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• Where do they come from?

• What are they made of ?

• How do their accelerators work?

• Is there a maximum limit to their energy ?

• What can can they tell us about
fundamental and particle physics?

Key Questions about
Ultra High-Energy Cosmic Rays
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Hybrid Observation of Extensive Air Showers
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Particle-density and
-composition at ground

light trace
at night-sky
(calorimetric)

Also:
Detection of Radio- & Microwave-Signals

Fluorescence light

Concept pioneered by the
Pierre Auger Collaboration
(Fully operational since 06/2008)
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Pierre Auger Observatory
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SANTIAGO
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Province of Mendoza
1400 m a.s.l.
35° South, 69° West
3000 km2
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3000 km2 area, Argentina
27 fluorescence telescopes plus

...1660 Water Cherenkov tanks

Auger Hybrid Observatory
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Pierre Auger Collaboration
~500 Collaborators; 90 Institutions, 18 Countries:
Argentina Poland  UK

Australia Portugal  USA

Brasil  Romania  

Czech Republic Slovenia Bolivia*

France Spain Vietnam* 

Germany 

Italy USA

Mexico

Netherlands 
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*Associated
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Event Example in Auger Observatory

12 km

~ 20 km
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Event Example in Auger Observatory
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The Energy Scale of the Pierre Auger Observatory
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

December 2012. The number of showers above 3 ⇥ 1018

eV is 1475. The fit takes into account the resolutions of
both EFD and S38 (see table 2). The resolution of EFD is
determined using all uncorrelated uncertainties described
above. The fit yields: A = (0.190 ± 0.005)⇥ 1018 eV and
B = 1.025 ± 0.007 and with a correlation coefficient of -
0.98. The root-mean-square deviation of the distribution of
ASB

38/EFD is about 18.5%. It is dominated by low-energy
showers and is compatible with the expected resolution
obtained from the quadratic sum of all the uncertainties
listed in table 2 (18% at 3⇥1018 eV).

Uncertainties entering into the SD calibration fit
Aerosol optical depth 3%÷6%
Horizontal uniformity 1%
Atmosphere variability 1%

Nightly relative calibration 3%
Statistical error of the profile fit 5%÷3%
Uncertainty in shower geometry 1.5%

Invis. energy (shower-to-shower fluc.) 1.5%
Sub total FD energy resolution 7%÷8%

Statistical error of the S(1000) fit [3] 12%÷3%
Uncert. in lateral distrib. function [3] 5%

shower-to-shower fluctuations [3] 10%
Sub total SD energy resolution 17%÷12%

Table 2: Uncertainties uncorrelated between different show-
ers and affecting the SD energy estimator.

The large number of hybrid showers detected over 9 years
has allowed several consistency checks [24]. The SD energy
estimator (ESD = ASB

38 for a given value of S38) has been
studied by making calibration fits to data collected during
different time periods and/or under different conditions. We

Systematic uncertainties on the energy scale
Absolute fluorescence yield 3.4%

Fluor. spectrum and quenching param. 1.1%
Sub total (Fluorescence yield - sec. 2) 3.6%

Aerosol optical depth 3%÷6%
Aerosol phase function 1%

Wavelength depend. of aerosol scatt. 0.5%
Atmospheric density profile 1%

Sub total (Atmosphere - sec. 3) 3.4%÷6.2%
Absolute FD calibration 9%

Nightly relative calibration 2%
Optical efficiency 3.5%

Sub total (FD calibration - sec. 4) 9.9%
Folding with point spread function 5%

Multiple scattering model 1%
Simulation bias 2%

Constraints in the Gaisser-Hillas fit 3.5% ÷ 1%
Sub total (FD profile rec. - sec. 5) 6.5% ÷5.6%

Invisible energy (sec. 6) 3%÷1.5%
Stat. error of the SD calib. fit (sec. 7) 0.7%÷1.8%
Stability of the energy scale (sec. 7) 5%

Total 14%

Table 3: Systematic uncertainties on the energy scale.

have found that ESD is stable within 5%, significantly above
the statistical uncertainties. Even though these variations of
ESD are consistent with the quoted systematic uncertainties,
we use them conservatively to introduce another uncertainty
of 5%.

