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Introduction and ultra-high energy cosmic ray observatories Introduction

Cosmic ray energy spectrum
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Origin of cosmic rays

flux in power law J ∝ E−γ ,

up to a few 1017 eV :
→ galactic,

beyond a few 1018 eV :
→ extragalactic.

(courtesy: E. Parizot)
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Cosmic ray energy spectrum
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Up to the knee: direct detection

outside atmosphere (almost),

:) → particle identification,

:(→ only at low energies.

Beyond the knee: indirect detection

atmospheric showers,

:) → large collecting area,

:(→ particle identification more
difficult.
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Energy spectrum at Ultra-High Energy: status of some years ago
Ultra High Energy Cosmic Rays

Energy [eV/particle]
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(R. Engel, FZK)

! power law J ∝ E−γ

! spectral features at few

1015
eV (’knee’) and

around 1018
eV (’ankle’)

! particles with E > 1020
eV!

! beam energies:

> 108 LHC(p-p)

! center of mass energies:

> 10 LHC(p-p)

! low luminosity:

1 particle per km2 per

century

low luminosity @ 1019 eV
→ 1 particle/km2/century

AGASA (Japan)
→ surface detector

HiRes (Utah / USA)
→ fluorescence detector

Acceleration – astrophysical shocks (→ Hillas criterion)

Emax = Z

(
B

1 µG

) (
L

1 kpc

)
EeV

Z: particle charge / L: size of acceleration region / B: magnetic field
→ candidates: AGNs, GRBs, young pulsars, etc...
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UHECR propagation – the Greisen-Zatsepin-Kuz’min cutoff (1966)
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Figure 4:

Fraction of cosmic rays that survives propagation over a distance > D, for protons above 40, 60,

and 100 EeV and for He, CNO, and Fe above 60 EeV. Black solid line shows where 50% of a given

species can originate for a given atomic mass and energy. At trans-GZK energies (E ! 60 EeV),

only protons and iron survive the propagation over D ! 50 Mpc. Adapted from Allard et al.

(2007).

spectrum, ending the need for exotic alternatives designed to avoid the GZK feature. How-

ever, the possibility that the observed softening of the spectrum is mainly due to the maxi-

mum energy of acceleration at the source, Emax, is not as easily dismissed. A confirmation

that the observed softening is the GZK feature, awaits supporting evidence from the spec-

tral shape, anisotropies, and composition at trans-GZK energies and the observation of

produced secondaries such as neutrinos and photons.

2.2 Anisotropies in the Sky Distribution

The landmark measurement of a flux suppression at the highest energies encourages the

search for sources in the nearby extragalactic universe using the arrival directions of trans-

GZK cosmic rays. Above GZK energies, observable sources must lie within about 100

Mpc, the so-called GZK horizon or GZK sphere (Harari et al. 2006; Allard et al. 2007

Astrophysics of UHECRs 7
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tons. When the complete potential is deformed,
the optical parameters (Table I) found so far
to give the best fit to the elastic polarization
also produce the best prediction of inelastic
asymmetry.
All the curves in Fig. 2 use a central-well

deformation parameter of P, =0.39 for ~si and
P, = 0.22 for ~Ni. The deformation parameter
of the spin-orbit term is 1.5 times the central-
well value, which produces slightly better agree-
ment with the asymmetry data for "Si. Both
real and imaginary parts of the spin-orbit in-
teraction are included, but since i W~I «VS,
the imaginary part makes little difference.
The curves also include Coulomb-excitation
amplitudes, ' which make little difference in
either the asymmetry or the cross section.
We find that for all of the calculations made,
the predictions of inelastic asymmetry and
inelastic polarization are very nearly identi-
cal.
In summary we find that, provided the imag-

inary and spin-orbit terms are included, the
collective-model generalization of the optical
potential gives a good account of the present
inelastic asymmetry data at all but the most
forward angles. It is quite possible that a
more comprehensive treatment of the spin-de-
pendent interaction will improve matters in
this region, and such calculations are in pro-
gress.
It is a pleasure to acknowledge many useful

conversations concerning this work with G. R.
Satchler and N. M. Hi.ntz. We are much indebted
to the indefatigable ORIC cyclotron operators,
and to M. B. Marshall, W. H. White, I. B.
Schneider, and A. W. Riikola of the ORIC staff,
for their essential contributions to the experi-
mental effort.

*Research sponsored by the U. S.Atomic Energy Com-
mission under contract with the Union Carbide Corpora-
tion.
)Oak Ridge Graduate Fellow from the University of

Minnesota under appointment from Oak Ridge Asso-
ciated Universities.
f.Graduate Fellow from the University of Tennessee

under appointment from the National Science Founda-
tion.
~R. H. Bassel, G. R. Satchler, R. M. Drisko, and
E. Rost, Phys. Rev. 128, 2693 (1962). The present DW
calculations include the spin-orbit term in the elag+ic
distortion.
M. P. Fricke and G. R. Satchler, Phys. Rev. 139,

B567 (1965).
3T. Stovall and N. M. Hintz, Phys. Rev. 135, B330
(1964).
See, for example, W. S. Gray, R. A. Kenefick, J. J.

Kraushaar, and G. R. Satchler, Phys. Rev. 142, 735
(1966); G. R. Satchler, to be published.
5E. R. Flynn and R. H. Bassel, Phys. Rev. Letters

15, 168 (1965), and other references given there.
6L. N. Blumberg, E. E. Gross, A. van der Woude,

and A. Zucker, Nucl. Instr. 5 Methods ~39 125 (1966);
L. N. Blumberg, E. E. Gross, A. van der Woude,
A. Zucker, and R. H. Bassel, to be published.

END TO THE COSMIC-RAY SPECTRUM'~

Kenneth Greisen
Cornell University, Ithaca, New York

(Received 1 April 1966)

The primary cosmic-ray spectrum has been
measured up to an energy of 10' eV, ' and sev-
eral groups have described projects under de-
velopment or in mind' to investigate the spec-
trum further, into the energy range 10"-10"eV.
This note predicts that above 10' eV the pri-
mary spectrum will steepen abruptly, and the
experiments in preparation will at last observe
it to have a cosmologically meaningful termi. -
nation.
The cause of the catastrophic cutoff is the

intense isotropic radiation first detected by

Penzias and Wilson' at 4080 Mc/sec (7.35 cm)
and now confirmed as thermal in character by
measurements of Roll and Wilkinson4 at 3.2
cm wavelength. It is not essential to the pres-
ent argument that the origin of this radiation
conform exactly to the primeval-fireball mod-
el outlined by Dicke, Peebles, Roll, and Vfil-
kinson', what matters is only that the radia-
tion exists and pervades the observable uni-
verse. The transparency of space at the per-
tinent wavelengths, and the consistency of in-
tensity observations in numerous directions,

748

interaction of UHECRs with the CMB

p+ γ2.7K → n+ π+

→ p+ π0

energy threshold for the photo-pion
production

Ep ≥ 6.8× 1016

(
1 eV

Eγ2.7K

)

only the near universe (6 200 Mpc) contributes to
the cosmic ray flux→ GZK horizon
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Indirect detection – Extensive Air Showers

Air Showers

(F. Schmidt, Univ. Leeds) ]
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Indirect detection – Extensive Air Showers
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Currently, two main observatories all around the world

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
THE ASTROPARTICLE PHYSICS CONFERENCE

The measurement of the energy spectrum of cosmic rays above 3⇥1017 eV with
the Pierre Auger Observatory
ALEXANDER SCHULZ 1, FOR THE PIERRE AUGER COLLABORATION 2

1 Institute for nuclear physics, KIT, Karlsruhe
2 Full author list: http://www.auger.org/archive/authors 2013 05.html

auger spokespersons@fnal.gov

Abstract: The flux of cosmic rays above 3⇥1017 eV has been measured with unprecedented precision at the
Pierre Auger Observatory based on data in the period between 1 January 2004 and 31 December 2012. The unique
combination of different nested detector arrangements has been used to record cosmic ray data spanning over an
energy range of almost three decades. The hybrid nature of the instrument has been exploited to determine the
energy in a data-driven mode with minimal Monte Carlo input. The spectral features are presented in detail and
the impact of systematic uncertainties on these features is addressed.

Keywords: Pierre Auger Observatory, ultra-high energy cosmic rays, energy spectrum

1 Introduction
The measurement of the energy spectrum of ultra-high
energy cosmic rays addresses fundamental questions about
the origin and propagation of these particles, as well as
about physical properties of accelerators and particle cross-
sections at the highest energies. The most distinct features
of the flux above 1018 eV are a flattening of the spectrum at
4⇥1018 eV (the ankle) and a strong flux suppression above
5⇥1019 eV which is often attributed to the GZK cut-off but
might also be due to the maximum source energy [1, 2, 3].
The exact physical explanation of the observed spectral
features remains uncertain. Also, the transition from galactic
to extra-galactic cosmic rays may occur between 1017 eV
and the ankle. A precise measurement of the flux at energies
above 1017 eV is important for discriminating between
different theoretical models [4, 5, 6, 7].

The Pierre Auger Observatory is a hybrid detector em-
ploying two complementary detection techniques for the
ground-based measurement of air showers induced by UHE-
CRs, a surface detector array (SD) and a fluorescence de-
tector (FD). The SD is an array of 10 m2 water Cherenkov
detectors. 1600 detectors are arranged in a hexagonal grid
with spacing of 1500 m, covering a total area of 3000 km2.
This array is fully efficient at energies above 3⇥1018 eV [8].
49 additional detectors with 750 m spacing have been nested
within the 1500 m array to cover an area of 25 km2 with
full efficiency above 3⇥1017 eV [9]. The SD array is sensi-
tive to electromagnetic and muonic secondary particles of
air showers and has a duty cycle of almost 100% [10, 11].
The SD is overlooked by 27 optical telescopes grouped in
5 buildings on the periphery of the array. The FD is sensi-
tive to the fluorescence light emitted by nitrogen molecules
that are excited by secondary particles of the shower and to
the Cherenkov light induced by these particles. This allows
for the observation of the longitudinal development of air
showers during clear and moonless nights, resulting in a
duty cycle of about 13% [12, 13].

We present the measurement of the flux of cosmic rays
above 3⇥1017 eV, obtained by combining data from these
detectors. The dataset extends from 1 January 2004 to 31
December 2012, thus updating earlier measurements.
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Figure 1: The integrated exposure of the different detectors at
the Pierre Auger Observatory as a function of energy. The SD
exposure in the three cases is flat above the energy corresponding
to full trigger efficiency for the surface arrays. Values and zenith
angle ranges are given in Table 1.

2 Flux measurements with the SD array
The reconstruction of arrival direction and core position
of air showers measured with the SD array is performed
using the trigger times and signals recorded by individual
detector stations. Signals are calibrated in units of VEM,
corresponding to the signal produced by a Vertical Equiva-
lent Muon [11, 14]. Different attenuation characteristics of
the electromagnetic and muonic shower components lead to
different reconstruction methods for different zenith angle
ranges. In the following we distinguish between vertical
events (q < 60�) and inclined events (62�  q < 80�).

The energy reconstruction of vertical events is based
on the estimation of the lateral distribution of secondary
particles of an air shower reaching ground at an optimal
distance to the shower core. The optimal distances are those
at which, for a wide range of reasonable lateral distribution
functions, the spread in this signal size predicted at that

27

Pierre Auger Observatory (30 x AGASA)

→ Mendoza / Argentina,

→ 3 000 km2 array,

→ 500 collaborators / 19 countries,

→ collecting data since 2004,

→ annual expo: 6× 103 km2 sr yr. OBSERVATORY

Telescope Array (7 x AGASA)

→ Utah / USA,

→ 680 km2 array,

→ 140 collaborators / 5 countries,

→ collecting data since 2007,

→ annual expo: 1.4× 103 km2 sr yr.

Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 6 / 49
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Telescope Array experiment / TA

Surface detector / SD

→ 507 scintillator counters,

→ 1.2 km spacing,

→ 3 m2 effective area / 2 layers,

→ muon component: 15–20% of signal,

→ SD expo: 3.7× 103 km2 sr yr.

Fluorescence detector / FD

→ 3 fluorescence sites,

→ 12 + 12 + 14 telescopes,

→ HiRes technology,

→ hybrid expo: ' a few 102 km2 sr yr.

!  TA is in Millard Co, Utah, 
2 hours from SLC. 

!  SD:  507 scintillator 
counters, 1.2 km spacing, 
3-m2 active area, two 
layers. 

!  FD:  3 sites, each covers       
120° azimuth, 3°–31° 
elevation 

!  Over 4.5 years of data 
have been collected. 

31 January 2013 4th WASDHA 3 
Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 7 / 49
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Telescope Array experiment / TA

Surface detector / SD

→ 507 scintillator counters,

→ 1.2 km spacing,

→ 3 m2 effective area / 2 layers,

→ muon component: 15–20% of signal,

→ SD expo: 3.7× 103 km2 sr yr.

Fluorescence detector / FD

→ 3 fluorescence sites,

→ 12 + 12 + 14 telescopes,

→ HiRes technology,

→ hybrid expo: ' a few 102 km2 sr yr.

!  Powered by solar cells; 
radio readout. 

!  Self-calibration using 
single muons. 

!  In operation since March, 
2008. 

31 January 2013 4th WASDHA 6 
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Telescope Array experiment / TA

Surface detector / SD

→ 507 scintillator counters,

→ 1.2 km spacing,

→ 3 m2 effective area / 2 layers,

→ muon component: 15–20% of signal,

→ SD expo: 3.7× 103 km2 sr yr.

Fluorescence detector / FD

→ 3 fluorescence sites,

→ 12 + 12 + 14 telescopes,

→ HiRes technology,

→ hybrid expo: ' a few 102 km2 sr yr.

