (FOV) of the FD every 15 min [51]. The time delay and magnitude of the
returned signal indicates the distance and density of scattering centres. In Fig. 1a an overhead FD
lidar scan indicates a localised cloud base height (CBH) of 4 km above ground level. During event
reconstruction, the minimum CBH and the overhead cloud coverage (0 % to 100 %) are considered.

The bistatic lidar system described above, though primarily intended for aerosol monitoring,
will detect cloud when it lies either directly over the lasers or along a path between the lasers and
an FD site. In the first case this provides a measurement of the CBH over the surface array, and in
the second case an upper limit which we can still use. The overall CBH for an hour is taken as the
lowest seen by any laser-FD pair in any 15 min block of laser shots.

(a) FD lidar scan.
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(c) Satellite cloud probability map.

Figure 1: Examples of real data from an FD lidar, a cloud camera (masked to the pixels of one
fluorescence telescope), and GOES.
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Long Term Performance of the Pierre Auger Observatory Koun Choi

Time
08/2010 10/2011 01/2013 05/2014 08/2015 10/2016 01/2018 05/2019

fr
ac

tio
n 

of
 a

ct
iv

e 
st

at
io

ns

0.5

0.6

0.7

0.8

0.9

1

Figure 1: Number of active SD stations normalized to the number of deployed SD stations as a function of
time.

that the detectors will continue to take high-quality data over the next decade.
The functioning of the SD, the FD and the other instruments is constantly monitored, from

observables related to the PMTs to higher-level variables used in advanced analyses. In this work,
we will provide information on the long term performance of the Pierre Auger Observatory by
reviewing its behavior over more than 14 years. In section 2, we will describe the performance
of the SD and its expected performance in the next decade. We will review the performance of
the FD and of the calibration and atmosphere monitoring instruments in section 3, and conclude in
section 4.

2. Long term performance of the Surface Detector

The SD tank and the electronics are exposed to unstable weather conditions such as a large
temperature variation, lightning, high salinity, dust and humidity. These environmental conditions
can damage the detector and influence the quality of data. To constantly monitor the detector
condition and response, various sensors are installed in every SD station. Variables related to
temperature, battery power, PMT voltage and current, and dynode/anode ratio (the ratio of the
amplitude of the output from the last PMT dynode to the one from the anode) are sent to the Central
Data Acquisition System (CDAS) and then exported to a MySQL database server [1, 3, 4]. Besides
monitoring the conditions of the station hardware, the number of triggers a station is transmitting
is continuously surveyed. Each station has two levels of triggers (called T1 and T2). Due to the
limited data transmission bandwidth, the trigger algorithms are implemented locally in the station
software. The T2 trigger selects signals with amplitudes exceeding a threshold (TH), or signals
that are spread in time (time over threshold or ToT), and are sent to CDAS to form the trigger for
air-showers based on time and spatial coincidence of the signals [5]. The number of active stations
able to send T2 signals is constantly monitored. The ratio of active stations to the total number
of deployed stations is depicted in Fig. 1. Since the beginning of the deployment, on average
more than 95% of all stations have been functioning. Lower values correspond to DAQ downtime,
communication issues in the data transmission to CDAS or other on-site problems occasionally
occurring for individual stations. The time fraction when the entire array was not transmitting data
was less than 1% since 2004.
The particles produced in air showers initiated by low-energy cosmic rays pass through the stations
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Energy spectrum

Pierre Auger Collab., Phys. Rev. Lett, 2020 

★ Data: about 15 years of SD

★ 215,030 events

★  zenith angles below 60°

★  energies larger than 2.5x1018 eV

Steepening at 1019 eV never 
observed previously    
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horizon and zenith at the observatory site to define the local
zenithal and azimuth angles ðθ;φÞ. Alternatively, we can
make use of the fixed equatorial coordinates, right ascen-
sion and declination ðα; δÞ, aligned with the equator and
poles of the Earth, for the same purpose. The wide range of
declinations covered by using events with zenith angles up
to 60°, from δ ¼ −90° to δ ≃þ24.8° (covering 71% of the
sky), allows a search for dependencies of the energy
spectrum on declination. We present below the determi-
nation of the energy spectrum in three declination bands
and discuss the results.
For each declination band under consideration, labelled

as k, the energy spectrum is estimated as

Jik ¼
Nikcik
EkΔEi

; ð10Þ

where Nik and cik stand for the number of events and the
correction factors in the energy bin ΔEi and in the
declination band considered k, and Ek is the exposure
restricted to the declination band k. For this study, the
observed part of the sky is divided into declination bands
with equal exposure, Ek ¼ E=3. The correction factors are
inferred from a forward-folding procedure identical to
that described in Sec. IV, except that the response matrix
is adapted to each declination band (for details see
Appendix C).
The intervals in declination that guarantee that the

exposure of the bands are each E=3 are determined by
integrating the directional exposure function, ωðδÞ, derived
in Appendix E, over the declination so as to satisfy