The FD uncertainties correlated between different show-
ers should be propagated to the SD energy scale by shift-
ing all FD energies coherently by their uncertainties. This
means that the correlated uncertainties propagate entirely to
the SD energies. Table 3 lists all uncertainties on the Auger
energy scale. Most of them have a mild dependence on en-
ergy. When this dependence is non-negligible, we report
the variation of the uncertainty in the energy range between
3⇥1018 eV and 1020 eV. The total uncertainty is about 14%
and approximately independent of energy. We stress that
we have made a significant improvement by comparison
with the total 22% uncertainty reported previously [3].
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End of the CR-Spectrum

γ1=3.23±0.07 γ2=2.63±0.04
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Is this the GZK-effect... ?

combined from: infill+hybrid+vertical+inclined events
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Greisen-Zatsepin-Kuz‘min (1966)

GZK-Effect: Energy losses in CMB
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Data compared to GZK-effect

(Phys. Rev. Lett., 2008, updated)
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Protons Emax,p = 1018.9 eV

Model inspired by Allard, Astropart. Phys. 39-40, 2012

Limiting Energy of Sources (Emax~Z) + GZK

Simulations done with CRPropa 2.0

m=0; γ=1.55
In this case GZK-effect is
not responsible for cut-off!

Iron Emax, Fe = 26 Emax,p  = 1020.3 eV
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Longitudinal Shower Development ➙ Primary Mass

21
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Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations

<Xmax>

RMS(Xmax)
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Xmax and RMS(Xmax) as a fct of E
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Updated Measurement of hX
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Auger data show a smooth change
to a heavier composition above 5 EeV

using post LHC interaction models:
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Composition compared with astrophys. scenarios
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Implications of a heavy composition

26
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a b s t r a c t

In this paper we review the extragalactic propagation of ultrahigh energy cosmic-ray (UHECR). We pres-

ent the different energy loss processes of protons and nuclei, and their expected influence on energy evo-

lution of the UHECR spectrum and composition. We discuss the possible implications of the recent

composition analyses provided by the Pierre Auger Observatory. The production of secondary cosmogenic

neutrinos and photons and the constraints their observation would imply for the UHECRs origin are also

addressed. Finally, we conclude by briefly discussing the relevance of a multi messenger approach for

solving the mystery of UHECRs. ! 2011 Elsevier B.V. All rights reserved.

1. Introduction

After more than 50 yr of experimental efforts, the origin of ultra-

high energy cosmic-rays (UHECRs, e.g., cosmic-rays above

!1018 eV) remains a mystery. The understanding of the production

of these particles, the most energetic particles in the universe, is

one of the most intense research field of high energy astrophysics.

Since the pioneering experiment at Volcano Ranch and the observa-

tion of the first cosmic-ray event above 1020 eV (see [1] for a com-

plete review of the early experiments), large statistics have been

accumulated above 1018 eV. High resolution measurements of the

UHECR spectrum, composition and arrival direction have been al-

lowed by recent experiments like AGASA [2], HiRes [3], the Pierre

Auger Observatory [4] and Telescope Array [5]. Among the most

interesting recent results, one can cite (see [6]) the evidence for a

suppression of the UHECR flux above 3–5 " 1019 eV observed by

HiRes [7] and Auger [8] with a large significance. Furthermore,

the recent analyses at the Pierre Auger Observatory seem to indi-

cate an evolution of the composition toward heavier elements

above the ankle [9] as well as hints for an anisotropic distribution

of the arrival directions of the highest energy events [10] and in par-

ticular a possible diffuse excess in the direction of the Centaurus

constellation[11]. Since the statistics above !3 " 1019 eV are quite

low, and the consistency between the results of different experi-

ments is still a matter of debate, these trends remain to be con-

firmed and understood with future data.

The extragalactic origin of UHECRs (at least above the ankle of

the cosmic-ray spectrum) is widely accepted. As a consequence

the measured cosmic-ray spectrum on Earth has to be shaped by

the effect of the propagation of the particles in the extragalactic

medium. During their journey from the source to the Earth the in-

jected cosmic-ray spectrum and composition can be modified by

interactions with photon backgrounds and cosmic magnetic fields.