The Telescope Array 

8

Located in Utah 

 1400 m altitude

Japan 

US 

Korea

Russia

Belgium  
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The Pierre Auger Observatory

Surface detector / SD

→ 1600 Cherenkov water tanks,

→ 1.5 km spacing,

→ 12 tons of water / 3 PMTs,

→ muon component: 30–80% of signal,

→ SD expo: 4.0× 104 km2 sr yr.

Fluorescence detector / FD

→ 4 fluorescence sites,

→ 4 x 6 telescopes / 30◦ x 180◦,

→ 440 PMTs per telescope camera,

→ hybrid expo: ≤ 2.0× 103 km2 sr yr.

Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 8 / 49
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The Pierre Auger Observatory

Surface detector / SD

→ 1600 Cherenkov water tanks,

→ 1.5 km spacing,

→ 12 tons of water / 3 PMTs,

→ muon component: 30–80% of signal,

→ SD expo: 4.0× 104 km2 sr yr.

Fluorescence detector / FD

→ 4 fluorescence sites,

→ 4 x 6 telescopes / 30◦ x 180◦,

→ 440 PMTs per telescope camera,

→ hybrid expo: ≤ 2.0× 103 km2 sr yr.

  
6 telescopes, each with 30° x 30°  FOV

30°

30°

The fluorescence detector (FD)The fluorescence detector (FD)

Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 8 / 49
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Similar design... and same problems sometimes !Not the usual HEP installation…..

11

Operation and maintenance 
 The operation of the array is 

monitored online and alarms are set 
on various parameters. 

 Typically more than 98 % of the 

detector stations are operational at 
any time. 

 Failure rates are low: 0.5% per year 

for PMTs and about 1% for the main 
electronics parts.  

 The average battery lifetime is 4-5 

years, and batteries are changed 
during regular maintenance trips.  

 Most of the failures can be repaired 

on site. Enough spares to run >10 
more years. 

Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 9 / 49
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Similar design... and same problems sometimes !

2009 ---> 2011
3 premiers in Japan

The most energetic events recorded in Nov. 20092009 ---> 2011
3 premiers in Japan

The most energetic events recorded in Nov. 2009

The burned stations
Chavo Jr(1794) Fly Jr(1796) Pelusa Jr(1799)

Alcides Jr(1797) Roca Jr(1793)

SD Operation - 2012/Nov – p. 7

The burned stations
Chavo Jr(1794) Fly Jr(1796) Pelusa Jr(1799)

Alcides Jr(1797) Roca Jr(1793)

SD Operation - 2012/Nov – p. 7
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A plenty of questions...

3 observables
arrival direction distribution / primary composition / energy spectrum

1 What is the source of ultra-high energy cosmic rays
→ what is the fundamental process for ultimate energies ?
→ how do they get their energy ?

2 What are ultra-high energy cosmic rays
→ which composition for primary cosmic rays ?
→ is there a change for hadronic interactions in the extensive air showers ?

Is it possible to identify the source(s) of ultra-high energy cosmic rays ?
–

charged astronomy: could they be used as astrophysical messengers ?

Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 10 / 49



The Pierre Auger Observatory

Outline

1 Introduction and ultra-high energy cosmic ray observatories
Introduction
Current ultra-high energy cosmic ray observatories

2 The Pierre Auger Observatory
An hybrid detector for ultra-high energy cosmic rays
Energy systematics in fluorescence measurements
Interdisciplinary sciences at the Pierre Auger Observatory

3 Main results and current status for ultra-high energy cosmic rays
Mass composition and evolution with the energy
Energy spectrum and astrophysics constrains
Anisotropy and correlations with nearby extragalactic matter

4 Conclusion – Experimental challenges for the next years
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The Pierre Auger Observatory
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Pierre Auger Observatory

1600 water tanks: the Surface Detector / SD

particle detector array at ground

emission of Cherenkov light in the water

100% duty cycle

only last stage of shower development observed

energy scale, hadronic model dependent

=⇒ lateral shower profile

Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 12 / 49
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The Pierre Auger Observatory
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Pierre Auger Observatory

24 telescopes: the Fluorescence Detector / FD

views atmosphere above array

fluorescence light emitted by excited N2

13% duty cycle (nights without moon)

full observation of longitudinal shower development

(almost) hadronic model independent

=⇒ longitudinal shower profile

Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 12 / 49



The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Surface Detector −→ Lateral profile

Auger: detector signal and muonic component
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Simulated proton shower E = 1019 eV, θ = 45°, 
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Figure 3: Top: EM muon halo fraction Sem,halo of total
EM signal Sem vs zenith angle. Bottom: Sµ/Sem depen-
dence on the zenith angle. lg(E/eV) = 18.50 − 19.50.

2 Showers at the same zenith angles

Another universality property follows from the study of
showers arriving at the same zenith angles. In this case
the average iron shower has to cross larger slant distance
from Xmax to the ground with respect to the average pro-
ton shower and this almost equalizes EM signals for both
primaries at the observation level in a wide range of zenith
angles. For the signal at 1000 meters in the Cherenkov
water detectors notable discrepancies between p and Fe
EM showers components are observed for nearly vertical
showers (θ < 18◦, cos2(θ) > 0.9) and very inclined ones
(θ > 63◦, cos2(θ) < 0.2). In the first case the path from
Xmax to the ground for p and Fe showers is almost the
same. For inclined showers the difference is caused by the

EM halo frommuon decays and larger number of muons in
iron showers brings to a larger EM halo signal.
Looking at the showers at different zenith angles one sam-
ples longitudinal showers profiles, for this reason it is nat-
ural to try to describe the dependence of the EM signal on
cos(θ) with Gaisser-Hillas type function, using cos(θ) as
variable instead ofXmax:

Sem(E, θ)

E

[
VEM

EeV

]
= S0

em

(
cos(θ) − c0

c1 − c0

)α

×

× exp

(
c1 − cos(θ)

λ

)
, (3)

where α = (c1 − c0)/λ; S0
em (signal at maximum), c0,

c1 (cosine of angle at which Sem=S0
em) and λ are fit

parameters. The fit parameters S0
em and c1 change by

less than 10% and 3% correspondingly across the entire
range of energies (when one makes fits in 15 energy bins
∆ lg(E/eV)=0.1 from lg(E/eV) = 18.5 to lg(E/eV) =
20.0), while c0 changes quite chaotically from 0 to −20
(this causes λ to change also). We have found that fixing
c0 (similarly to [9]) to any negative value within this range,
we obtain a good universal fit and λ changes in this case by
less than 15%. Finally, we used the following average val-
ues (except for c0 that was fixed to −3) of the coefficients
S0

em = 2.53, c0 = −3, c1 = 0.96, λ = 0.012. The results
of the fit and the difference between the MC simulated EM
signal SMC

em and the EM signal obtained from the fit Sfit
em

are shown in Fig. 2. The accuracy of the EM signal repro-
duction for all energy bins is such that one gets an unbiased
estimate of Sem with RMS below 15% for proton and 13%
for iron showers.
Our calculations demonstrate that the universality of EM
signal dependence on zenith angle holds true also in case
of EPOS 1.99.

3 Sµ/Sem universality in respect to interac-
tion models for θ > 45◦

Phenomenologically the angular region 45◦ − 65◦ is of in-
terest since with increase of the zenith angle the EM com-
ponent produced mostly in π0 decays at the initial EAS
development stages is largely absorbed in the atmosphere
and EM halo from muon decays starts to play a remarkable
role (Fig. 3). One expects in this case that the behavior of
the Sµ/Sem ratio should become less sensitive to the prop-
erties of the interaction models since with increase of the
angle it more and more reflects the equilibrium state be-
tween muons and EM halo from muons decays and inter-
actions. To illustrate quantitatively this process let us write
the Sµ/Sem ratio for QGSJET II as

SQGS

µ /SQGS

em =
SQGS

µ

SQGS

em,halo + SQGS
em,pure

,

here SQGS

em,halo is the EM halo signal from muons, SQGS
em,pure

is EM signal from everything else except muons. Then for
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The Fluorescence Detector −→ Longitudinal profile
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The Fluorescence Detector −→ Longitudinal profile
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Figure 2.7: Height in comparison to slant depth for a vertical shower. The US standard atmospheric
depth model [32] was used.

explain strong interactions but shall rather introduce all necessary vocabulary used in
the language of hadronic interaction models.

A parton in this context is used as an expression for quarks, anti-quarks, diquarks, or
anti-diquarks. A diquark being a group of two quarks is usually treated as one particle
and many processes can be described well with this assumption. In a baryon, which is
made up of a combination of three quarks or antiquarks, a diquark would interact via
strong interaction with the third quark. Still, one should remember that each quark
carries a colour, an additional quantum state that was introduced to not violate Pauli’s
exclusion principle inside a baryon. The colour can be either one of following three states:
red, blue, or green. Confinement names the phenomenon that no free, colour non-singlet
particle ( != white particle) has ever been observed [33]. A colour neutral object can, for
example, be a baryon with a red, a green and a blue quark or a meson with a colour and
anti-colour quark. Hence, the existence of diquark as a real particle is problematic.

Sometimes the terms soft or hard is used to differentiate between a low (soft) and
high (hard) transverse momentum exchange between the projectile and target, two cases
which require different approaches in calculation. Pertubative QCD may be used for hard
processes but due to computational limits is far away from expressing small momentum
transfers. Interaction models come to rescue which base their calculations on either
phenomenological features or theories that can partly explain some areas. An example is
Glauber theory [34,35] that is used to determine the cross-section of heavy nuclei putting
in the proton cross-section. Otherwise they have different sets of input parameters that
can be tuned to fit experimental data. The three following expressions are concepts
invented to construe the phenomenologies:

Strings are a direct consequence of the conception of confinement. The force between
two quarks increases with their distance, thus, new quark-antiquark pairs are produced if
the energy stored in the field between them is big enough. Many of these pairs can exist
between the initial two quarks. The qq̄ structures are called strings.

A pomeron [36] is the standard way to simplify complex channels exchanged particles
of the strong force (gluons) undergo. Many models use this concept to keep the projectile
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Auger hybrid detector – observablesData and Observables at the Pierre Auger Observatory
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Auger hybrid detector – SD energy calibration by FD
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Advantage of the energy calibration by FDB. Kégl et al., Measurement of muon signal
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 1: The muon fraction for primary energy E = 1019 eV
in a SD station at 1000m from the shower axis, as a function of
the reconstructed zenith angle q̂ . For Auger data, the rectangles
represent the systematic uncertainties, and the error bars represent

the statistical uncertainties added to the systematic uncertainties.

The points for Auger data are artificially shifted by ±0.5� for
visibility. See Sections 2.1 and 2.2 for a detailed description.

cut requires that six active detectors surround the detec-
tor with the highest signal [9], which ensures a reliable
core and energy reconstruction. The zenith angle, the en-
ergy, and the core position of the shower were reconstructed

following the standard Auger SD reconstruction [10, 11].
We first selected events from the time period between Jan

2004 and Dec 2012 with zenith angle q̂ < 60� and re-
constructed energy Ê 2 [1018.98,1019.02]eV, then we se-
lected detectors with a distance from the reconstructed
shower axis r̂ 2 [950,1050]m, giving us 521 SD signals. At

Ê = 1019 eV, the resolutions for the core position and the
energy are about 50 m and 12%, respectively. The absolute

energy scale has a systematic uncertainty of 14% [8].
To tune and test the methods described in Section 2, we

used four shower libraries generated with CORSIKA [12]:
proton and iron showers using the hadronic models
QGSJETII.04 [3] and EPOS LHC [4] with FLUKA [13] as
the low-energy interaction model. The detector response
of the showers was simulated [14] using GEANT4 [15]
simulations within the Offline software framework [16] of
the Auger Observatory. We used the same energy, angle,
and distance cuts as in the data.

4 Results
In the following we will first present the results for the muon

fraction fµ and compare the Auger data with simulation
predictions. In a next step we will derive the overall detector

signal and multiply it by the measured muon fraction to
derive the muon signal.

4.1 Measuring the muon fraction
We estimate the muon fraction f̂µ from Eqs. (2) or (7) for
every detector in the distance range r̂ 2 [950,1050]m. The
muon fraction is a very slowly varying function of the lateral

distance and energy, which allows us to calculate the mean
muon fraction at a given zenith angle by averaging over the

selected detectors and showers in a given angular interval.
The results for the muon fraction ( fµ for simulations and

f̂µ for Auger data) are shown in Fig. 1 for E = 1019 eV and
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Figure 2: The mean total signal for primary energy E = 1019 eV
in a detector at 1000m from the shower axis, as a function of
the reconstructed zenith angle q̂ . See Section 4.2 for a detailed
description.

r̂ = 1000m.

1
The muon fraction varies between 0.3 and 0.9

as a function of the zenith angle. Good agreement is found

for the muon fractions derived with the two analysis meth-

ods. The model predictions for proton- and iron-induced
showers bracket the measured muon fractions within the
systematic uncertainties.

4.2 Measuring the total signal
To obtain the total signal S(1000) at 1000m from the
shower axis, we apply

S(1000) = S⇥LDF(1000m)/LDF(r̂), (8)

where r̂ is the distance from the reconstructed shower axis,
and LDF(r) = rb

is the lateral distribution function of the

total signal, where b =�3.45 is obtained by fitting a power

law on detector signals of the simulation libraries described

in Section 3. We then rescale the total signal to 1019 eV by
further multiplying S(1000) by C(E) = (E/1019 eV)�0.966

to obtain the projected total signal

S19(1000) = S(1000)⇥C(E), (9)

where the exponent �0.966 comes from the slope of the en-

ergy dependence of S(1000) [10]. To correct the migration

effect due to the steep slope of E�2.6 of the energy spec-
trum [17] and the 12% energy resolution [10], we multiply

the reconstructed energy by a factor of 0.984 before apply-
ing Eq. (9).

Fig. 2 depicts the projected total signal S19(1000) (for
data and simulations) as a function of the reconstructed
zenith angle. Note that none of the transformations in
Eqs. (8) and (9) bias the mean total signal but they do
decrease its variance.