R δk
δk−1

dδ cos δωðδÞ
R δ3
δ0
dδ cos δωðδÞ

¼ 1

3
; ð11Þ

where δ0 ¼ −π=2 and δ3 ¼ þ24.8°. Numerically, it is
found that δ1 ¼ −42.5° and δ2 ¼ −17.3°.
The resulting spectra (scaled by E3) are shown in the left

panel of Fig. 13. For reference, the best fit of the spectrum
obtained in section IV B is shown as the black line. No
strong dependence of the fluxes on declination is observed.
To examine small differences, a ratio plot is shown in the

right panel by taking the energy spectrum observed in the
whole field of view as the reference. A weighted-average
over wider energy bins is performed to avoid large
statistical fluctuations preventing an accurate visual appre-
ciation. For each energy, the data points are observed to be
in statistical agreement with each other. Note that the same
conclusions hold when analyzing data in terms of integral
intensities, as evidenced for instance in Table IV above
8 × 1018 eV. Similar statistical agreements are found above
other energy thresholds. Hence this analysis provides no
evidence for a strong declination dependence of the energy
spectrum.
A 4.6% first-harmonic variation in the flux in right

ascension has been observed in the energy bins above
8 × 1018 eV shown in the right panel of Fig. 13 [47]. It is
thus worth relating the data points reported here to these
measurements that are interpreted as dipole anisotropies.
The technical details to establish these relationships are
given in Appendix E.

TABLE IV. Integral intensity above 8 × 1018 eV in the three
declination bands considered.

Declination band Integral intensity [km−2 yr−1 sr−1]

−90.0° ≤ δ < −42.5° ð4.17% 0.04Þ × 10−1

−42.5° ≤ δ < −17.3° ð4.11% 0.04Þ × 10−1

−17.3° ≤ δ < þ24.8° ð4.11% 0.04Þ × 10−1
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Mass composition sensitivity: number of muons and Xmax

Depth of shower maximum

hXp
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Mass composition from hybrid data of Auger Alexey Yushkov

Figure 1: Measurements of �Xmax� (left) and �(Xmax) (right) at the Pierre Auger Observatory compared to
the predictions for proton and iron nuclei of the hadronic models EPOS-LHC, Sibyll 2.3c and QGSJetII-04.

Figure 2: Moments of lnA distributions from the conversion of the moments of Xmax distributions with
EPOS-LHC, QGSJetII-04, Sibyll 2.3c.

sitions are close to � 60 gcm�2/decade independently of the interaction model used. Thus the
mean mass of the UHECRs as a function of energy decreases until E0 and increases afterwards.
The narrowing of the Xmax distributions for energies above E0 (right panel in Fig. 1) is as well in
agreement with the MC predictions for �(Xmax) of heavier nuclei.

Using the method described in [10] the moments of the Xmax distributions can be converted to
the moments of lnA distributions. From Fig. 2 one can see that �lnA� reaches the minimum around
E0. Depending on the interaction model, the values at the minimum vary from � 0 for QGSJetII-

86

Energy evolution of Xmax

Yushkov for the P. Auger Collab.  ICRC 2019
P.  Auger Collab.  JCAP 2013
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Mixed composition – four-component analysis (FD) 

2019 XLIX ISMD, Santa Fe (NM), September 2019
Fred Sarazin (fsarazin@mines.edu)
Physics Department, Colorado School of Mines

Mixed composition – four-component analysis (FD)

J.Bellido for the Pierre Auger Collaboration, ICRC 2017

• Large proton fraction below the ankle

• Mixed composition / getting heavier at 

higher energy

• Fit quality not always good

• Flux suppression beyond 1019.5 eV
Ankle

Bin-by-bin 
analysis

J. Bellido for the Pierre Auger Collab., ICRC 2017 

Large proton fraction below the ankle 

Mixed composition, heavier at higher energy 

Fit quality not always good 

Flux suppression beyond 1019.5 eV 
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Combined fit of composition and spectrum 