A detailed modeling of the extragalactic propagation of UHECRs is

then a necessary ingredient for the astrophysical interpretation of

the data. One of the most important features due to UHECRs extra-

galactic propagation is the prediction of a cut-off in the observed

spectrum above a few 1019 eV due to interactions of UHE protons

or nuclei with photons of the Cosmic Microwave Background

(CMB). This prediction [12,13] of the so-called GZK cut-off (named

after the authors of the original studies Greisen, Zatsepin and Kuz-

min) was made in 1966, closely following the discovery of the

CMB. This prediction started a long series of studies on the extra-

galactic propagation of UHECRs including the production of sec-

ondary neutrinos and photons.

In this paper, we review the main aspects of the extragalactic

propagation of UHECR protons and nuclei. It will be organized as

follows. In the next section, we will review the main interaction

channels of protons and nuclei and discuss their influence on the

energy and mass losses. In Section 3., we show some propagated

spectra, allowing us to discuss expectations concerning the evolu-

tion of the composition from the source to the Earth and the pro-

duction of secondary protons. We discuss, in particular, the

possible implications of the composition trend suggested by the

recent analyses of the Pierre Auger Observatory. In Section 4 we

discuss discuss the production of secondary messengers (neutrinos

and photons) and the possible constraints their observation could

bring for the understanding of the UHECR origin. in Section 5.,

we finally conclude by briefly discussing the prospects for improv-

ing our understanding of the UHECR phenomenon and the ex-

pected contributions of current and planed experiments in

cosmic-rays, gamma-rays and neutrinos.

0927-6505/$ - see front matter ! 2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.astropartphys.2011.10.011

q (A section discussing the influence of extragalactic magnetic fields and the

possible 14 departures from the rectilinear case is available in an extended version

of the present review available from: <arXiv:1111.3290>.)
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In light of the increasingly heavy UHECR composition at the highest energies, as observed by the Pierre

Auger Observatory, the implications of these results on the actual source composition and spectra are

investigated. Depending on the maximum energy of the particles accelerated, sources producing hard

spectra and/or containing a considerably enhanced heavy component appear a necessary requirement.

Consideration is made of two archetypal models compatible with these results. The secondary signatures

expected, following the propagation of the nuclear species from source to Earth, are determined for these

two example cases. Finally, the effect introduced by the presence of nG extragalactic magnetic fields in

collaboration with a large (80 Mpc) distance to the nearest source is discussed.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade the field of UHECR research has under-

gone considerable developments with the completion of extremely

large detector facilities. The data from these instruments has lead

to a notable improvement in both the quantity and quality of

UHECR measurements. Following the digestion of this new infor-

mation, a revision of the UHECR model working hypothesis may

be due. In particular, measurements sensitive to the UHECR com-

position have improved dramatically with a coherent picture start-

ing to emerge from the ensemble of different composition sensitive

measurements the Pierre Auger Observatory (PAO) has made [1]. It

should be noted that this picture is obscured somewhat when

additional observational data from the TA experiment are included.

The statistical significance of this disagreement, however, remains

unclear. In this study, such additional observational data sets are

neglected.

2. Monte Carlo modeling

In order to test different hypothesis models, a Monte Carlo

description of UHECR propagation is used, as first described in

[2]. In this description, UHECR protons and nuclei are propagated

through the cosmic microwave background (CMB) and cosmic

infrared background (CIB) radiation fields, undergoing photo-disin-

tegration, photo-pion, pair production, and redshift losses as they

do so. Though the cross-sections and target photon spectral distri-

butions relevant for the proton related energy loss processes are

well understood, some uncertainty still remains in both the

photo-disintegration cross-sections and the CIB spectral distribu-

tion relevant for nuclei propagation. In the present study, the

description of these adopted are [3,4] for the cross-sections and

CIB spectral distribution respectively. In Sections 3–5, extragalactic

magnetic field (EGMF) effects are neglected. The effects introduced

by such fields on the main results are discussed in Section 6. In or-

der to take account of EGMF effects, the ‘‘delta-approximation’’

prescription provided in [5] is implemented.