For showers with primary energy E = 1019 eV, the total
signal S in a detector at 1000m varies between 20 and
60VEM, depending primarily on the zenith angle but also

on the simulation model and on the mass composition
of the primary particle (Fig 2). The mean signal in data
is significantly higher than that of QGSJETII.04 proton

1. In all figures, showers are binned by their reconstructed zenith
angle into bins determined by the borders [0�, 26�, 37�, 47�,
53�, 60�]. The x-coordinate of every point is the mean zenith
angle in the bin.

50
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Figure 1: The muon fraction for primary energy E = 1019 eV
in a SD station at 1000m from the shower axis, as a function of
the reconstructed zenith angle q̂ . For Auger data, the rectangles
represent the systematic uncertainties, and the error bars represent

the statistical uncertainties added to the systematic uncertainties.

The points for Auger data are artificially shifted by ±0.5� for
visibility. See Sections 2.1 and 2.2 for a detailed description.

cut requires that six active detectors surround the detec-
tor with the highest signal [9], which ensures a reliable
core and energy reconstruction. The zenith angle, the en-
ergy, and the core position of the shower were reconstructed

following the standard Auger SD reconstruction [10, 11].
We first selected events from the time period between Jan

2004 and Dec 2012 with zenith angle q̂ < 60� and re-
constructed energy Ê 2 [1018.98,1019.02]eV, then we se-
lected detectors with a distance from the reconstructed
shower axis r̂ 2 [950,1050]m, giving us 521 SD signals. At

Ê = 1019 eV, the resolutions for the core position and the
energy are about 50 m and 12%, respectively. The absolute

energy scale has a systematic uncertainty of 14% [8].
To tune and test the methods described in Section 2, we

used four shower libraries generated with CORSIKA [12]:
proton and iron showers using the hadronic models
QGSJETII.04 [3] and EPOS LHC [4] with FLUKA [13] as
the low-energy interaction model. The detector response
of the showers was simulated [14] using GEANT4 [15]
simulations within the Offline software framework [16] of
the Auger Observatory. We used the same energy, angle,
and distance cuts as in the data.

4 Results
In the following we will first present the results for the muon

fraction fµ and compare the Auger data with simulation
predictions. In a next step we will derive the overall detector

signal and multiply it by the measured muon fraction to
derive the muon signal.

4.1 Measuring the muon fraction
We estimate the muon fraction f̂µ from Eqs. (2) or (7) for
every detector in the distance range r̂ 2 [950,1050]m. The
muon fraction is a very slowly varying function of the lateral

distance and energy, which allows us to calculate the mean
muon fraction at a given zenith angle by averaging over the

selected detectors and showers in a given angular interval.
The results for the muon fraction ( fµ for simulations and

f̂µ for Auger data) are shown in Fig. 1 for E = 1019 eV and
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Figure 2: The mean total signal for primary energy E = 1019 eV
in a detector at 1000m from the shower axis, as a function of
the reconstructed zenith angle q̂ . See Section 4.2 for a detailed
description.

r̂ = 1000m.

1
The muon fraction varies between 0.3 and 0.9

as a function of the zenith angle. Good agreement is found

for the muon fractions derived with the two analysis meth-

ods. The model predictions for proton- and iron-induced
showers bracket the measured muon fractions within the
systematic uncertainties.

4.2 Measuring the total signal
To obtain the total signal S(1000) at 1000m from the
shower axis, we apply

S(1000) = S⇥LDF(1000m)/LDF(r̂), (8)

where r̂ is the distance from the reconstructed shower axis,
and LDF(r) = rb

is the lateral distribution function of the

total signal, where b =�3.45 is obtained by fitting a power

law on detector signals of the simulation libraries described

in Section 3. We then rescale the total signal to 1019 eV by
further multiplying S(1000) by C(E) = (E/1019 eV)�0.966

to obtain the projected total signal

S19(1000) = S(1000)⇥C(E), (9)

where the exponent �0.966 comes from the slope of the en-

ergy dependence of S(1000) [10]. To correct the migration

effect due to the steep slope of E�2.6 of the energy spec-
trum [17] and the 12% energy resolution [10], we multiply

the reconstructed energy by a factor of 0.984 before apply-
ing Eq. (9).

Fig. 2 depicts the projected total signal S19(1000) (for
data and simulations) as a function of the reconstructed
zenith angle. Note that none of the transformations in
Eqs. (8) and (9) bias the mean total signal but they do
decrease its variance.

For showers with primary energy E = 1019 eV, the total
signal S in a detector at 1000m varies between 20 and
60VEM, depending primarily on the zenith angle but also

on the simulation model and on the mass composition
of the primary particle (Fig 2). The mean signal in data
is significantly higher than that of QGSJETII.04 proton

1. In all figures, showers are binned by their reconstructed zenith
angle into bins determined by the borders [0�, 26�, 37�, 47�,
53�, 60�]. The x-coordinate of every point is the mean zenith
angle in the bin.

50

→ more signal than expected is recorded in the Cherenkov tanks,

→ however, muon fraction is well bracketed by hadronic interaction models,

→ same analysis at Telescope Array would be interesting for cross-checks.

fluorescence technique seems to be essential in UHECR observatories

B. Kégl, for the Pierre Auger Coll., 33 rd ICRC, Rio de Janeiro (2013)
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Energy systematics in fluorescence measurements
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crucial when comparing energy spectra or constraining UHECR sources

Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 18 / 49
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The fluorescence spectrum – up to recently, the largest uncertainty

emitted along the beam axis, and the calibration procedure
of relative spectrograph sensitivity (cf. Section 3.4) derived
calibration factors from measurements with the calibration
lamp placed in different positions along the beam axis. If
calibration factors obtained only from a measurement with
the calibration lamp placed at the optics center are used,
the relative fluorescence band intensities changed by at
most 3%. Half of this shift was conservatively taken as
an estimate of the associated systematic uncertainty.

Several checks were performed. The linearity of the fluo-
rescence emission with beam currents from 0.2 to 14 lA
was verified. Possible systematic effects due to the beam
position were investigated. The fluorescence spectrum was
measured with the beam moved ±1 cm in the directions
transverse to the nominal beam axis. No difference beyond

the statistical uncertainty in the relative intensities of the
fluorescence bands was found. Several models for back-
ground evaluation were tested, which always resulted in
changes of the relative band intensities within the quoted
uncertainties. A measurement of the fluorescence spectrum
in pure nitrogen gas was performed, which showed that all
the observed bands in the air fluorescence spectrum are
associated with nitrogen excitation.

In order to assess the relevance of argon on air fluores-
cence, the fluorescence spectrum emitted by a 79% N2–21%
O2 gas mixture was measured at the same pressure and
temperature conditions as the mixture with argon. Fig. 5
shows the correlation of the relative intensities of the 34
fluorescence bands measured with the 79% N2–21% O2

and the 78% N2–21% O2–1% Ar mixture. A linear fit
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Fig. 4. Measured fluorescence spectrum in dry air at 800 hPa and 293 K.

Table 1
Measured fluorescence band intensities in dry air at 800 hPa pressure and 293 K temperature

k (nm) k interval (nm) Ik (%) k (nm) k interval (nm) Ik (%)

296.2 292.5–297.0 5.16 ± 0.29 366.1 363.2–366.4 1.13 ± 0.08
297.7 297.0–299.6 2.77 ± 0.13 367.2 366.4–367.5 0.54 ± 0.04
302.0 301.5–303.3 0.41 ± 0.06 371.1 367.6–371.7 4.97 ± 0.22
308.0 306.8–309.3 1.44 ± 0.10 375.6 371.7–376.3 17.87 ± 0.63
311.7 309.3–312.3 7.24 ± 0.27 380.5 376.3–381.4 27.2 ± 1.0
313.6 312.3–314.1 11.05 ± 0.41 385.8 383.0–386.0 0.50 ± 0.08
315.9 314.1–316.7 39.3 ± 1.4 387.7 386.0–388.0 1.17 ± 0.06
317.6 317.0–318.4 0.46 ± 0.06 388.5 388.0–388.7 0.83 ± 0.04
326.8 325.6–327.1 0.80 ± 0.08 391.4 388.7–392.1 28.0 ± 1.0
328.5 327.1–329.0 3.80 ± 0.14 394.3 392.1–394.9 3.36 ± 0.15
330.9 329.0–331.3 2.15 ± 0.12 399.8 394.9–400.5 8.38 ± 0.29
333.9 331.3–334.3 4.02 ± 0.18 405.0 400.5–406.6 8.07 ± 0.29
337.1 334.3–338.4 100.00 414.1 412.5–414.4 0.49 ± 0.07
346.3 344.2–347.2 1.74 ± 0.11 420.0 416.6–420.6 1.75 ± 0.10
350.0 347.2–350.6 2.79 ± 0.11 423.6 420.7–424.0 1.04 ± 0.11
353.7 350.6–354.4 21.35 ± 0.76 427.0 424.0–427.4 7.08 ± 0.28
357.7 354.4–359.9 67.4 ± 2.4 427.8 427.4–428.6 4.94 ± 0.19

The intensity of the 337 nm band was used for normalization. The wavelength intervals used for the signal integration are also reported.

M. Ave et al. / Astroparticle Physics 28 (2007) 41–57 47

AIRFLY: Yair = 5.67± 0.07 (stat.)± 0.21 (syst.) photons337 / MeV→ uncertainty of 4%

previously in Auger: Yair = 5.05 photons337 / MeV→ energy scale went down by 8%

M. Ave et al [AIRFLY], Astropart. Phys. 28 (2007) 41–57
Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 19 / 49
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The new energy scale @ Auger: +15.6%

The Energy Scale of the Pierre Auger Observatory
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

signal in the PMTs. This increases the shower energies by
about 2%.

To improve the fit of dE/dX , a Gaussian constraint is
imposed on the parameters that define the Gaisser-Hillas
function [15]. Changing these constraints by one standard
deviation, we have evaluated a further correlated uncertainty
in the shower energy which ranges from 3.5% to 1% (it
decreases with energy). Other errors on the energies arise
from the statistical error of the dE/dX fit which decreases
with energy from 5% to 3%, and an average uncertainty
of 1.5% that arises from the uncertainty in the shower axis
geometry. Both effects are uncorrelated.

The full reconstruction technique has been tested using
Monte Carlo simulations. On average, the reconstructed
energies differ from the true ones by about 2%. This bias
has been considered as another correlated uncertainty.

6 The invisible energy
The final update in the reconstruction concerns the estimate
of the invisible energy [20]. Previously we used an estimate
based entirely on simulated showers [21] while now it is
derived from data. This significantly reduces the depen-
dence on the hadronic interaction models and mass com-
position. The invisible energy (Einv) can be calculated for
each shower using the FD measurement of the longitudinal
profile and the SD signal at 1000 m from the axis, S(1000).
Einv can be reliably estimated only above 3⇥1018 eV (the
energy above which the SD array is fully efficient) as below
this energy S(1000) is biased by upward fluctuations of the
shower signals. As the FD detects showers at lower ener-
gies and since we want to update the invisible energy for all
FD events, Einv is parameterised with an analytical function
above 3⇥1018 eV, with the function being extrapolated to
1017 eV.

The same set of hybrid showers used to calibrate the SD
energies (see below) is used to find the relation between Einv
and the calorimetric energy Ecal : Einv = a0(Ecal [EeV])a1 .
The fit is performed by minimising a c2 function which
takes into account the fluctuations of both FD and SD
measurements, yielding the parameters: a0 = (0.174 ±
0.001)⇥1018 eV and a1 = 0.914±0.008. The correlation
coefficient of the two parameters is -1.

The number of muons measured with the SD [22] is
higher than predicted by the simulations formerly used to
derive the invisible energy [21]. This contribution to the
primary energy now ranges between 15% at 1018 eV and
11% at the highest energies (before we had 11%÷8%) with
total shower energies increasing by about 4%. Analysis of
the systematic uncertainties on the invisible energy [20]
shows a correlated uncertainty in the total energy which
decreases with energy from 3% to 1.5%. With the old
parameterisation the overall uncertainty was 4%.

Due to the stochastic nature of air showers, the invisible
energy is also affected by shower-to-shower fluctuations.
These are parameterised according to [15] and an uncorre-
lated uncertainty of about 1.5% is introduced.

7 Impact on the energy scale and on its
systematic uncertainty

The changes in the event reconstruction described in the
previous sections have an impact on the energy determina-
tion and associated uncertainty for both FD and SD events.

Concerning FD energies, all changes are summarised in ta-
ble 1, for a reference energy of 1018 eV. Figure 1 shows the

Changes in FD energies at 1018 eV
Absolute fluorescence yield (sec. 2) -8.2%

New optical efficiency 4.3%
Calibr. database update 3.5%

Sub total (FD calibration - sec. 4) 7.8%
Likelihood fit of the profile 2.2%

Folding with the point spread function 9.4%
Sub total (FD profile reconstruc. - sec. 5) 11.6%

New invisible energy (sec. 6) 4.4%
Total 15.6%

Table 1: Changes to the energy of showers at 1018 eV.

cumulative energy shift as a function of the shower energy
when we introduce the effects described in sections 2, 4,
5 and 6. The update of the analysis of the aerosol optical
depth profiles described in section 3 does not change the
shower energies significantly. The overall change ranges
from about +16% at 1018 eV to +12% at 1019 eV . We
note that the new energy scale is consistent with the old one
for which we gave an overall systematic uncertainty of 22%
[3]. Moreover the changes are also consistent within each
sector of the reconstruction. Indeed in [3] we quoted uncer-
tainties of 14% for the fluorescence yield, 9.5% for the FD
calibration, 10% for the longitudinal profile reconstruction
and 4% for the invisible energy.
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Figure 1: Cumulative energy shift as a function of the
shower energy when we introduce the various effects.