Astrophysical Interpretation 
Identical sources homogeneously 
distributed in a comoving volume

Power-law spectrum with rigidity-
dependent exponential cutoff

Seven free parameters 
(J0,  𝛾 , Rcut,  pH,  pHe,  pNi  and  pSi)

P. Auger Collab., Phys. Rev. Lett, 2020 
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Combined fit of composition and spectrum 

Astrophysical Interpretation 

Softening at 1.3×1019 eV: 

cut-off of helium spectrum with CNO 
contribution with photodisintegration effect 

Steepening above 5×1019 eV: 

combination of Greisen-Zatsepin-Kuzmin 
effect and cut-off at sources at 5Z ×1019 eV 

P. Auger Collab., Phys. Rev. Lett, 2020 
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Mass composition from hybrid data of Auger Alexey Yushkov

Figure 1: Measurements of �Xmax� (left) and �(Xmax) (right) at the Pierre Auger Observatory compared to
the predictions for proton and iron nuclei of the hadronic models EPOS-LHC, Sibyll 2.3c and QGSJetII-04.

Figure 2: Moments of lnA distributions from the conversion of the moments of Xmax distributions with
EPOS-LHC, QGSJetII-04, Sibyll 2.3c.

sitions are close to � 60 gcm�2/decade independently of the interaction model used. Thus the
mean mass of the UHECRs as a function of energy decreases until E0 and increases afterwards.
The narrowing of the Xmax distributions for energies above E0 (right panel in Fig. 1) is as well in
agreement with the MC predictions for �(Xmax) of heavier nuclei.

Using the method described in [10] the moments of the Xmax distributions can be converted to
the moments of lnA distributions. From Fig. 2 one can see that �lnA� reaches the minimum around
E0. Depending on the interaction model, the values at the minimum vary from � 0 for QGSJetII-

86

Yushkov for the P. Auger Collab.  ICRC 2019

Mean logarithmic mass and spread of masses  

Model-independent decrease of 
σ(ln A) until the ankle (~1018.7 eV) 

ln A of (p,  He,  N,  Fe) 
≈  (0.0,  1.4,  2.6,  4.0)
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29

Indications on underproduction of muons in MC

Muon density with underground muon detectors (left) and inclined showers (right)

Data are above MC predictions for iron, large systematics in hln Ai from SD
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Deficit of muons in Monte Carlo models 

F. Sanchez for the P. Auger Collab.,  ICRC 2019

F. Riehn for the P.  Auger Collab., ICRC 2019

Muon density with underground muon detectors Muon density in inclined showers 
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Indications on underproduction of muons in MC

Muon density with underground muon detectors (left) and inclined showers (right)

Data are above MC predictions for iron, large systematics in hln Ai from SD
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Proton-Air cross section Ralf Ulrich
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Figure 1: The Xmax-distributions in the two energy intervals. The result of the unbinned log-likelihood fit to
derive Lh is shown in the range of the tail fit.

is identified, and only showers with an unbiased Xmax measurement within this range are consid-
ered. This provides the best possible estimate of the shape of the whole Xmax-distribution, but with
a significant cost in terms of available event statistics. This distribution is used to determine the
Xmax-intervals containing the 20% most deeply penetrating showers.

Given this Xmax-interval, the event selection is updated by only requiring an unbiased Xmax-
measurement in the tail region of the distribution. This step increases the available statistics for the
measurement of Lh by a factor of about three. At this stage the Xmax-distributions exist containing
the unbiased tail from Xh ,start = 762.2g/cm2 to Xh ,end = 1009.7g/cm2 for the 1017.8�1018 eV range
and Xh ,start = 782.4g/cm2 to Xh ,end = 1030.1g/cm2 for the 1018 �1018.5 eV range. The upper end
of the fit-range, chosen to exclude 0.1% of all available showers, also reduces the sensitivity to any
possible primary photon contribution.