To perform a comparison with the PAO measurements, the

predicted values of the composition sensitive shower profile

parameters, Xmax and RMSðXmaxÞ, were determined for each model.

In order to encapsulate the uncertainty in the hadronic model

description for these values, the spread in predicted values from

four different models [6–9] was determined.

The Monte Carlo description was applied to an ensemble of dis-

tributed sources whose redshift evolution scaled as ð1þ zÞm , with

m ¼ 3 from zmin (with corresponding nearest source distance

Lmin) up to zmax ¼ 1:5. An energy spectrum output by each source,

of the form dN=dE / E%ae%ðE=Emax;ZÞ , with Emax;Z ¼ ðZ=26ÞEmax;Fe, was

adopted.1 Source spectral indices in the range 1 < a < 3, and 3-com-

ponent compositions were scanned over for both the cutoff energy

cases of Emax;Fe ¼ 1020 eV and Emax;Fe ¼ 1020:5 eV. Only spectral and

composition data points with energies above 1018:6 eV were used

in the analysis. The systematic errors for the energy resolution,

Xmax, and RMSðXmaxÞ, were also included in the v2 determination.

The regions of parameter space for which good fits to both the

spectral and composition data were found are shown in Fig. 1.

From each of the two cutoff energy results, two example models

0927-6505/$ - see front matter ! 2013 Elsevier B.V. All rights reserved.
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a b s t r a c t

The Pierre Auger Observatory’s (PAO) shower profile measurements can be used to constrain the chem-

ical composition of the ultra-high energy cosmic ray (UHECR) spectrum. In particular, the PAO’s measure-

ments of the average depth of shower maximum and the fluctuations of the depth of shower maximum

indicate that the cosmic ray spectrum is dominated by a fairly narrow distribution (in charge) of heavy or

intermediate mass nuclei at the highest measured energies ðE J 1019 eVÞ, and contains mostly lighter

nuclei or protons at lower energies ðE # 1018 eVÞ. In this article, we study the propagation of UHECR

nuclei with the goal of using these measurements, along with those of the shape of the spectrum, to con-

strain the chemical composition of the particles accelerated by the sources of the UHECRs. We find that

with modest intergalactic magnetic fields, 0.3 nG in strength with 1 Mpc coherent lengths, good fits to the

combined PAO data can be found for the case in which the sources accelerate primarily intermediate

mass nuclei (such as nitrogen or silicon). Without intergalactic magnetic fields, we do not find any com-

position scenarios that can accommodate the PAO data. For a spectrum dominated by heavy or interme-

diate mass nuclei, the Galactic (and intergalactic) magnetic fields are expected to erase any significant

angular correlation between the sources and arrival directions of UHECRs.
! 2010 Published by Elsevier B.V.

1. Introduction

The chemical composition of the ultra-high energy cosmic ray

(UHECR) spectrum has long been a topic of great interest [1–6].

Until recently, however, very little was known about the nature

of these particles. On one side of the debate, the so called Hillas cri-

terion [7] gives a preference for the electromagnetic fields of cos-

mic ray sources to accelerate heavy nuclei to higher energies

than protons or light nuclei. On the other side, it has been argued

that the angular correlations reported by the Pierre Auger Observa-

tory (PAO) [8], as well as features in the shape of the UHECR spec-

trum [9], suggest that these particles consist largely of protons.

None of these arguments, however, has yet settled the question

of what types of particles make up the UHECR spectrum.

Data from the Pierre Auger Observatory (PAO), however, is

offering increasingly powerful insights into this question. Firstly,

the spectral shape predicted for the UHECR all-particle spectrum

depends not only on the injected spectrum and spatial distribution

of the sources, but also on the chemical composition that is in-

jected from the sources of the highest energy cosmic rays. As the

PAO measures the UHECR spectrum with increasing precision

[10], this information can be used to constrain the chemical com-

position of these particles [11]. Furthermore, the PAO is capable

of performing several measurements that can be used to directly

or indirectly determine the chemical composition of UHECRs as

they enter the Earth’s atmosphere. Among these empirical tools

are the measurements of the average depth of shower maximum,

hXmaxi, and the RMS variation of this quantity, RMSðXmaxÞ. On aver-

age, proton-induced showers reach their maximum development,

hXmaxi, deeper in the Earth’s atmosphere than do showers of the

same energy generated by heavier nuclei. Accompanying this re-

sult, the shower to shower fluctuation of Xmax about the mean,

RMSðXmaxÞ, is larger for proton-induced showers than for iron-in-

duced showers of the same energy. As a result, measurements of

both hXmaxi and RMSðXmaxÞ can be used to infer the average chem-

ical composition of the UHECRs as a function energy.