The SD energies are obtained on the basis of the analysis
presented in [3] with the new selection criteria described in
[23]. The SD energy estimator, S38, may be regarded as the
signal S(1000) that the shower would have produced had it
arrived with a zenith angle, q = 38�.The relation between
S38 and the FD energy EFD is well described by a single
power-law function, EFD = ASB

38. The parameters have been
updated with a fit to a subset of high-quality hybrid events
with q < 60� detected between 1 January 2004 and 31
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signal in the PMTs. This increases the shower energies by
about 2%.

To improve the fit of dE/dX , a Gaussian constraint is
imposed on the parameters that define the Gaisser-Hillas
function [15]. Changing these constraints by one standard
deviation, we have evaluated a further correlated uncertainty
in the shower energy which ranges from 3.5% to 1% (it
decreases with energy). Other errors on the energies arise
from the statistical error of the dE/dX fit which decreases
with energy from 5% to 3%, and an average uncertainty
of 1.5% that arises from the uncertainty in the shower axis
geometry. Both effects are uncorrelated.

The full reconstruction technique has been tested using
Monte Carlo simulations. On average, the reconstructed
energies differ from the true ones by about 2%. This bias
has been considered as another correlated uncertainty.

6 The invisible energy
The final update in the reconstruction concerns the estimate
of the invisible energy [20]. Previously we used an estimate
based entirely on simulated showers [21] while now it is
derived from data. This significantly reduces the depen-
dence on the hadronic interaction models and mass com-
position. The invisible energy (Einv) can be calculated for
each shower using the FD measurement of the longitudinal
profile and the SD signal at 1000 m from the axis, S(1000).
Einv can be reliably estimated only above 3⇥1018 eV (the
energy above which the SD array is fully efficient) as below
this energy S(1000) is biased by upward fluctuations of the
shower signals. As the FD detects showers at lower ener-
gies and since we want to update the invisible energy for all
FD events, Einv is parameterised with an analytical function
above 3⇥1018 eV, with the function being extrapolated to
1017 eV.

The same set of hybrid showers used to calibrate the SD
energies (see below) is used to find the relation between Einv
and the calorimetric energy Ecal : Einv = a0(Ecal [EeV])a1 .
The fit is performed by minimising a c2 function which
takes into account the fluctuations of both FD and SD
measurements, yielding the parameters: a0 = (0.174 ±
0.001)⇥1018 eV and a1 = 0.914±0.008. The correlation
coefficient of the two parameters is -1.

The number of muons measured with the SD [22] is
higher than predicted by the simulations formerly used to
derive the invisible energy [21]. This contribution to the
primary energy now ranges between 15% at 1018 eV and
11% at the highest energies (before we had 11%÷8%) with
total shower energies increasing by about 4%. Analysis of
the systematic uncertainties on the invisible energy [20]
shows a correlated uncertainty in the total energy which
decreases with energy from 3% to 1.5%. With the old
parameterisation the overall uncertainty was 4%.

Due to the stochastic nature of air showers, the invisible
energy is also affected by shower-to-shower fluctuations.
These are parameterised according to [15] and an uncorre-
lated uncertainty of about 1.5% is introduced.

7 Impact on the energy scale and on its
systematic uncertainty

The changes in the event reconstruction described in the
previous sections have an impact on the energy determina-
tion and associated uncertainty for both FD and SD events.

Concerning FD energies, all changes are summarised in ta-
ble 1, for a reference energy of 1018 eV. Figure 1 shows the

Changes in FD energies at 1018 eV
Absolute fluorescence yield (sec. 2) -8.2%

New optical efficiency 4.3%
Calibr. database update 3.5%

Sub total (FD calibration - sec. 4) 7.8%
Likelihood fit of the profile 2.2%

Folding with the point spread function 9.4%
Sub total (FD profile reconstruc. - sec. 5) 11.6%

New invisible energy (sec. 6) 4.4%
Total 15.6%

Table 1: Changes to the energy of showers at 1018 eV.

cumulative energy shift as a function of the shower energy
when we introduce the effects described in sections 2, 4,
5 and 6. The update of the analysis of the aerosol optical
depth profiles described in section 3 does not change the
shower energies significantly. The overall change ranges
from about +16% at 1018 eV to +12% at 1019 eV . We
note that the new energy scale is consistent with the old one
for which we gave an overall systematic uncertainty of 22%
[3]. Moreover the changes are also consistent within each
sector of the reconstruction. Indeed in [3] we quoted uncer-
tainties of 14% for the fluorescence yield, 9.5% for the FD
calibration, 10% for the longitudinal profile reconstruction
and 4% for the invisible energy.
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Figure 1: Cumulative energy shift as a function of the
shower energy when we introduce the various effects.

The SD energies are obtained on the basis of the analysis
presented in [3] with the new selection criteria described in
[23]. The SD energy estimator, S38, may be regarded as the
signal S(1000) that the shower would have produced had it
arrived with a zenith angle, q = 38�.The relation between
S38 and the FD energy EFD is well described by a single
power-law function, EFD = ASB

38. The parameters have been
updated with a fit to a subset of high-quality hybrid events
with q < 60� detected between 1 January 2004 and 31

9

→ new fluorescence yield measured by the AIRFLY collaboration,

→ telescope optical properties studied using a point source with an octocoptere,

→ new invisible energy correction based on data themselves.

V. Verzi, for the Pierre Auger Coll., 33 rd ICRC, Rio de Janeiro (2013)
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Energy systematics in fluorescence measurements
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crucial when comparing energy spectra or constraining UHECR sources
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An extensive atmospheric monitoring

 FD Los Leones
Lidar, HAM, FRAM

IR Camera
 Weather Station

 FD Los Morados
Lidar, APF
IR Camera
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 FD Loma Amarilla
Lidar

IR Camera
 Weather Station FD Coihueco
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IR Camera

 Weather Station

  Malargüe

  Central Laser Facility
 Weather Station

  eXtreme Laser Facility

  Balloon
Launch
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10 km

Atmospheric state variables
→ 5 ground-based weather stations,
→ balloon lunches.

Aerosol and cloud monitoring
→ 4 ‘elastic’ lidars,
→ 2 central lasers (CLF/XLF),
→ 2 optical telescopes (HAM/FRAM),
→ 2 aerosol phase functions (APF),
→ 4 IR cameras,
→ ... and since 2013, a Raman lidar.

K. Louedec, for the Pierre Auger Coll., 32 nd ICRC, Beijing (2011)
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Atmospheric state variables – ground-based weather stations

temperature, pressure, humidity,
wind speed

data acquisition every 5 minutes,

check of lateral homogeneity.
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The Pierre Auger Collaboration, Astropart. Phys. 33 (2010) 108–129
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Atmospheric state variables – radio soundings
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temperature, pressure and humidity vertical profiles,

around 350 balloon launches since August 2002,

monthy models computed for molecular part.

The Pierre Auger Collaboration, Astropart. Phys. 33 (2010) 108–129
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Aerosol component – Central Laser Facility
laser wavelength fixed @ 355 nm (fluorescence band),

uses the aerosol-free nights as references,

aerosol optical depth profiles averaged hourly (200 shots).
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The Pierre Auger Collaboration, JINST 8 (2013) P04009
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Aerosol optical depth measurements @ Auger
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Let’s divide the sample in three populations

the clear nights→ the lowest aerosol concentrations: τa ≤ 0.01

the hazy nights→ the highest aerosol concentrations: τa ≥ 0.10

the rest of the nights.

clear nights are more frequent during the Austral winter
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The Pierre Auger Observatory Energy systematics in fluorescence measurements

Aerosol trajectories for clear/hazy nights @ Auger
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⇒ travel through continental areas

clear nights associated to air masses having traveled mainly above Pacific Ocean

The Pierre Auger Collaboration, Atmos. Res., accepted (2014)
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The Pierre Auger Observatory Energy systematics in fluorescence measurements

Aerosol origins for clear/hazy nights @ Auger
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The Pierre Auger Observatory Interdisciplinary sciences at the Pierre Auger Observatory

Interdisciplinary sciences at the Pierre Auger Observatory

EPJ Plus
your physics journal

EPJ .org

Eur. Phys. J. Plus (2012) 127: 97 DOI 10.1140/epjp/i2012-12097-7

Atmospheric aerosols at the Pierre Auger Ob-
servatory and environmental implications

Karim Louedec for the Pierre Auger Collaboration and Rémi Losno

1 Editorial: Introductory remarks by Alan Watson
→ by A. Watson

2 The Pierre Auger Observatory and interdisciplinary science
→ by L. Wiencke

3 Atmospheric aerosols at the Pierre Auger Observatory and environmental
implications
→ by K. Louedec and R. Losno

4 Description of atmospheric conditions at the Pierre Auger Observatory using
meteorological measurements and models
→ by B. Keilhauer and M. Will
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The Pierre Auger Observatory Interdisciplinary sciences at the Pierre Auger Observatory

Interdisciplinary sciences at the Pierre Auger Observatory

EPJ Plus
your physics journal

EPJ .org

Eur. Phys. J. Plus (2012) 127: 97 DOI 10.1140/epjp/i2012-12097-7

Atmospheric aerosols at the Pierre Auger Ob-
servatory and environmental implications

Karim Louedec for the Pierre Auger Collaboration and Rémi Losno

5 A beginning investigation into the possible role of cosmic rays in the initiation of
lightning discharges at the Pierre Auger Observatory
→ by W. C. Brown, J. R. Dywer, A. Huangs, P. R. Krehbiel et al.

6 Observation of ELVES at the Pierre Auger Observatory
→ by R. Mussa and G. Ciaccio

7 Ground-truthing a satellite-based night-time cloud identification technique at the
Pierre Auger Observatory
→ by J. Chirinos

8 Atmospheric monitoring with LiDARs at the Pierre Auger Observatory
→ by V. Rizi, A. Tonachini, M. Iarlori and G. Visconti
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The Pierre Auger Observatory Interdisciplinary sciences at the Pierre Auger Observatory

Interdisciplinarity in astroparticle experiments

Concept

optimise the monitoring of the environment (atmosphere, Earth, oceans)
→ improve the accuracy of measurements in astroparticle physics,
→ a wide variety for locations of facilities,
→ papers in Astroparticle physics

design an interdisciplinary platform
→ host scientists from other fields, with their expertise,
→ access to facilities unique in the world,
→ papers in Earth sciences

From the geosphere to the cosmos

Synergies with astroparticle physics

  

  

www.aspera-eu.org 

ASTROPARTICLE PHYSICS FOR EUROPE

Promote the exchange between the two communities to better understand the
current measurements and better design the next detectors
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The Pierre Auger Observatory Interdisciplinary sciences at the Pierre Auger Observatory

AtmoHEAD’14 workshop

AtmoHEAD 2014

Atmospheric Monitoring for 
High-Energy Astroparticle


Detectors


Palazzo Bo, Padova. 19-21 May 2014


Scientific Committee:

Carla Aramo (INFN-NA, Italy),

Gionata Biavati (MPI-BGC, Germany)

Ryan Chavez (LUPM, CNRS/IN2P3, 
France),  

Michael Daniel (Univ. Liverpool, UK)

Michele Doro (INFN-PD, Italy),

Markus Gaug (UAB, Spain),

Karim Louedec (LPSC, CNRS/IN2P3, 
France), 

Raquel de Los Reyes (MPI-K, Germany),

Aurelio Tonachini (INFN-TO, Italy)

Local organising Committee:

Michele Doro

Giovanni Busetto

Mose' Mariotti
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International workshop about
atmospheric monitoring in astroparticle
experiments

→ opened to all experiments in
astroparticle physics,

→ organised mainly for the next
generation of Cherenkov telescope
arrays,

→ registrations still opened.
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Main results for ultra-high energy cosmic rays

Outline

1 Introduction and ultra-high energy cosmic ray observatories
Introduction
Current ultra-high energy cosmic ray observatories

2 The Pierre Auger Observatory
An hybrid detector for ultra-high energy cosmic rays
Energy systematics in fluorescence measurements
Interdisciplinary sciences at the Pierre Auger Observatory

3 Main results and current status for ultra-high energy cosmic rays
Mass composition and evolution with the energy
Energy spectrum and astrophysics constrains
Anisotropy and correlations with nearby extragalactic matter

4 Conclusion – Experimental challenges for the next years
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Main results for ultra-high energy cosmic rays Mass composition and evolution with the energy

FD→ maximum of the shower longitudinal profile
Cross-checks with ’multi-eye’ Events

event 10071896, 08/15/10
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Xmax measurement strategies

Pierre Auger Observatory
→ apply fiducial cuts
→ compare unbiased data to simus

Telescope Array
→ apply same cuts in data/simus
→ compare biased data to biased
simus
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32

only hybrid data (13% of the whole Auger data set),
transition from a mixed or light to a heavy composition at highest energies.
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FD→ maximum of the shower longitudinal profile
Cross-checks with ’multi-eye’ Events
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Illustration of FD Acceptance Bias
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only hybrid data (13% of the whole Auger data set),
transition from a mixed or light to a heavy composition at highest energies.
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Main results for ultra-high energy cosmic rays Mass composition and evolution with the energy

FD→ maximum of the shower longitudinal profile
Cross-checks with ’multi-eye’ Events

event 10071896, 08/15/10
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4

→ longitudinal development: Xmax ∝ log A

Xmax measurement strategies

Pierre Auger Observatory
→ apply fiducial cuts
→ compare unbiased data to simus

Telescope Array
→ apply same cuts in data/simus
→ compare biased data to biased
simus

Illustration of acceptance bias

Illustration of FD Acceptance Bias
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Illustration of FD Acceptance Bias
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only hybrid data (13% of the whole Auger data set),
transition from a mixed or light to a heavy composition at highest energies.
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Main results for ultra-high energy cosmic rays Mass composition and evolution with the energy

FD→ maximum of the shower longitudinal profile

Pierre Auger Observatory
Xmax Results from Auger

PAO, PRL 104 (2010) 091101 and ICRC11
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... and similar results on average longitudinal development from surface
detector data of Auger 4

Telescope Array

Xmax Results from Northern Hemisphere
HiRes:
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Illustration of acceptance bias

Illustration of FD Acceptance Bias
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Illustration of FD Acceptance Bias
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only hybrid data (13% of the whole Auger data set),
transition from a mixed or light to a heavy composition at highest energies.
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FD→ maximum of the shower longitudinal profile @ Auger
Auger HighLights
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Figure 5: Evolution of hXmaxi and s Xmax as a function of energy. Measurements are from the hybrid data set of Auger.
([19]).