Due to the nature of the analysis, where the exponential tail of a distribution is measured,
it is crucial to consider the Poissonian fluctuations of the data. This is achieved by numerically
optimizing the following unbinned log-likelihood function for the Lh parameter

logL =
Nevts

Â
i=1

log p(Xmax,i;Lh) with (4.1)

p(Xmax;Lh) =
h
Lh

⇣
e�Xh ,start/Lh � e�Xh ,end/Lh

⌘i�1
e�Xmax/Lh . (4.2)

The statistical uncertainty of the result is determined using the values of Lh where the likelihood
exceeds logLmin+0.5. For simulated showers the default choice of Xh ,end = • is used, which an-
alytically yields the optimal result Lopt,MC

h = ÂNevts
i=0 (Xmax,i �Xh ,start)/Nevts, and the uncertainty can

be derived from error propagation. The fit-range as well as the result is shown in Fig. 1.
The stability of the measurement of Lh from data is tested by subdividing the data sample

according to the zenith angle and to the distance of showers. The event selection cuts are changed
within their experimental uncertainties. The observed variation of Lh are consistent with statis-
tical fluctuations. The standard deviation of these various observed deviations is considered as a
systematic uncertainty for the measurement of Lh .

5. Determination of sp�air

The value of sp�air is derived from the comparison of LMC
h , as calculated from full Monte

90

The p-air cross-section

Two energy bins: 
 1017.8 eV < E < 1018 eV
 1018 eV < E < 1018.5 eV
tail dominated by protons

by tuning models to 
reproduce tail seen in data

Vulcano Workshop, 22-28 May 2016   A.Castellina 15

The p-Air cross section
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Proton-Air cross section Ralf Ulrich
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Figure 3: The sp�air-measurement compared to previous data and model predictions. For references see [2]
and [15].

For the present measurement the data is split in two energy intervals. The data is consistent
with a rising cross section with energy, however, the statistical precision is not yet sufficient to
make a statement on the functional form.
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Cross section measurement 

Intervals of energy used: 
LAB       1017.8 -1018  eV.   1018 - 1018.5 eV 

COM pp 38.7 TeV           55.5 TeV 

★ Glauber theory used to convert 
p-air to inelastic pp cross section 

★ Largest source of systematic 
uncertainty is helium fraction 

★ Amounts to 6% bias in calculated 
values if fraction at 25% 

★

★The data is consistent with a rising 
cross section with energy.
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Neutrino search: old and young showers
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Sensitivity: all flavours and channels

Three selection criteria 
★ Downward-going low zenith ( 2 and 4)           DGL  (60o - 75o) 
★ Downward-going high zenith (2, 4 and 5)       DGH (75o - 90o) 
★ Earth-skimming (3)                                           ES     (90o - 95o) 
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Selecting ν in data
(1) Inclined Selection 
  Angular selection        (>3/4/4 SD stations for ES / 600-750 / 
750-900) 

(2) Select Young Showers  
  Broad=> EM 
component 

Select ν using 1 variable (based 
on AoP of selected stations) 

ES:     <AoP>  > 1.83 
             (AoP > 1.4 if only 3 SD) 
             (60% ToT up to Jun-10)  

600-750:  AoP of 4/5 central SD 
       Fisher discriminant 8/10 var  
  AoP, AoP2   (&  75% ToT)   
          
750-900:     AoP of 4 early SD 
       Fisher discriminant 10 var: 
       AoP, AoP2, product &  
       Early/late AoP asymmetry

● Elongated pattern (large Length over Width)  (ES & 750-900) 
● Aparent speed of signal along Length (mean near c & rms) (ES & 750-900) 
● Angular reconstruction -plane- (600-750 & 750-900)  typically below 20 res

5

Inclined selection
★ Elongated pattern: L > W
★ Apparent speed  signal ≈ c
★ Angular reconstruction 60o - 75o  &  75o - 90o 

Select young showers 
★ Broad EM component

<AOP>  area over peak of  digitized  signal

Selecting 𝛎 in data      

P. Auger Coll., Phys. Rev. D 91, 092008 (2015); Ap JL 755:L4 (2012)  45
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Photon  limits
UHE photons with the Pierre Auger Observatory Julian Rautenberg

 [eV]0E
1710 1810 1910 2010

]
-1

 y
r

-1
 s

r
-2

 [k
m

0
In

te
gr

al
 p

ho
to

n 
flu

x 
fo

r E
 >

 E

5−10

4−10

3−10

2−10

1−10

1

10

210
SHDM (Gelmini et al. 2008)

SHDM' (Ellis et al. 2006)

TD (Gelmini et al. 2008)

Z-burst (Gelmini et al. 2008)

GZK proton (Gelmini et al. 2008)

GZK proton (Kampert et al. 2011)