Very recently, the PAO collaboration has announced their first

measurements of RMSðXmaxÞ [12,13]. These measurements, along

with those of hXmaxi, imply that the UHECR spectrum contains a

large fraction of heavy or intermediate mass nuclei, especially at

the highest energies measured. Furthermore, the small values of

RMSðXmaxÞ measured by the PAO also imply that the composition

of the UHECR spectrum is relatively narrowly distributed at the

highest measured energies, containing little or no protons or light
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Abstract. We use a kinetic-equation approach to propagation of ultra high energy cosmic
ray protons and nuclei to infer possible implications of the data on spectrum and chemical
composition collected by the Pierre Auger Observatory. Using a homogeneous source dis-
tribution, we show that a simultaneous fit to the spectrum, elongation rate Xmax(E) and
dispersion σ(Xmax) implies the injection of nuclei with very hard spectra. This leads however
to underestimate the flux at energies E ≤ 5× 1018 eV, thereby implying that an additional
cosmic ray component is required, which needs to be of extragalactic origin. We discuss the
nature of this additional component in terms of the recent findings of KASCADE-Grande
on fluxes and chemical composition, which allows to describe the transition from Galactic to
extragalactic cosmic rays.
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The energy flux in TeV gamma rays exceeds 1 eV cm�2 s�1 for some Galactic sources with579

a di↵erential spectral index of E�2 (Hinton & Hofmann 2009; H.E.S.S. 2011). A source580

with a di↵erential spectral index of E�2 puts out equal energy in each decade, resulting in581

an expected energy flux of 1 eV cm�2 s�1 in the EeV decade. No energy flux that strong582

in EeV photons is observed from any target direction, including directions of TeV sources583

such as Centaurus A or the Galactic center region. This flux would have been detected with584

> 5� significance, even after penalizing for the large number of trials (using Eqn. 6 and585

Eqn. 7). Furthermore, an energy flux of 0.25 eV cm�2 s�1 would yield an excess of at least586

5� for median exposure targets. If we make the conservative assumption that all detected587

photons are at the upper energy bound, a flux of 1.44 eV cm�2 s�1 would be detectable.588

This result for median exposure targets is independent of the assumed photon spectral589

index, and implies that we can exclude a photon flux greater than 1.44 eV cm�2 s�1 with590

5� significance.591

28
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Sensitivity to all ν flavors and channels
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ν identification: Earth Skimming
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Area over Peak (AoP) in signal trace

9+

•  Induce+Time&over&Threshold+
(ToT)+triggers+in+the+SD+
sta?ons+

++++++++++++++++++++++and/or+

•  Have+large+Area&over&Peak+
value+(AoP+�+1+muonic+front)+

Trace+example:+ToT+trigger+&+large+AoP+

Defini?on+of+Area&over&Peak+(AoP)+

From+the+observa?onal+point+of+
view,+signals+extended+in+?me:+

Iden?fying+νs+in+data+collected+at+SD+

Searching+for+neutrinos+�+
Searching+for+inclined+showers+with+sta?ons++

with+ToT+triggers+and/or+large+AoP+
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Differential diffuse ν flux limits

33
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Integral diffuse ν flux limits

34

14 

dN/dE = k E-2 ⟶ k90 < 6.3 × 10-9 GeV cm-2 s-1 sr-1 @ 90% C.L.  [1017 eV < E < 1020 eV] 

Integral limit to the diffuse flux of UHE ’s: 

(Sarkar ICRC11) 

(Ahlers AP34 2010) 