These features can originate from interactions of the
cosmic rays with the intergalactic radiation field (mainly
the CMB) during their transport from their sources to
the Earth. This is the case for example of the e+e� pair
or pion production (GZK) from protons off the CMB
photons for the Ankle and the cut-off respectively or of
the photo-disintegration of nuclei. Such features also can
originate from the sources spatial distributions and/or their
acceleration characteristics, in this case the Ankle could
sign the transition from a Galactic dominated cosmic ray
sky to an extra-galactic dominated one while the cut-off
would directly reflect the maximum energy reachable by
the sources themselves. Various scenarios have been put
forward, combining these possible origins in various ways
(see e.g. [45] for an overview).

The models shown in figure 4 assume either a pure
proton or pure iron composition. The fluxes result from
different assumptions of the spectral index b of the source
injection spectrum and the source cosmological evolution
parameter m. The maximum energy of the source was set
in these particular examples to 100 EeV and 300 EeV, the
former describing better the data in the cut-off region. The
model lines have been calculated using CRPropa [47] and
validated with SimProp [48].

Despite its high statistical accuracy, the energy spectrum
alone is not sufficient to distinguish between the various
scenarios. There are simply too many unknowns (source
distributions and evolution, acceleration characteristics,
cosmic ray mass composition). Other observables such as
anisotropies and mass composition parameters will have to
be combined to disentangle the situation.

3 Mass composition
The hybrid nature of the Auger observatory allows for a
very precise measurement of the shower longitudinal profile
on a subset of less than 10% of the events (the hybrid data
set). The combination of the FD and SD allows for a precise
determination of the shower geometry which in turn allows
measurement of the position of the maximum shower size
(Xmax) with an accuracy of better than 20 g / cm2.

The updated (but preliminary) results regarding the
evolution with energy of the two first moments of the
Xmax distributions are shown in Fig. 5. When compared

to the model lines, the data clearly indicate a change of
behavior at a few EeV, i.e. in the Ankle region.

While predictions of different models may not be an ac-
curate representation of nature for the absolute values of
hXmaxi, hence making it difficult to convert with confidence
this data into mass values, they have similar predictions
(within 20 g/cm2 for hXmaxi and 10 g/cm2 for s Xmax ) for
those parameters. In particular, all models predict that for
a constant composition the elongation rate (slope of the
hXmaxi evolution) and s Xmax are also constant as a function
of energy. This is at clear variance from the measurements
themselves. Hence, under the hypothesis that no new inter-
action phenomena in the air shower development come into
play in that energy range, the data clearly support that the
composition evolves in the Ankle region.

While subject to the belief that current interaction mod-
els do represent reality, it is possible to convert the mea-
sured data into the first two moments of the lnA distribution
at the top of the atmosphere [52]. This is shown in Fig. 6 us-
ing several hadronic interaction models [49, 50, 51]. From
this conversion it is possible to interpret the aforementioned
evolution as a change from light to medium light compo-
sition with a minimum in the average lnA just before the
Ankle, i.e. between 2 and 3 EeV. Looking at the s2

lnA plot,
one can also argue that the evolution is slow in terms of
masses (s2

lnA stays below 2 in the whole range indicating
that the mix is between nearby masses rather than between
proton and iron)2. We also observed that for some model
the central predicted variance of lnA is negative but this is
not the case within our systematic uncertainties.

4 Hadronic Interactions
We have performed several analyses to extract a muon
size parameter from the hybrid or SD data sets. These
analyses [20, 21, 22, 23] all indicate that current hadronic
interaction models predict muon sizes that are smaller
(by at least 20%) than observed in the data, unless one
assumes that the data is composed of pure iron which is
in contradiction, according to the same models, with the
observed Xmax distributions.

2. hlnAi is 0 for pure proton and 4 for pure iron while s2
lnA is 0

for pure composition and 4 for a 50:50 p/Fe mix.

Interpretation of Xmax data

)2Slant depth    (g/cm
200 300 400 500 600 700 800 900 1000

)9
N

um
be

r o
f c

ha
rg

ed
 p

ar
tic

le
s 

  (
x1

0

0

1

2

3

4

5

6

7

8

Height a.s.l.   (m)
20004000600080001000012000

 eV19proton, E=10

Auger shower

10

Proton

Iron

)2Slant depth    (g/cm
200 300 400 500 600 700 800 900 1000

)9
N

um
be

r o
f c

ha
rg

ed
 p

ar
tic

le
s 

  (
x1

0

0

1

2

3

4

5

6

7

8

Height a.s.l.   (m)
20004000600080001000012000

Auger shower

!"#"$%&'()*)$+&&,"*-&.()$/$0123"

Iron fraction

R
M
S(
X

m
ax
)

Proton

Fluctuations of depth of shower maximum

Proton

Iron

Xmax interpretation (draft by Sergio et al.)

``The energy evolution is common to all models 
suggesting that the average mass increases with 
small mixings.´´

→ only hybrid data (13% of the whole
Auger data set),

→ transition from a mixed or light to a
heavy composition at highest energies.

A. Letessier-Selvon, for the Pierre Auger
Coll., 33 rd ICRC, Rio de Janeiro (2013)
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SD→ muon production depth @ AugerMuon Production Depth
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→ selection of muon-rich stations only,

→ projection of signal time traces to axis,

→ sum up stations, and fit with Gaisser-Hillas,

→ estimation of the maximum altitude (i.e. depth)
of muon production

MPD Distributions
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Cut Events Efficiency (%)
55�  �  65�, E>20 EeV 663 100

T5 trigger⇤ 500 75
	(Xµmax)<	max 481 73

Table 2: Selection procedure applied to the SD data. ⇤ De-
scribed in Section 3.
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Figure 4: hXµmaxi as a function of energy. The prediction of
different hadronic models for proton and iron are shown.
Numbers indicate the amount of selected data in each en-
ergy bin and the gray rectangles represent the systematic
uncertainty.

for the last which contains all events with energy above
log10(E/eV)=19.7 (50 EeV). The uncertainties represent
the standard error on the mean.
Table 3 lists the most relevant sources contributing to

the systematic uncertainty. The uncertainties on the MPD
reconstruction and event selection translate into an overall
systematic uncertainty on hXµmaxi of 17 g cm�2.
The interpretation of data in terms of mass composi-

tion requires a comparison with air shower simulations.
For models like those of Figure 4 that assume standard
hadronic interactions, the evolution of the mean X µ

max val-
ues may suggest a change in composition as the energy in-
creases (flatter trend than pure proton or pure iron predic-
tions). However as the MPD technique currently suffers
from small statistics and large resolution measurements,
a constant composition would also be acceptable. At this
stage, we cannot make conclusive inferences about mass
composition. The proposed method can also be used as a
tool to investigate the validity of hadronic interaction mod-
els. In Figure 4 we can see how QGSJETII-0.4 and EPOS-
LHC predict, for both proton and iron, the same muonic
elongation rate (rate of evolution of Xµ

max with energy) but
with considerable differences in the absolute value of X µ

max.
The measurement of muon profiles provides complemen-
tary data that set additional constraints to model descrip-
tions and improves understanding of hadronic interactions.

5 Conclusions
The FADC traces from the water-Cherenkov detectors at
the Auger Observatory located far from the core have been

Source Sys. Uncertainty (g cm�2)
Reconstruction +

hadronic model + primary 10
Core time 5

Atmospheric profile 8
Fitting procedure 3
Selection efficiency 2
Energy uncertainties 3

Seasonal 8
Total 17

Table 3: Evaluation of the main sources of systematic un-
certainties.

used tomake reconstructions of themuon production depth
distributions on an event-by-event basis. The maximum
of the distribution Xµmax contains information about the
mass composition of UHECR. It can be used also to as-
sess the validity of hadronic interaction models at ultra-
high energies. With this analysis we have established a
novel approach to study the longitudinal development of
the hadronic component of EAS.
Acknowledgment:D. Garcia Gamez was supported by the ANR-
2010-COSI-002 grant of the French National Research Agency.
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SD / FD→ understanding of hadronic interactions @ Auger
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Figure 4: The contributions of different components to the
average signal as a function of zenith angle, for stations at 1
km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJET-II-04. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where � is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s2

i, j = s2
rec,i +s2

sim,i, j +s2
shwr,i, j.

sshwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. sshwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
� 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

srec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in Sµ and SEM from the S(1000)�wµ fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to si, j are present in this comparison
except for sshwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where sshwr is a free parameter rather than taken from the
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Figure 5: The best-fit values of RE and Rµ for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and Rµ are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE �Rµ plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit Rµ is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is �15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary
In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ssim, srec and sshwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.

54

Figure 7: Value of the energy rescaling parameter RE and
muon rescaling parameter Rµ that best represent the Auger
hybrid data at 10 EeV. The predicted energy is compatible
with the observed one (RE is compatible with 1 within the
systematics on the absolute energy scale) while the muon
rescaling parameters demands an increase of at least 20% of
the muon size from the models. ([23]).
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Figure 8: Conversion of the Xmax and Xµ
max observable

to hlnAi using two different hadronic interaction mod-
els EPOSS-LHC (left) and QGSJetII-04 (right). While
QGSJetIII-04 present a more coherent conversion, EPOS-
LHC offers a better description of the rapidity gap distribu-
tion of p-p collision at the LHC. The modification of this
distribution in EPOS to better reproduce the LHC p-p data is
believed to be responsible for the shift in Xµ

max [53].
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analysis that accounts for the non-uniform exposure in
different parts of the sky we introduce weights in the
classical Rayleigh analysis. Each event is weighted with the
inverse of the integrated number of unitary cells at the local
sidereal time of the event. The Fourier coefficients a and b
of the modified Rayleigh analysis are:

a =
2

N

N

�
i=1

wi cos(�i), b =
2

N

N

�
i=1

wi sin(�i) (2)

where wi � [�Ncell(�0
i )]�1 with �0

i the local sidereal time
of the event with right ascension �i. We express �0

i in
radians and chose it so that it is always equal to the right
ascension of the zenith at the center of the array. The sum
runs over the number N of events in the energy range
considered, and N = �N

i=1 wi. The amplitude r and phase �
are calculated via r =

�
a2 +b2 and � = arctan(b/a). They

follow a Rayleigh and a uniform distributions, respectively,
in the case of underlying isotropy.

Another source of systematic effects is induced by
weather variations, leading both to daily and seasonal mod-
ulations. To eliminate these variations the conversion of
the shower size into energy is performed by relating the
observed shower size to the one that would have been mea-
sured at reference atmospheric conditions. Above 1 EeV,
this procedure is sufficient to control the size of the side-
band amplitude to the level of �10�3 [5]. Below 1 EeV
weather effects have a significant impact also on the de-
tection efficiency for the regular array with 1.5 km spac-
ing, and hence spurious variations of the counting rates are
amplified. Therefore, we adopt in this case the differential
East �West method [6]. This takes into account the differ-
ence between the event counting rate measured from the
East sector, IE(�0), and the West sector IW (�0). Since the
instantaneous exposure for Eastward and Westward events
is the same, this difference allows us to remove, at first or-
der in the direction, effects of experimental or atmospheric
origin without applying any correction, although at the price
of reducing the sensitivity to the first harmonic modulation.
For the case of the infill, we will use only the East-West
method since we are in this case particularly interested in
the very low energies below full efficiency (while above
3⇥1017 eV the most sensitive results are obtained from the
larger statistics accumulated by with the regular array with
1.5 km spacing). The amplitude r and phase � can be calcu-
lated from the arrival times of N events using the standard
first harmonic analysis slightly modified to account for the
subtraction of the Western sector to the Eastern one. The
Fourier coefficients aEW and bEW are defined by:

aEW =
2
N

N

�
i=1

cos(�0
i +�i), bEW =

2
N

N

�
i=1

sin(�0
i +�i) (3)

where �i=0 if the event comes from the East and �i = � if it
comes from the West (in this way the events from the West
are effectively subtracted). The amplitude r of the right as-
cension modulation determined with the Rayleigh formal-

ism is related to rEW =
�

a2
EW +b2

EW through the relation

[5] r = �hcos(� )i
2hsin(q)i rEW . Note that the phase determined with

the East-West method as �EW = arctan(bEW /aEW ) is re-
lated to the phase determined with the Rayleigh formalism
by � = �EW +�/2.

2.2 Analysis at the sidereal frequency
To perform first harmonic analyses as a function of energy,
the choice of the size of the energy bins is important to avoid
the dilution of a genuine signal with the background noise.
The size of the energy bins for the analysis with the array
with 1.5 km spacing was chosen to be � log10(E) = 0.3 be-
low 8 EeV (and one single bin for all energies above 8 EeV
was used). This is larger than the energy resolution. For the
analysis with the infill array a bin size of � log10(E) = 0.6
was used. Data from the larger array was used for energies
above 0.25 EeV, and the infill array was used to comple-
ment this measurements down to 0.01 EeV.
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Figure 1: Equatorial dipole amplitude as a function of
energy. The results of the modified Rayleigh analysis are
shown with black circles and blue triangles corresponds to
the analysis with East-West method, in both cases using data
from the array with 1.5 km spacing. Red squares correspond
to data from the infill array using the East-West method.
The dashed lines are the 99% CL upper values of the
amplitude that could result from fluctuations of an isotropic
distribution.