GZK iron (Kampert et al. 2011)

SD 2019

TA 2019

Auger Hybrid 2017

EAS-MSU 2017

KASCADE-Grande 2017

Auger HECO+SD750 2019

Figure 7: Photon flux limits at 95% C.L. for the different analysis of the Pierre Auger Observatory, compared
to model predictions [14, 15, 16] and other experimental limits at 95% C.L. [17], as well as at 90% C.L. [18,
19].
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SHDM models barely compatible to hybrid 
and strongly constrained by SD limits 

Significant increase of exposure needed to 
constrain recent GZK proton scenarios 

P.  Auger Collab.  JCAP 2017

Photons characterized by:
★ deep Xmax in FD
★ small signal in SD

2019 XLIX ISMD, Santa Fe (NM), September 2019Fred Sarazin (fsarazin@mines.edu)
Physics Department, Colorado School of Mines

The Pierre Auger Observatory is also a UHE neutrino (and photon) detector

• UHE neutrinos have higher probability of interaction than low 
energy neutrinos

• The observation of UHE neutrinos would have a fundamental 
impact on some astrophysical models / May be present within 
the jets of Gamma-Ray Bursts (also jets of AGN galaxies…)

• Earth-skimming neutrino observation is a very attractive 
possibility

p+γCMB →Δ(1232)→ n+π +

↓

µ+ +νµ

↓

e+ +νµ +νe

p+γCMB →Δ(1232)→ p+π 0

↓

γ +γ

Neutrinos (5%):

Photons (10%):

<latexit sha1_base64="vvHBcSP4dsD2Y+tKfCDk65pNOHI="></latexit>

⇡0 ! � + �

47



48

making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

wi cos ai

ba ¼ 2
N

XN

i¼1

wi sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
wi. The weights, wi , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the

The Pierre Auger Collaboration, Science 357, 1266–1270 (2017) 22 September 2017 2 of 5

 0.9
 0.92
 0.94
 0.96
 0.98

 1
 1.02
 1.04
 1.06
 1.08

 1.1

 0 60 120 180 240 300 360

N
or

m
al

iz
ed

 r
at

es

Right Ascension [deg]

data E>8 EeV
first harmonic

Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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Extragalactic origin of UHECRs: dipole for E � 8 EeV
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Magnitude and direction of dipole support extragalactic origin of UHECRs with E > 4 EeV

Modulation in flux of ultrahigh energy cosmic rays with E ≥ 8 EeV  

P.  Auger Collab., Science, 2017
E.  Roulet for the P. Auger Collab., ICRC 2019

Exposure > 92000 km2 sr yr 

for events with θ < 800 

Rayleigh analysis in right ascension 

The effective aperture of the 
array is determined every minute. 
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[    /30]15

Large Scale anisotropy

3-D Dipole above 8 EeV at (α,δ) = (980,-250) :  
Amplitude increasing with energy

(6.6+1.2
�0.8)%

E.Roulet #408 

Exposure >92000 km2sr yr 
for events with ϑ<800

3-D Dipole above 8 EeV at (α,δ) = (980,-250) 
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d = (6.0+1.2
�0.8)%

Large scale anisotropy

E.  Roulet for the P. Auger Collab., ICRC 2019
at 6σ from isotropy

Phase in R.A. αd = 98o ± 9o 

is nearly opposite to the 

Galactic center αGC = −94o 

Magnitude and direction of 

dipole support extragalactic

 origin of UHECRs with E > 4 EeV 



Large-scale anisotropies measured by the Pierre Auger Observatory Esteban Roulet
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Figure 1: Map in Equatorial coordinates of the CR flux above 8 EeV, averaged on top-hat windows of 45�

radius. The location of the Galactic plane is shown with a dashed line, and the Galactic center is indicated
with a star.

significant result is the right ascension modulation in the cumulative bin above 8 EeV that was con-
sidered in [3], which now gives d� = 0.060+0.010

�0.009. The overall distribution of the flux in this bin,
averaged on top-hat windows of 45�, is displayed in Fig. 1, showing a clear dipolar pattern. The
total dipole amplitude in this bin is d = 0.066+0.012