(Kotera JCAP10) 

in preparation for PRD
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Testing Hadronic 
Interactions...
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p-Air Cross-Section from Xmax distribution

Data: 1018 eV < E < 1018.5 eV

In practice: σp-Air  by tuning models 
to describe Λ seen in data

X1: point of 1st interaction
ΔX1

ΔXmax≈ ΔX1

Difficulties:
• mass composition can alter Λ
• fluctuations in Xmax

• experimental resolution ~ 20 g/cm2

Λint

top of atmosphere



Inelastic Proton-Proton Cross-Section

Standard Glauber conversion + propagation of modeling uncertainties
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models available for the conversion.
Ralf Ulrich (ralf.ulrich@kit.edu) Measurement of the Proton-Air Cross-Section with the Pierre Auger Observatory 12 / 19
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p-Air and pp Cross section @ √s=57 TeV
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Some Speculation...

Could protons dominate up to the highest energy ?

Something would need to be wrong with the
hadronic interaction models ....
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Xmax and RMS(Xmax) could be described by protons 
with a rapidly rising cross section above √s~60 TeV

Auger
√s=57 TeV

√s ~100 TeV
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Same measured Event
with predicted signals for p and Fe 

Interaction Models underestimate Muon-numbers

40

Models underestimate 
µ-content of EAS by 30-60%

models

independent tests e.g. using shower
universality yield the same results

Measured event 
with matching p and Fe-simulations

G.R. Farrar et al., Muon content of hybrid PAO CRs
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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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 a 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 s

2
i, j = s

2
rec,i +s

2
sim,i, j +s

2
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 S

µ

and SEM from the S(1000)�w
µ

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 R
µ

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 R
µ

are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE � R

µ

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 R
µ

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.
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Required rescaling of ground signals

The muon content of UHECR air showers observed by the Pierre Auger Observatory

The Pierre Auger Collaboration
(Dated: January 17, 2014)

The hybrid events of the Pierre Auger Observatory are used to test the leading, LHC-tuned,
hadronic interaction models. For each of 411 well-reconstructed hybrid events collected at the
Auger Observatory with energy 1018.8

− 1019.2 eV, simulated events with a matching longitudinal
profile have been produced using QGSJET-II-04 and EPOS-LHC, for proton, He, N, and Fe pri-
maries. The ground signals of simulated events have a factor 1.3-1.6 deficit of hadronically-produced
muons relative to observed showers, depending on which high energy event generator is used, and
whether the composition mix is chosen to reproduce the observed Xmax distribution or a pure proton
composition is assumed. The analysis allows for a possible overall rescaling of the energy, however
it proves not to be needed.

PACS numbers: Pierre Auger Observatory, ultra-high energy cosmic rays, muons, hadronic interactions

INTRODUCTION

The ground-level muonic component of ultra-high en-
ergy (UHE) air showers is sensitive to hadronic parti-
cle interactions at all stages in the air shower cascade,
and to many properties of hadronic interactions such
as the multiplicity, elasticity, fraction of secondary pi-
ons which are neutral, and the baryon-to-pion ratio [1].
Air shower simulations rely upon hadronic event gener-
ators (HEGs), such as QGSJET-II [2], EPOS [3], and
SIBYLL [4]. The HEGs are tuned on accelerator exper-
iments, but when applied to air showers they must be
extrapolated to energies inaccessible to accelerators and
to phase-space regions not well-covered by existing ac-
celerator experiments. These extrapolations result in a
large spread in the predictions of the various HEGs for
the muon production in air showers [5].

The hybrid nature of the Pierre Auger Observatory,
combining both fluorescence telescopes (FD) [6] and sur-
face detector array (SD) [7], provides an excellent experi-
mental setup for testing and constraining models of high-
energy hadronic interactions. Thousands of air showers
have been collected which have a reconstructed energy
estimator in both the SD and FD. The measurement of
the longitudinal profile (LP) constrains the shower devel-
opment and thus the signal predicted for the SD, at the
individual event level.