The Rayleigh amplitude r measured by any observatory
can be used to reveal (or infer) anisotropies projected on
the Earth equatorial plane. In the case of an underlying pure
dipole, the relationship between r and the projection of the
dipole on the Earth equatorial plane, d?, depends on the
latitude of the observatory and on the range of zenith angles
considered : d? � r/hcos� i [5]. d? is the physical quantity
of interest to compare the results of different experiments
and the pure dipole predictions. For the regular array one
has that hcos� i � 0.78 while for the infill this number
results hcos� i � 0.79. The obtained amplitude d? is shown
in Fig. 1 and in Table 1, the dashed line in the plot represents
the upper values of the amplitude which may arise from
fluctuations in an isotropic distribution at 99% CL, denoted
by diso

?99%. Table 1 shows also the number of events, N,
the phase with its associated uncertainty, the probability
P that an amplitude larger or equal than that observed in
the data arises by chance from an isotropic distribution
(P(> r) = exp(�r2N /4)).

Note that in the energy ranges 1-2 and 2-4 EeV the mea-
sured amplitudes of d? of (1.0 ± 0.2)% and (1.4 ± 0.5)%
have a probability to arise by chance from an isotropic dis-
tribution of about 0.03% and 0.9%, while above 8 EeV the
measured amplitude of (5.9±1.6)% has chance probabil-
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�(E) = �0 +�E arctan
�

log10 (E/EeV )�µ
s

�
(4)

To report the midterm status of the prescription, the phase
of the first harmonic is shown in Fig. 3. The top panel
shows the phase derived with data from January 1 2004 to
December 31 2010 for the larger array, that corresponds to
the analysis in [5] and from September 12 2007 to April
11 2011 for the infill. The bottom panel is derived with
data since June 25 2011 up to December 31, 2012. At this
stage, the values as derived from the analysis applied to the
infill array are still affected by large uncertainties. On the
other hand, the overall behavior of the points as derived
from the analysis applied to the regular array shows good
agreement with equation 4, using the same parameters as
the ones derived with data prior to 2011. The final result
of the prescription is expected for 2015, once the required
exposure is reached.

�E[EeV] mean noise
0.25 - 0.5 5 ⇥ 10�3

0.5 - 1 5 ⇥ 10�3

1 - 2 3.5 ⇥ 10�3

2 - 4 6.8 ⇥ 10�3

4 - 8 1.4 ⇥ 10�2

> 8 2.0 ⇥ 10�2

Table 2: Mean noise in each energy interval considered in
the analysis of the regular array. The analysis performed
in the two first energy bins uses the E-W method, which
explains why the mean noise is about two times larger than�

�/N.

4 Discussion and conclusions
We have searched for large scale patterns in the arrival di-
rections of events recorded at the Pierre Auger Observa-
tory. No statistically significant deviation from isotropy is
revealed within the systematic uncertainties. The probabil-
ities for the dipole amplitudes that are measured to arise
by chance from an isotropic flux are of about 0.03% in the
energy range from 1-2 EeV, 0.9% for 2-4 EeV and 0.1%
above 8 EeV.

These are interesting hints for large scale anisotropies
that will be important to further scrutinise with independent
data. In addition, the intriguing possibility of a smooth
transition from a common phase compatible with the right
ascension of the Galactic Center at energies below 1 EeV to
a phase around 100� above 5 EeV will be specifically tested
through a prescribed test.
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Figure 9: Equatorial dipole amplitude (left) and phase (right) evolution as a function of energy. Black circle : modified
Rayleigh analysis, blue triangles : East-West analysis, red squares infill data with East-West analysis. Three point lie above
the 99%CL line in the amplitude plot while the phase shows a smooth evolution from the galactic centre towards the
galactic anti-centre directions. ([24]).

The phase evolution in the same energy range, also
shown in Fig. 9, has an interesting behavior with a smooth
transition from the galactic centre direction (270�) to 90�.
To test the hypothesis that the phase is undergoing a smooth
transition, we began to independently analyze data obtained
after April 2011. After 18 months the new and independent
data set is showing a similar trend [24]. Another 18 months
of data collection to reach an aperture of 21,000 km2 sr with
the independent data set is needed before the trend can be
confirmed.

It is interesting to note that despite the possible hints
for CR anisotropy discussed above, any such anisotropy
would be remarkably small (at the % level). The Auger
collaboration is therefore able to place stringent limits on

the equatorial dipole amplitude d? as shown in Fig. 10. In
this figure, the predictions labeled A and S correspond to
models in which cosmic rays at 1 EeV are predominantly
of galactic origin. They escape from the galaxy by diffusion
and drift motion and this causes the predicted anisotropies.
A and S stand for two different galactic magnetic field
symmetries (antisymmetric and symmetric). In the model
labeled Gal [54] a purely galactic origin is assumed for
all cosmic rays up to the highest energies. In this case
the anisotropy is caused by purely diffusive motion due
to the turbulent component of the magnetic field. Some
of these amplitudes are challenged by our current bounds.
The prediction labeled C-G Xgal is the expectation from
the Compton-Getting effect for extragalactic cosmic rays

→ 〈ln A〉 can be derived from Xmax and Xµ
max measurements,

→ test of the consistency of hadronic models for EM and muonic components.

A. Letessier-Selvon, for the Pierre Auger Coll., 33 rd ICRC, Rio de Janeiro (2013)
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Main results for ultra-high energy cosmic rays Energy spectrum and astrophysics constrains

Energy spectrum – spectral features

Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro

17.5 18.0 18.5 19.0 19.5 20.0 20.5
log10(E/eV)

1036

1037

1038

E3 J(
E)

� eV
2

km
�

2
sr

�
1

yr
�

1⇥

10
35

8
63

17
36

56
22

01
12

95
32

42
26

27
20

15
14

10
52

20
2

29
68

4
21

41
3

13
01

4
86

24 58
07

39
84

27
00

17
01

11
16

67
6

42
7

18
8

90
45

7
3

1

10 10 10
Auger 2013 preliminary

THE AUGER ENERGY SPECTRUM

17

130 000 events !

log10(E1/2/eV) = 19.6
log10(Eankle/eV) = 18.7

Ravignani (693), Tueros (705), Schulz (769), Bäuml (806),Verzi (928),  Matthews (1218) 

Normalizations: Hybrid -6%, Inclined +4%, 750 m array +2%, SD -1%

γ2 = 2.63±0.04
γ1 = 3.23±0.07

→ spectra combined with a total of 130 000 events,

→ a cut-off is clearly observed at highest energies (AGASA was wrong).

A. Letessier-Selvon, for the Pierre Auger Coll., 33 rd ICRC, Rio de Janeiro (2013)
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Energy spectrum – spectral features
Comparison to Auger ICRC 2011
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Spectrum fit 2013

log10(Ea/eV) = 18.72 ± 0.01

�1 = 3.23 ± 0.01

�2 = 2.63 ± 0.02

log10(E1/2/eV) = 19.63 ± 0.01

log10 Wc = 0.15 ± 0.01

Spectrum fit 2011

log10(Ea/eV) = 18.62 ± 0.01

�1 = 3.27 ± 0.01

�2 = 2.63 ± 0.02

log10(E1/2/eV) = 19.63 ± 0.02

log10 Wc = 0.15 ± 0.02

13 / 15

Summary: Energy spectrum of the Pierre Auger Observatory

Four independent measurements using both SD and FD
Updated energy scale with total uncertainty of 14%
(see talk by V. Verzi, paper 0928)

Spectra agree within stat. and sys. uncertainties
Comparison to astrophysical scenarios
) different models fit the data, discrimination only in combination

with composition measurements
(Details about flux measurement with the SD 750 m: D. Ravignani, for the Pierre Auger Collaboration, paper 0693)
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15 / 15→ Auger 2011 to Auger 2013: the ankle moves from 1018.6 eV to 1018.7 eV,

→ Auger and TA: spectra in agreement within stat. and syst. uncertainties,

→ high energy fluxes drop at different energies.

+ keep in mind the different fluorescence yield values used in both experiments

A. Schulz, for the Pierre Auger Coll., 33 rd ICRC, Rio de Janeiro (2013)
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Energy spectrum – possible astrophysics scenarios

Upper end of source energy spectrum ?

Figure 4: Left: Relative abundance of secondary nucleons, dinucleons, trinucleons and �-
particles in the propagated spectra assuming di�erent pure complex nuclei composition at
the sources (see labels), a source spectral index ⇥ = 2.0 and maximum energy Emax(Z) =
Z� 1020.5 eV. Center : Propagated spectrum assuming the same mixed composition as in
Fig. 3b, the maximum energy at the sources is Emax(Z) = Z � 4 1018 eV and the spectral
index ⇥ = 1.6. The propagated spectrum is compared to Auger data [79]. Right : Same
as the central panel, but for a mixed composition enriched in heavy elements (30% of the
source composition), a maximum energy Emax(Z) = Z � 4 1018 eV and a spectral index
⇥ = 2.0.

nuclei compositions. In these cases, the light component in the extragalactic
composition is provided by the emission of nucleons due to photodisintegra-
tion processes. Above an energy ⇥ A�5 1018 eV (depending on redshift) nu-
clei interact with CMB photons and are photodisintegrated both very rapidly
[32] and completely. Above ⇥ 5 1018 eV secondary nucleons (emitted by a
primary of mass A and charge Z) are to good approximation injected ”imme-
diately” (this approximation holds only for reasonably distant sources) with
the same spectral index as the primary nuclei up to an energy Emax(Z)/A
and with a relative abundance A2�� (where � is the source spectral index)
compared to primary nuclei at the same energy. The photodisintegration
of nuclei slows down as the energy decreases and the injection of secondary
nucleons is then harder than the primary nucleus spectral index (and much
more spread in time). The energy evolution of the composition is afterwards
a�ected by the energy losses of the primary component and the secondary
nucleons the same way as in the mixed composition case. This is illustrated
on Fig. 4a, where the energy evolution of the relative abundance of secondary
fragments 8 is shown assuming the di�erent cases of pure composition at the

8In a vast majority nucleons but also dinucleons, trinucleons, and � particles

14

Upper end of source energy spectrum seen ?

11

Protons
Emax,p = 4x1018 eV

Iron
Emax, Fe = 26 Emax,p

            = 1020 eV

(Allard, 1111.3290)

• Rigidity-dependent maximum 
injection energy

• Galactic composition

• Hard source injection spectrum

dN
dE

⇠ E�1.6

Astrophysics: very exotic result!→ mixed composition similar to galactic,

→ Emax = Z × 4× 1018 eV,

→ hard spectral index at sources (γ = 1.6),

→ superposition of upper energy limit and
GZK suppression (Allard)

Single local source without GZK ?
Single local source without GZK suppression ?

13

(Aloisio et al. 2011, modified)

Single local source dominating,
GZK effect unimportant !

For 20 [ d [ 50 Mpc and s ! (0.1–1) " 109 year [30,31], we finally
get

Ecut ! Ec ¼ 24" Z
26
" Bc

1 nG
" lc

1 Mpc
EeV: ð7Þ

For the natural choice of parameters Bc, lc, d the beginning of the
‘diffusive cutoff’ can start at Ecut ! Ec. When E decreases, the D(E)
decreases too, and the horizon becomes less than distance to a near-
by source. Still particles can arrive from there, being however stron-
ger suppressed by the exponent in Eq. (1). Cutoff is expected to be
sharp, but this statement expects a validation by numerical
calculations.

In the right panel we introduce in the Iron spectrum the low-
energy ‘diffusive cutoff’ for three different sets of parameters Bc,
lc, d. The beginning of this cutoff Ec for Iron nuclei is Z = 26 times
higher than for protons, i.e. Ec & 2.6 " 1019 eV, which has a reason-
able physical meaning. The gap between 2 EeV and 26 EeV is ex-
pected to be filled by intermediate nuclei. To provide a smooth
RMS curve seen in the Auger data (Fig. 3) in this energy interval,
we have many free parameters at our disposal in the form of arbi-
trary fractions of nuclei accelerated in a source. We plan to perform
the detailed calculations in the future work.

4. Predictions and uncertainties

The predictions of our model are very disappointing for the fu-
ture detectors.

The maximum acceleration energy Emax ! (100–300) EeV for
Iron nuclei implies the energy per nucleon Ep < Emax/A !
(2–5) EeV, well below the GZK cutoff for epochs with z [ 15.
Therefore, practically no cosmogenic neutrinos can be produced
in collisions of protons and nuclei with CMBR photons. However
neutrinos with Em [ 1 " 1017 eV can be generated in collisions of
protons and nuclei with extragalactic background light (EBL) pho-
tons; we will refer to these neutrinos as the EBL-produced ones.
The main mechanism of their generation in our model is the decay
of pions photo-produced by primary EeV protons on EBL. The
EBL-produced neutrinos are also generated by nuclei after their
photo-disintegration to nucleons. This mechanism provides a low-
er neutrino flux, because the secondary protons in our model are
subdominant in comparison with the primary ones. Finally, an
additional neutrino flux appears at further lower energies due to
decays of neutrons, the fragments of photo-disintegrated nuclei.
The EBL-produced neutrino fluxes have been calculated under dif-
ferent assumptions in many papers, see e.g. [33–38].

For our case it was convenient to use the calculations of [37],
where neutrino fluxes were given separately for production on
CMBR, EBL and due to neutron decays. We used these calculations
to estimate the upper limit for the EBL-produced neutrinos in our
model. We found it to be 6 times below the upper limit which is
expected to be obtained by IceCube after 5 years of observations
[39]. The neutrino flux from neutron decays is less than this flux
by two orders of magnitude.

Correlation with UHECR sources also is absent due to deflection
of nuclei in the galactic magnetic fields. The lack of correlation in
the model is strengthened by dependence of the maximum energy
on Z.

The signatures of the ‘disappointing model’ for the Auger detec-
tor are the mass-energy relation, already seen in elongation curve
Xmax(E), and transition from galactic to extragalactic cosmic rays
below the characteristic energy Ec ! 1 EeV.