�0.008, and it points � 125� away from the direction of
the Galactic centre (shown with an asterisk), indicating that this anisotropy has an extragalactic ori-
gin. Considering the four energy bins above 4 EeV, a growth of the dipole amplitude with increas-
ing energy is found, which is approximately reproduced with the expression d = d10(E/10EeV)� ,
with d10 = 0.051±0.007 and � = 0.96±0.16. A fit with an energy-independent dipole amplitude
(� = 0) is disfavored at the level of 5.1� by a likelihood ratio test. These results are shown in
Fig. 2, where they are also compared to the predictions from Ref. [12] for scenarios of extragalac-
tic sources with a mixed CR composition compatible with that inferred by Auger, having a density
10�4 Mpc�3 and being sampled either form an isotropic distribution or according to the distribution
of galaxies in the 2MRS catalog. The direction of the dipolar anisotropy in the different bins is dis-
played in Fig. 3, in which the contours of equal probability per unit solid angle, marginalized over
the dipole amplitude, that contain the 68%CL range are displayed. In all cases, it turns out to be not
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Figure 2: Energy dependence of the dipolar amplitude measured above 4 EeV. Also shown are the predic-
tions from scenarios [12] with extragalactic sources.
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Energy evolution of the dipole

Both amplitude and deviation of phase from the GC increase with energy
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Energy evolution of the dipole

Both amplitude and deviation of phase from the GC increase with energy
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Energy evolution of the dipole  

gray band:  integrated bin E > 8 EeV

Dipole amplitude with energy and scenarios of 
extragalactic sources with a mixed CR composition 

E.  Roulet for the P. Auger Collab., ICRC 2019
P. Auger Collab.  Astroph.  J., 2020



Figure 4 – Localization of GW170817 in equatorial coordinates together with the sensitive sky areas at the time
of the event for the three experiments - ANTARES, IceCube and Pierre Auger Observatory. The zenith angle of
NGC 4993 at the merger detection time was 91.9� for the Pierre Auger Observatory.

WCDs caused by surviving muons.
In August 2017 the Advanced LIGO and Advanced Virgo experiments discovered a gravita-

tional wave from a binary neutron star merger, known as GW170817. A short gamma-ray burst
following the event was observed by the Fermi and INTEGRAL satellites. Subsequent optical
observations allowed the localization of the merger in the galaxy NGC 4993.

The Pierre Auger Observatory together with dedicated neutrino experiments ANTARES
and IceCube were searching for high-energy neutrinos correlated with this event.8 Figure 4
shows the sensitive regions and summarizes the results of the search. No neutrino candidates
directionally coincident with the merger were found within ±500 s or within the 14-day period
following the merger. This non-detection is consistent with model predictions of a short GRB
observed o↵-axis. Nevertheless, the main message is that the Pierre Auger Observatory joined
the common e↵ort of numerous instruments and plays an active role in the new, multimessenger
era in astronomy and astrophysics.

4 Future prospects

The lack of clear correlation of UHECR arrival direction with astrophysical sources or structures
and the evidence of a dipole structure on a large scale suggest that the UHECRs are not formed
predominantly by protons as was commonly expected when Auger was first envisioned. The flux
suppression above 40 EeV has been observed with more than 20� significance. Given the fact that
the composition is getting heavier with higher energy as seen inXmax measurements, the question
arises whether the suppression is caused by propagation (GZK e↵ect) or by the exhausted power
of the cosmic accelerators. Hadronic interaction models fail to describe su�ciently well all
aspects of air showers despite the great improvement in recent years, especially from LHC data.
Another mass sensitive observable e↵ective especially in the flux suppression region would be
instrumental in answering the current burning questions.

The Observatory is undergoing a major upgrade in order to reflect these facts. Each WCD
is being equipped with a 4 m2 plastic scintillator mounted on the top. A prototype upgraded
station can be seen in Figure 5. The two detectors provide complementary information about
the electromagnetic and muonic components of the shower, so both particle contents can be
derived. An enlarged dynamic range will permit the study of signals closer to the shower core.
A more powerful, modernized electronics will allow the integration of the additional devices and
faster FADCs (120 MHz instead of 40 MHz) will make it possible to further study the temporal

ν in coincidence with GW170817
★ ν follow up: Antares, IceCube and Pierre Auger Observatory 
★ At time of GW trigger: event in region of maximum sensitivity for Auger

ANTARES, IceCube and the Pierre Auger Observatory, AJL, 2017

Equatorial coord. 
zenith:  91.9o

Energy range of Auger: Eν > 1017 eV 

Zenith angle of optical counterpart within 
±500 s: (90.4o; 93.3o), Earth-skimming 
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GW170817 ν  limits
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jet burrowing through the stellar envelope in a core-collapse
event (Mészáros & Waxman 2001; Razzaque et al. 2003; Bar-
tos et al. 2012; Murase & Ioka 2013). Nevertheless, if the
observed gamma-rays come from the outbreak of a wide co-
coon, it is less likely that the relativistic jet, which is more
narrowly beamed than the cocoon outbreak, also pointed to-
wards Earth.