PRODUCTION OF SIMULATED EVENTS

In the present study, we compare the observed ground
signal of individual hybrid events to the ground signal
of simulated showers with matching LPs. The data
we use for this study are the 411 hybrid events with
1018.8 < E < 1019.2 eV recorded between 1 January 2004
and 31 December 2012 and satisfying the event quality
selection cuts in [8, 9]. This energy range is sufficient to
have adequate statistics while being small enough that
the primary cosmic ray mass composition does not evolve
significantly.

For each event in this data set we generate Monte Carlo
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FIG. 1. Top: The measured longitudinal profile of a typical
air shower with two of its matching simulated air showers, for
a proton and an iron primary, simulated using QGSJET-II-
04. Bottom: The observed and simulated ground signals for
the same event.

(MC) simulated events with a matching LP, as follows:
• Generate a set of showers with the same geometry and
energy, until 12 of them have an Xmax value within the
1-σ reconstruction uncertainty of the real event.
• Among those 12 generated showers select, based on the
χ2-fit, the 3 which best reproduce the observed longitu-
dinal profile (LP).
• For each of those 3 showers do a full detector simu-
lation and generate SD signals for comparison with the
data. We produce three simulated showers to adequately
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large spread in the predictions of the various HEGs for
the muon production in air showers [5].
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face detector array (SD) [7], provides an excellent experi-
mental setup for testing and constraining models of high-
energy hadronic interactions. Thousands of air showers
have been collected which have a reconstructed energy
estimator in both the SD and FD. The measurement of
the longitudinal profile (LP) constrains the shower devel-
opment and thus the signal predicted for the SD, at the
individual event level.
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signal of individual hybrid events to the ground signal
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(MC) simulated events with a matching LP, as follows:
• Generate a set of showers with the same geometry and
energy, until 12 of them have an Xmax value within the
1-σ reconstruction uncertainty of the real event.
• Among those 12 generated showers select, based on the
χ2-fit, the 3 which best reproduce the observed longitu-
dinal profile (LP).
• For each of those 3 showers do a full detector simu-
lation and generate SD signals for comparison with the
data. We produce three simulated showers to adequately
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• Clear observation of flux suppression

• Strongest existing bounds on EeV ν and γ
• Strongest existing bounds on large scale anisotropies

• First hints on directional correlations to nearby matter

• Increasingly heavier composition above ankle

• pp cross section at ~10*ELHC, LIV-bounds, ...

• muon deficit in models at highest energies

• geophysics (elves, solar physics, aerosols...)

Major Achievements
in the first 6 years of operation

41
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Science Goals of Auger Upgrade

43

1. Elucidate the origin of the flux suppression,
    i.e. GZK vs. maximum energy scenario
- fundamental constraints on UHECR sources
- galactic vs extragalactic origin
- reliable prediction of GZK ν- and -γ fluxes

2. Search for a flux contribution of protons up to
    the highest energies at a level of ~ 10%
- proton astronomy up to highest energies
- prospects of future UHECR experiments

3. Study of extensive air showers and hadronic
    multiparticle production above √s=70 TeV
- particle physics beyond man-made accelerators
- derivation of constraints on new physics phenomena

measure composition into
flux suppression region...

... and do so event-by-
    event ➙ composition 
enhanced anisotropies

do good muon counting}
improve muon counting in surface 
detector array:
factor of 10 in event statistics
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Nµmax  vs  Xmax

44
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E = 5·1019 eVQGSJet II.04

Muons may even outperform Xmax

at highest energies !
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Two different realisations for a full array upgrade
under test in the field

 • segmented tank                                 • scintillators on top 

muonic signals

EM signals

Final Selection will be done in November
based on performance, reliability, readiness, cost, risk

Two Upgrade Options under Study
Improve on em/mu separation in EAS

over full Array

EM signals

muonic signals
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LSD (segmented tanks)

46
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UHECR
Boost in understanding UHECRs

Auger data ➙ change of  paradigm at GZK energies:
seem to see maximum energy of  cosmic accelerator(s)

Precise data and modelling required!
UHECR ⇔ LHC: mutual benefits

The True High-Energy Frontier of  Physics
most stringent tests on LIV, Space-Time Structure...

Upgrades of present observatories 
and

Preparation for Next Generation Observatories in Space and at Ground