There are some uncertainties in the model presented above. The
most important one relates to estimates of Emax

p . It is determined by
the lowest energy where Auger data are inconsistent with proton
composition (the 6th low-energy bin of the Auger data in Fig. 3).
If this energy increases, Emax

p increases, too. The model collapses
when allowed Emax

p reaches e.g. (50–100) EeV. Another case is given
by the mass composition being heavy starting from 1 EeV. The cos-
mological evolution of sources are not included in our calculations.
Since this effect slightly decreases Emax

p , it is not needed to be taken
into account. It is also possible that the EeV protons detected by
Auger are secondary ones, i.e. those produced in photo-dissociation
of primary nuclei in collisions with CMBR and extragalactic IR/UV
photons. However, it was demonstrated in [30,31] that the flux of
secondary protons in the EeV range is always smaller than the flux
of parent primary nuclei. According to [40] it is considerably smal-
ler than the sum of primary and secondary nuclei fluxes.

5. Discussions and conclusions

The suggested model is aimed at explanation of the observa-
tional data of the Auger detector only. The crucial for the model
feature is (i) the proton composition in the energy range (1–
3) EeV, considered in our paper as an assumption. Two additional
assumptions are (ii) the extragalactic origin of the observed pro-
tons and (iii) their acceleration by the rigidity dependent mecha-
nism with Emax = Z E0, where universal energy E0 is the same for
all nuclei. The upper limit on E0 (maximum acceleration energy
for protons) is obtained by calculating the proton spectrum at
higher energies using the generation index cg and normalizing flux

Fig. 6. Left panel: The energy spectrum in two-component model with protons and Iron nuclei with cg = 2.0 and Emax = 4Z EeV. The Iron nuclei spectrum is calculated for
homogeneous distribution of the sources. Right panel: As in the left panel, but with the ‘diffusion cutoff’ introduced for three different sets of parameters Bc, lc, d. The gap
between 2 EeV and Ecut (beginning of ‘diffusive cutoff’) is expected to be filled by intermediate nuclei.

624 R. Aloisio et al. / Astroparticle Physics 34 (2011) 620–626

Factor 26

Ankle would be transition 
between p and He/CNO

Second knee as transition from
galactic to extragalactic sources

Protons at 1018 eV already of extragalactic origin

→ protons at 1018 eV already X-gal,

→ ankle would be transition p to He/CNO,

→ 2nd knee as transition gal to X-gal,

→ single local source dominating, GZK
unimportant (Aloisio et al.)

Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 39 / 49
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Anisotropy – arrival directions of highest energy events

→ search for anisotropy using nearby AGN (Veron-Cetty Veron catalog),

→ AGNs trace the nearby extragalactic matter,

→ scan over a three dimensional parameter space: E ≥ 57 EeV, z ≤ 0.018, ψ ≤ 3.1◦

Pierre Auger Observatory

Correlation with Nearby Extragalactic Matter

VCV catalogue, E > 57 EeV, z <0.018, distance < 3.1 deg.

Auger

ICRC11 and APP 34 (2010) 314

28 out of 84, Pchance = 1%

Telescope Array

0180360

Astrophys.J. 757 (2012) 26

11 out of 25, Pchance = 2%

combined chance probability ⇠ 10�3

12

28 out of 84 correlate, Pchance = 1%

Telescope Array

Correlation with Nearby Extragalactic Matter

VCV catalogue, E > 57 EeV, z <0.018, distance < 3.1 deg.

Auger

ICRC11 and APP 34 (2010) 314

28 out of 84, Pchance = 1%

Telescope Array

0180360

Astrophys.J. 757 (2012) 26

11 out of 25, Pchance = 2%

combined chance probability ⇠ 10�3

12

11 out of 25 correlate, Pchance = 2%

→ weaker (but still significant) AGN correlation than previously published,

→ excess around the Centaurus A vicinity.

The Pierre Auger Collaboration, Astropart. Phys. 34 (2010) 314–326
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Main results for ultra-high energy cosmic rays Anisotropy and correlations with nearby extragalactic matter

Anisotropy – arrival directions of highest energy events

→ search for anisotropy using nearby AGN (Veron-Cetty Veron catalog),

→ AGNs trace the nearby extragalactic matter,

→ scan over a three dimensional parameter space: E ≥ 57 EeV, z ≤ 0.018, ψ ≤ 3.1◦

Pierre Auger Observatory

UHE Correlation with AGNs within GZK-sphere?
VCV catalogue, E> 57 EeV, z<0.018, distance < 3.1 deg.
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choosing this scale a posteriori (see Tinyakov & Tkachev 2004
for a detailed discussion). Taking this penalty into account, none
of the three examined data sets shows a significant deviation
from an isotropic distribution.

Interestingly, although close clusters in the high-energy TA
event set are absent, one of the TA events falls within 1.◦7 of a
high-energy event observed by the Auger Observatory (Abreu
et al. 2010). Both events have E > 1020 eV. The center of the
doublet has the Galactic coordinates l = 36◦, b = −4.◦3.

4. CORRELATION WITH ACTIVE GALACTIC NUCLEI

The Auger collaboration has reported a correlation (Abraham
et al. 2007, 2008a) between UHECRs with E > 57 EeV
and the nearby (redshift z ! 0.018 or, equivalently, distance
d < 75 Mpc) AGNs from the Veron-Cetty & Veron (VCV)
catalog (Veron-Cetty & Veron 2006). The greatest correlation
was observed at the angle of 3.◦1. In the control data set, the
number of correlating events was 9 out of 13, which corresponds
to about 69% of events. The Auger collaboration has recently
updated the analysis and found that a smaller fraction of the
UHECR events correlates with the same set of AGNs in the latest
UHECR data set (Abreu et al. 2010) than in the original one.
Out of 55 events with E > 55 EeV, 21 were found to correlate
with AGNs, which corresponds to a fraction of correlating events
equal to 38%. In this section, we test the TA data for correlations
with AGNs.

The set of 472 nearby AGNs used by Abraham et al. (2007)
contains 7 objects listed at zero redshift, all in the field of view
of TA. Of these seven objects, two are stars, one is a quasar
with unknown redshift, one is a Seyfert 2 galaxy, two are spiral
galaxies (including the Andromeda galaxy), and one is a dwarf
spheroidal galaxy. We exclude these objects from the analysis,
which leaves 465 objects in the AGN catalog.

The TA exposure is peaked in the Northern hemisphere, so
that the AGNs visible to TA are largely different from those
visible to Auger, though there is some overlap. The distribution
of nearby AGNs over the sky is not uniform because of the LSS
(see Section 5 for more detail) and because the VCV catalog is
not complete: due to observational bias it tends to contain more
objects in the Northern hemisphere. For this reason, a larger
fraction of events is expected to correlate with AGNs in the TA
data under the assumption that AGNs are sources of the observed
UHECRs. Taking into account the distribution of nearby AGNs
over the sky and assuming equal AGN luminosities in UHECR,
we estimated that the correlating fraction will be ∼73% for TA
on the basis of the original PAO claim and ∼43% on the basis
of the updated analysis by PAO.

The sky map of TA events with E > 57 EeV and nearby
AGNs from the VCV catalog is represented in Figure 3 in
Galactic coordinates. The cosmic rays are shown by filled red
(correlating events) and empty blue circles (non-correlating
events). AGNs are shown by black dots.

Figure 4 shows the number of TA events correlating with
AGNs as a function of the total number of events with E >
57 EeV ordered according to arrival time. The black dashed
line represents the expected number of random coincidences in
the case of a uniform distribution calculated via MC simulation.
The blue line shows the expected number of correlating events as
derived from the original PAO claim. Shaded regions represent
68% and 95% CL deviations from this expectation calculated
by the maximum likelihood method of Gorbunov et al. (2006).
As is seen from Figure 4, present TA data are compatible with
both isotropic distribution and the AGN hypothesis.

063 081 0

Figure 3. Hammer projection of the TA cosmic-ray events with E > 57 EeV
and nearby AGNs in the Galactic coordinates. Correlating and non-correlating
events are shown by filled red and empty blue circles, respectively. AGNs are
represented by black dots. The dashed line shows the boundary of the TA
exposure.
(A color version of this figure is available in the online journal.)
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Figure 4. Number of TA events with E > 57 EeV correlating with VCV AGNs
as a function of the total number of events. The expectation according to the
original PAO claim is represented by the blue line together with the 1σ and
2σ significance bands. The black dashed line shows the expected number of
random coincidences.
(A color version of this figure is available in the online journal.)

In the full TA SD data set, there are 11 correlating events out
of 25 total, while the expected number of random coincidences
for this total number of events is 5.9. Making use of the binomial
distribution with the probability of a single event to correlate
piso = 0.24, one finds that such an excess has a probability of
∼2% of occuring by chance with isotropic distribution of arrival
directions.

5. CORRELATION WITH LSS

Even though the sources of UHECRs are not known, their
distribution in space at large scales must follow that of the ordi-
nary matter. The latter is anisotropic at scales below ∼100 Mpc
forming the LSS of the universe that consists of galaxy clusters,
filaments, and voids. If UHECRs are not strongly deflected on
their way to Earth, their distribution over the sky should correlate
with the nearby structures, with overdensities corresponding to
close clusters and underdensities corresponding to voids.

The amplitude of anisotropy depends on the UHECR prop-
agation length (the larger is the propagation length, the
smaller contributions of the local structures and, therefore, the
anisotropy) and on the UHECR deflections. In this section,
the propagation of UHECR is calculated assuming they are
protons. However, it should be noted that regardless of whether

5

f = 44±%

→ weaker (but still significant) AGN correlation than previously published,

→ excess around the Centaurus A vicinity.

The Pierre Auger Collaboration, Astropart. Phys. 34 (2010) 314–326
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Anisotropy – proton astronomy at highest energies ?

→ simplistic interpretation of correlation and composiiton,

→ fp: fraction of correlating protons / (1− fp): fraction of isotropised iron,

→ no intermediate nuclei are considered – too small mean free paths,

Correlation with Nearby Extragalactic Matter
simplistic interpretation of correlation and composition:

fraction fp of correlating protons
1 � fp isotropized iron
no intermediate nuclei (too small mean free path)
Auger: fp = 12+7

�6 %, TA: fp = 20+15
�12 %

! hfpi = 14+6
�5 % (E > 57 EeV)

proton fraction
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

]2
RM

S(
Xm

ax
) [

g/
cm

0
10
20
30
40
50
60
70
80
90

100
QGSJetII-03  from correl., E > 57 EeVpf

Sibyll2.1 Auger, E > 25 EeV

EPOS1.99

13

→ Auger Observatory: fp = 12+7
−6%

→ Telescope Array: fp = 20+15
−12%

→ combined arrays: fp = 14+6
−5%

M. Unger, CTA link 2012

consistency of Auger data estimating composition and anisotropy
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All together – coherence of Auger observations

Auger HighLights

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro
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A. Schulz et al. Energy spectrum measured at the Pierre Auger Observatory
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Figure 5: The combined energy spectrum of UHECRs as mea-
sured at the Pierre Auger Observatory. The numbers give the total
number of events inside each bin. The last three arrows represent
upper limits at 84% C.L.

Parameter Result (±sstat ±ssys)

log10(Ea/eV) 18.72±0.01±0.02
�1 3.23±0.01±0.07
�2 2.63±0.02±0.04
log10(E1/2/eV) 19.63±0.01±0.01
log10 Wc 0.15±0.01±0.02

Table 2: Parameters, with statistical and systematic uncertainties,
of the model describing the combined energy spectrum measured
at the Pierre Auger Observatory.

brid spectrum down by 6%. Compared to the previous pub-
lication, the precision in determining the spectral index be-
low the ankle has increased significantly, mainly due to the
addition of the 750 m array. We report a slightly flatter spec-
trum below the ankle (now: 3.23±0.01 (stat) ±0.07 (sys),
previous publication: 3.27 ± 0.02) and an increase of Ea
(now: 18.72 ± 0.01 (stat) ± 0.02 (sys), previous publica-
tion: 18.61±0.01) [22]. The large systematic uncertainties
in �1 are dominated by the uncertainty of the resolution
model used for correcting the measured flux. At the same
time, the uncertainty in the energy scale of 14% is propa-
gated into the final result.

The combined energy spectrum is compared to fluxes
from three astrophysical scenarios in Fig. 6. Shown are
models assuming pure proton or iron composition. The
fluxes result from different assumptions of the spectral index
b of the source injection spectrum and the source evolution
parameter m. The model lines have been calculated using
CRPropa [30] and validated with SimProp [31].

5 Summary
The flux of cosmic rays above 3⇥1017 eV has been mea-
sured at the Pierre Auger Observatory combining data from
surface and fluorescence detectors. The spectral features are
determined with unprecedented statistical precision. The
fitted parameters are compatible with previous results given
the change in the energy scale. There is an overall uncer-
tainty of the revised energy scale of 14% [23]. Current re-
sults from Xmax measurements and an interpretation of the
measurements concerning mass composition are presented
in [28, 29]. The spectrum as measured with the SD 750 m
array is presented in more detail at this conference in [9].

Figure 6: The combined energy spectrum compared to energy
spectra from different astrophysical scenarios (see text).
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Figure 12: An overall view of the Auger results showing the variety of the observables and the coherence of their behavior.
The blue bands correspond to the Ankle region where features are observed in the spectrum, mass and anisotropy data. The
red bands corresponds to the cut-off region where, unfortunately, due to the low duty cycle of the fluorescence technique
the mass information is missing. For completeness the VCV correlation (from [55]) is also shown as an energy ordered plot.
The onset of the correlation signal is visible at about 55 EeV.

the issue. An anisotropy study for at least two different
mass spectra (one light, one heavy) from 0.1 EeV up to
10 EeV would for example allow to distinguish between
a propagation effect and a source transition scenario. The
key is to cover a wide enough energy range to connect
adequately the new data to that measured by observatories at
lower energies such as those from KASCADE-Grande [56].

Additional information such as the limits on the photon
fractions in the EeV range and/or the neutrino fluxes will
also bring interesting light into both regions. The absence
of cosmogenic photons or neutrinos, for example, would
indicate clearly that there are no (or very few) proton
sources in the cosmos with limiting energy well above the
GZK cut-off.