We further considered an additional neutrino-production
mechanism related to ejecta material from the merger. If a
rapidly rotating neutron star forms in the merger and does not
immediately collapse into a black hole, it can power a rela-
tivistic wind with its rotational energy, which may be respon-
sible for the sometimes observed extended emission (Met-
zger et al. 2008). Optically thick ejecta from the merger can
attenuate the gamma-ray flux, while allowing the escape of
high-energy neutrinos. Additionally, it may trap some of the
wind energy until it expands and becomes transparent. This
process can convert some of the wind energy to high-energy
particles, producing a long-term neutrino radiation that can
last for days (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017). The properties of ejecta material around
the merger can be characterized from its kilonova/macronova
emission.

Considering the possibility that the relative weakness of
gamma-ray emission from GRB170817A may be partly due
to attenuation by the ejecta, we compared our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we used
the results of Kimura et al. (2017) and compared these to
our constraints for the relevant ±500 s time window. For
extended emission we considered source parameters corre-
sponding to both optimistic and moderate scenarios in Ta-
ble 1 of Kimura et al. (2017). For emission on even longer
timescales, we compared our constraints for the 14-day time
window with the relevant results of Fang & Metzger (2017),
namely emission from approximately 0.3 to 3 days and from
3 to 30 days following the merger. Predictions based on fidu-
cial emission models and neutrino constraints are shown in
Fig. 2. We found that our limits would constrain the op-
timistic extended-emission scenario for a typical GRB at
⇠ 40Mpc, viewed at zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (✓obs . ✓j) and se-
lected off-axis angles to indicate the dependence on this parameter.
The shown off-axis angles are measured in excess of the jet opening
half angle ✓j . GW data and the redshift of the host-galaxy constrain
the viewing angle to ✓obs 2 [0�, 36�] (see Section 3). In the lower
plot, models from Fang & Metzger (2017) are scaled to a distance
of 40 Mpc. All fluences are shown as the per flavor sum of neutrino
and anti-neutrino fluence, assuming equal fluence in all flavors, as
expected for standard neutrino oscillation parameters.

The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Optimistic scenarios for on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.

★ Time windows:  ±500 s,  14-days 
★ No neutrino candidate found  
★ Only optimistic model constraint by 

observations  
★ Consistent with model predictions 

of short GRB observed off-axis and 
low luminosity GRB 

★ Complementary searches  
★ An unprecedented joint effort of 

experiments sensitive to high-
energy neutrino

ANTARES, IceCube and the P. Auger Observatory, AJL, 2017
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Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

Figure 16. Evolution of the exposure of past, current, and upcoming (solid lines) UHECR experiments as
a function of time for ground-based and space experiments. Proposed experiments are also shown (dashed
lines). F. Oikonomou and M. Panasyuk for this review.

anisotropy to independently confirm or rule out the presence of hotspots in the Northern and Southern
hemispheres.

The project concept of OWL, based on the simultaneous detection of UHECRs by UV telescopes placed
on two satellites, was recently developed in the POEMMA project [404]. This project, based on the use
of Schmidt optics with 45� FOV and a large photodetector camera, can become a space instrument of
record characteristics and surpass in terms of exposure the ground-based Auger and TA installations (see
Figure 16).

4.3 The Current Status and Perspectives of UHE Neutrino Experiments

Currently the UHE neutrino flux is best confined by the IceCube Observatory [71] and the Auger
Observatory [72] at the level of ⇠ 3 ⇥ 10�8 GeV cm�2 s�1 sr�1 around EeV (all-flavor). Figure 17
summarizes the sensitivity of current and proposed experiments that target EeV neutrinos.