The Auger observatory will continue taking data for the
years to come and the collaboration is deeply engaged in
improvements and upgrades of our detection systems. We
aim at covering the open issues discussed above.

At the low energy end (between 0.01 and 1 EeV) we have
the HEAT and AMIGA extensions. We have also recently
modified the local trigger conditions of the surface array
detectors to lower our full trigger efficiency threshold. It is
now about 1 EeV for the 1.5 km array (it was 3 EeV before).
This improvement will provide us with about 5 times more
events in this energy range than what we had before. This
will allow us to augment significantly our sensitivity to
anisotropy searches. In addition, because this new triggering
scheme is less sensitive to individual muons entering the
WCDs, it will allow us to improve significantly our photon
sensitivity. Together with the increased statistics this opens
great perspectives for the cosmogenic photon searches.

At the high energy end, the upgrade of our SD array is
under study to provide us with a detector able to measure
both the muon content and the age of the shower at ground.

This two observables will give us the means to identify the
UHECR composition on an event-by-event basis up to the
highest energies. The collaboration is evaluating several
detector options that can in principle fulfill these ambitious
scientific goals [57].
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ankle region:
→ propagation effect ? signature of a transition between two types of sources ?

cut-off region:
→ source maximal acceleration ? propagation effect ? change in the hadronic
interactions ?

A. Letessier-Selvon, for the Pierre Auger Coll., 33 rd ICRC, Rio de Janeiro (2013)Karim Louedec (LPSC / Grenoble) UHECR – recent results and challenges Séminaire CPPM 42 / 49
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A plenty of questions... (still)

1 What is the source of ultra-high energy cosmic rays
→ what is the fundamental process for ultimate energies : :-(
→ how do they get their energy: :-(
... but suppression in the energy spectrum and no photons/neutrinos at UHE !

2 What are ultra-high energy cosmic rays
→ which composition for primary cosmic rays: :-)
→ is there a change for hadronic interactions in the extensive air showers: ◦

Is it possible to identify the source(s) of ultra-high energy cosmic rays ?
–

proton astronomy ?
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Conclusion – Experimental challenges for the next years

Outline

1 Introduction and ultra-high energy cosmic ray observatories
Introduction
Current ultra-high energy cosmic ray observatories

2 The Pierre Auger Observatory
An hybrid detector for ultra-high energy cosmic rays
Energy systematics in fluorescence measurements
Interdisciplinary sciences at the Pierre Auger Observatory

3 Main results and current status for ultra-high energy cosmic rays
Mass composition and evolution with the energy
Energy spectrum and astrophysics constrains
Anisotropy and correlations with nearby extragalactic matter

4 Conclusion – Experimental challenges for the next years
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Conclusion – Experimental challenges for the next years

The Pierre Auger Observatory – beyond 2015 (ground-based)

improve cosmic ray composition measurement seems to be the key

composition at low energies – 1017 to a few 1018 eV
→ search cutoff of proton spectrum,
→ investigate the signal deficit in Monte Carlo simulations,
→ improve sensitivity to photons from GZK effect,
→ fluorescence telescopes and surface detectors for lower energies

composition at highest energies – need a composition estimation event-by-event
→ search for small proton fraction at higher energies – proton astronomy ?,
→ investigate the end of the spectrum and compatibility with iron primaries,
→ particle physics and proton–air cross section,
→ several possibilities: modified SD, scintillator array, etc...

search protons and study their anisotropy at highest energies
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Conclusion – Experimental challenges for the next years

The JEM-EUSO telescope – a new era (on the ISS)

identify the first astrophysical source of ultra-high energy cosmic rays
3

FIG. 2: JEM-EUSO overview and concept of mission operations.

EUSO can capture the moving track of the fluorescent
UV photons and reproduces the temporal development
of EAS. The instrument will be calibrated using ground-
based lasers and Xe flashers. Description of such a cali-
bration procedure is postponed to Sec. V.

Fluorescence observations of the longitudinal develop-
ment of EAS can give a good estimate of the energy, since
the fluorescence light is (in principle) proportional to the
electromagnetic (electrons, positrons, and photons) com-
ponent of the shower which gives a calorimetric estimate
of the shower energy. The longitudinal development also
has a well defined maximum, usually referred to as Xmax,
which increases with primary energy as more cascade
generations are required to degrade the energy of the
secondary particles. The nature of the primary is harder
to determine due to large fluctuations of the first inter-
action point, but the average depth of shower maximum,
hXmaxi / ln(E/A) where A is the mass of the primary
cosmic ray nucleus of energy E, can be related to the
primary mass through a comparison with hadronic inter-
action models [36]. A number of alternative methods for
mass determinations have also been used based both on
the longitudinal development of the fluorescence signal

and the lateral distributions of particles on the ground
(see, e.g., [38] for a recent review).

Hadronic interaction models used in describing EAS
have to be extrapolated to interactions with center-of-
mass energies above 100 TeV, which is well beyond the
reach of collider experiments; 14 TeV is the reach of the
Large Hadron Collider (LHC). Current models seem to
describe recent LHC data well [37] and indicate interest-
ing composition trends at the highest energies [38]. The
identification of a clear source of EECRs in the sky will
allow for an astrophysical determination of the primary
charge of the EECRs which in turn can be used to test
the accuracy of hadronic interaction models significantly
enlarging the energy reach of experimental tests of par-
ticle interactions.

JEM-EUSO will have a reasonable energy resolution,
around 30%, while the resolution in Xmax will be lim-
ited to 120 g/cm2 which does not allow a separa-
tion of di↵erent types of nuclei, but can be used to
distinguish neutrino and photon events from hadronic
events [30, 39, 40]. Many neutrino events have Xmax

deeper than 2, 000 g cm�2, while most hadronic events
have Xmax shallower than 2, 000 g cm�2.
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Conclusion – Experimental challenges for the next years

The JEM-EUSO telescope – a new era (on the ISS)

provide a full and uniform coverage of the sky4

In clear air most of the light seen by JEM-EUSO as the
shower develops is from nitrogen fluorescence. Nitrogen
is excited by the energetic particles in the EAS (almost
all of them are electrons). The nitrogen can de-excite in
two ways, by collision and by photon emission. At sea
level collisional de-excitation dominates. This is because
the mean time for de-excitation by photon emission is
much longer than the mean time between collisions. As
a function of increasing altitude, an increasing fraction
of the excited nitrogen de-excites by photon emission be-
cause the mean time between collisions decreases with
the decreasing atmospheric pressure. Of course, the rate
of nitrogen excitation also decreases with atmospheric
pressure. The two e↵ects are o↵setting, with the result
that the fluorescence yield is practically independent of
altitude through most of the troposphere.

At higher altitudes, as collisional de-excitation be-
comes less important, the fluorescence yield (photons per
electron per meter traveled in the atmosphere) decreases.
This decrease a↵ects the 337 and 357 nm lines first. Be-
cause the 391 nm line has a longer fluorescent decay time,
the fluorescence yield starts to decrease at a much higher
altitude. In most of the troposphere, the fluorescence
strength in these three lines is practically equal, but in
the upper atmosphere the 391 nm line dominates.

The mechanism for nitrogen fluorescence in EAS has
two consequences. First, the fluorescence signal is not a
single calorimetric measure of the deposited energy. The
EAS must be modeled taking into account the compe-
tition between collisional and fluorescent de-excitation
(among other e↵ects) to determine the energy of the cos-
mic ray. JEM-EUSO will not receive a fluorescent signal
that is simply proportional to the energy deposited by
the EAS.

The second consequence is that the fluorescent signal
seen by JEM-EUSO depends on the zenith angle of the
EAS. To understand this, consider an EAS near Xmax

where the number of particles in the shower remains
nearly constant. The signal per meter the EAS travels
is proportional to the number of particles in the shower.
It is easy to see that an inclined shower will reach Xmax

at a higher altitude where the atmospheric pressure is
lower. At such an altitude the shower maximum will
be stretched out over a greater distance since its length
depends on the grammage traversed by the EAS, not
distance. Since the fluorescent signal is proportional to
the number of charged particles, the longer distance near
shower maximum results in a larger fluorescent signal.

The JEM-EUSO telescope concept is a fast, highly-
pixelized, large aperture and wide Field-of-View (±30�

FOV) digital camera [33, 41, 42]. In the baseline design
the total number of pixels is ⇠ 3⇥ 105. The angular res-
olution of each pixel is about 0.07�. For hISS = 400 km,
this resolution corresponds to ⇠ 0.5 km on the Earth’s
surface. For each pixel, data is acquired with a time res-
olution, a.k.a. gate time unit (GTU), of 2.5 µs. These
time-sliced images allow determination of the energy and
incoming direction of the primary particle [43].

FIG. 3: Left panel: The most recent energy spectrum re-
ported by the Pierre Auger Collaboration [50]. Middle panel:
Annual exposure of JEM-EUSO [29] and Auger [27]. Right
panel: Estimated event rates derived on the basis of the spec-
trum in the left panel.

FIG. 4: Normalized relative exposure, !(sin �), of Auger, TA,
and JEM-EUSO. The latter has a nearly uniform exposure
over most of the sky with only small excesses in polar regions.

The observation area of JEM-EUSO depends upon the
tilting angle ⇠ o↵ the nadir and hISS. For the baseline
layout, the observation area for nadir mode is given by

A
(nadir)
obs ⇡ 1.4 ⇥ 105

✓
hISS

400 km

◆
km2 . (2)

For tilting angles ⇠ . 40�,

Aobs(⇠) ⇡ A
(nadir)
obs (cos ⇠)�b , (3)

Nominal performances expected @
1020 eV

→ energy resolution: ∆E/E ≤ 30%,

→ uncertainty of the maximum of the
shower: ∆Xmax ≤ 120 g/cm2,

→ angular resolution better than 2.5◦,

→ integrated exposure reaching 106 km2

sr yr, i.e. 1MLinsley,

at higher energies, the GZK horizon is reduced→ number of astrophysical sources
reduced and angular separations increased
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EUSO-BALLOON – a pathfinder (stratospheric balloon)

validate the concept of UHECR detection from space – here at 40 km above ground

EUSO-BALLOON MISSION SPECIFICATIONS! !

Date!:!27!Nov.!2012!

Ref!:!EUSO1MS1INST14021IRAP!V2.0!

Version!:!V2.0!

! Prepared!by!:!PvB!&!al.!

Approved!by!:!G.!Prevot!

Page%8%sur%13!
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will!simulate!a!groundspeed!comparable!to!the!~!7!km/s!of!the!space1station.!Attitude!information!is!

obtained!from!a!differential!GPS!system.!In!order!to!monitor!the!actual!cloud!covers,!a!co1aligned!IR!

camera!will!observe!the!FOV!from!a!second!port1hole.!A!possible!option!to!create!signal1type!events!is!to!

use!an!onboard!laser!for!simulating!air1showers!within!the!field!of!view.!

!
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!

Fig.!1:!possible!concept!of!the!instrument/gondola!with!floater1crashpads!during!a!first!flight!(nadir!

pointing)!!
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Fig.!2:!Schematic!of!the!instrument!configuration!in!a!watertight!telescope!envelope!
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FIGURE 9 – Description du télescope EUSO-Balloon (extrait de [27]). (gauche) Vue d’artiste
montrant une gerbe de particules initiée par un rayon cosmique et détectée par le télescope
EUSO-Balloon. (droite) Schéma décrivant les différents composants du détecteur. La fixation
placée sur le toit accueillera une caméra IR.

français déjà engagés dans l’expérience JEM-EUSO, à savoir le LAL (4.5 � 6.1 FTE), l’APC
(2.6 � 2.8 FTE) et l’IRAP (2.7 FTE). Le projet est sous la responsabilité des laboratoires fran-
çais, avec le soutien de l’ensemble de la collaboration JEM-EUSO. Peter von Ballmoos de
l’IRAP est chef du projet et Sylvie Dagoret-Campagne du LAL est responsable de l’ensemble
du développement de l’instrument. Le premier vol devrait avoir lieu à Timmins, au Canada,
en 2014.

4.3.1 Objectifs scientifiques

La mission EUSO-Balloon est un démonstrateur pour le télescope JEM-EUSO. Plusieurs
vols en ballon stratosphérique sont prévus pour prouver la faisabilité du projet JEM-EUSO,
i.e. la détection de gerbes atmosphériques depuis l’espace avec la technologie actuellement
utilisée. Les objectifs de la mission peuvent être regroupés en trois catégories [27] :

1. démontrer que le design actuel du détecteur fonctionne depuis l’espace : la même
technologie sera utilisée pour le télescope JEM-EUSO et pour ce démonstrateur. L’élec-
tronique, l’optique et les algorithmes de déclenchement seront donc testés dans un
environnement similaire à celui de la station spatiale internationale (voire pire).

2. enregistrer le bruit de fond lumineux : l’instrument mesurera le bruit de fond du ciel
dans l’UV afin de régler le mieux possible les seuils de déclenchement du télescope.
Bien que plusieurs mesures du bruit de fond lumineux dans l’UV ont été réalisées par
le passé [28, 29], jamais un détecteur avec une telle précision spatiale et temporelle n’a
été utilisé. Il est donc important de faire cette mesure dans les mêmes conditions que
celles sur la station spatiale.

3. reconstruire la première gerbe de particules depuis l’espace : bien que la technique
de mesure de fluorescence soit très répandue pour les observatoires au sol, jamais une
gerbe de particules initiée par un rayon cosmique n’a été détectée dans l’UV depuis
l’espace. Vu que le flux à ces énergies est faible, les algorithmes de reconstruction de
traces seront testés grâce à des lumières et lasers calibrés (cf. partie suivante).

15

→ first flight planned for 2014 in Canada, with active support from french collaborators

→ several flights should be planned to characterise completely the detector
(using laser shots)

→ ... and if they are lucky, record the first air shower from space !
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Thanks for your attention !
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