The Askaryan Radio Array (ARA) [401, 405] and ARIANNA [406, 407] are in-ice radio arrays
which detect UHE neutrinos via the Askaryan effect. As an alternative to the expensive ice-Cherenkov
technique the three experiments equipped with radio antennas are located in Antarctica and optimized
for UHE neutrino detection, namely two in-ice arrays, the Askaryan Radio Array (ARA) [401, 405] and
ARIANNA [406, 407], and a balloon-borne interferometer ANITA [73, 408]. The propose GRAND [392]
will use large arrays of cost-effective radio antennas to detect particle cascades produced in media and air by
UHE tau neutrinos. POEMMA [404] will also detect tau neutrinos, by observing the Cherenkov radiation
produced by upward-going tau decays [409]. Trinity [403], an Earth-based imaging telescope experiment,

Frontiers 35

R.Batista et al., arXiv:1903.06714 

Future of UHECR physics
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on two satellites, was recently developed in the POEMMA project [404]. This project, based on the use
of Schmidt optics with 45� FOV and a large photodetector camera, can become a space instrument of
record characteristics and surpass in terms of exposure the ground-based Auger and TA installations (see
Figure 16).

4.3 The Current Status and Perspectives of UHE Neutrino Experiments

Currently the UHE neutrino flux is best confined by the IceCube Observatory [71] and the Auger
Observatory [72] at the level of ⇠ 3 ⇥ 10�8 GeV cm�2 s�1 sr�1 around EeV (all-flavor). Figure 17
summarizes the sensitivity of current and proposed experiments that target EeV neutrinos.

The Askaryan Radio Array (ARA) [401, 405] and ARIANNA [406, 407] are in-ice radio arrays
which detect UHE neutrinos via the Askaryan effect. As an alternative to the expensive ice-Cherenkov
technique the three experiments equipped with radio antennas are located in Antarctica and optimized
for UHE neutrino detection, namely two in-ice arrays, the Askaryan Radio Array (ARA) [401, 405] and
ARIANNA [406, 407], and a balloon-borne interferometer ANITA [73, 408]. The propose GRAND [392]
will use large arrays of cost-effective radio antennas to detect particle cascades produced in media and air by
UHE tau neutrinos. POEMMA [404] will also detect tau neutrinos, by observing the Cherenkov radiation
produced by upward-going tau decays [409]. Trinity [403], an Earth-based imaging telescope experiment,
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AugerPrime: components of the upgrade

For each WCD

+ new electronics

+ small PMT

+ 3.8 m2 scintillator detectors

+ radio antenna

SD (750 m) of 23.5 km2 area

+ underground muon detectors

see talk of Jaroslaw Stasielak on 08/09 for more details
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The Pierre Auger Observatory Upgrade (AugerPrime)

★ composition measurement at 1020 eV 
★ composition-enhanced anisotropy studies 
★ particle physics with air showers 

Physics goals 

Components of upgrade

★ New Surface Scintilator Detector (SSD) on top of SD stations
★ Radio Detector at each SD station
★ SD electronics improvements
★ Upgrade of the Underground Muon Detector  (23.5 km2)
★ Increase of the FD operation time



Status of AugerPrime
AugerPrime: status

20

SSD array:
Ø Engineering array  (12 stations) since 2016 and 
Ø Pre-production SSD array (77 stations) since March 2019  

are taking data
Ø 845 SSD stations already deployed out of ~1500 (Aug 2020)

Deployment of SSD, RD, UMD ongoing

Water-Cherenkov station with 
new scintillator detector (SSD) 
and new radio antenna (RD)Engeneering array  (12 stations)  data since 2016

Pre-production  SSD array  (77 stations) since March 2019
866 SSD stations deployed  (October 2020) 

AugerPrime: status

20

SSD array:
Ø Engineering array  (12 stations) since 2016 and 
Ø Pre-production SSD array (77 stations) since March 2019  

are taking data
Ø 845 SSD stations already deployed out of ~1500 (Aug 2020)

Deployment of SSD, RD, UMD ongoing

Water-Cherenkov station with 
new scintillator detector (SSD) 
and new radio antenna (RD)

SD station with new  scintillator 
and new radio antenna

J. Stasielak for the P. Auger Collab.  ICNFP 2020
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AugerPrime will provide a multi-hybrid cosmic ray detector, that will 
allow simultaneous measurement of a shower with WCD, SSD, RD, UMD 

(muon counters) and fluorescence detectors.

Lateral distribution of signals measured by different detectors 
of a real event, as a function of the distance to the shower core

AugerPrime data

Lateral distribution of signals measured by different detectors of 
a real event, as a function of the distance to the shower core 

J. Stasielak for the P. Auger Collab.  ICNFP 2020




