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The highest energy particles
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Unanswered questions about UHECRs: 
★What are those particles?    
    Mass composition
★Where do they come from?
    Production sources
★How they reach E > 1020 eV  = 100  EeV ?
    Acceleration mechanisms
★Can we extrapolate hadronic models orders of 

magnitude in energy?
    Fundamental interactions

Their study has impact on 
★ Astrophysics
★ Particle Physics
 

 

 The true high-energy 
frontier of physics!



Pierre Auger Observatory
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The Pierre Auger Observatory

Hybrid detector: improve precision and reduce 
dependence on models

3000 km2

Surface 
Detector 

1660 water 
Cherenkov stations, 

spacing 1.5 km 

Fluorescence 
Detector 

27 telescopes on 4 
locations overlooking 

the array

3000 km2

1660 Cherenkov 
stations, in a grid of 
1.5 km 

27 telescopes 
overlooking the 
array
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Direct  measurement of 
Smax (mass composiition)
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● Calorimetric energy 
measurement → model 
independent

● 10% duty cycle (telescope, 
moonless nights)

● Lower energy threshold

Auger: a hybrid detector

Surface Detector
Sample shower particles at ground

Fluorescence 
Detector

UV photons (4 ph/particle/m) 
emitted in the de-excitation 
of the atmospheric nitrogen

● 100% duty cycle (good for statistics)
● Energy threshold (full efficiency) 3 EeV
● Geometrical aperture (no MC calculation, no 

model/mass dependence)

● Direct measurement of Xmax 

→ mass composition 

sensitivity

“Golden hybrid” data sample: 
- detector cross-calibration, 
systematics, cross-checks, etc.

Direct  measurement of 
Xmax (mass composition)

★Calorimetric energy meas.  
(model independent) 

★ lower energy threshold
★15% duty cicle (moonless)

★detector cross-calibration
★systematics , cross-checks, etc

★100% duty cycle (statistics)
★Energy threshold (full eff.) 3 EeV
★Geometrical aperture (no MC,  no mod.)

Detecting UHECRs

longitudinal
profile

lateral 
density
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The „Swiss Clock“
Fraction of  Water Cherenkov Tanks in operation

very effective 
atmospheric monitoring

100%

scheduled shifts
since start of Auger
15% duty cycle

SD

FD

ALMA, LOFAR, ... make 
use of in our tools

  97%

Detector Performance
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The „Swiss Clock“
Fraction of  Water Cherenkov Tanks in operation

very effective 
atmospheric monitoring

100%
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The „Swiss Clock“
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very effective 
atmospheric monitoring
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use of in our tools

  97%

Time

15% duty
cycle Very effective 

atmospheric monitoring 
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Auger energy measurements
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ESD =  A (S38)b

     b ~ 1

SD energy resolution < 12%  
above 10 EeV

SD angular resolution < 1o  
above 10 EeV

Energy calibrations to FD energies for all three 
SD measurements  from the energy estimators 

 Schulz for Auger Collab, ICRC 2013
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J(E;E > Ea) µ E�g2


1+ exp

✓ log10 E � log10 E1/2

log10 Wc

◆��1

.

g , g are the spectral indices below/above the ankle at E .

29

Auger combined spectrum

★ ★

Precise measurement 
of spectral indexes, 
ankle position and the 
flux suppression at 
highest energies 

To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

29
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Auger combined spectrum
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Anisotropic 

distribution

Comparison with Astrophys. Models

43

• Simple models fit data surprisingly well

• Constraining models needs composition measurement
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=2.6,  m=0Proton,

=2.3,  m=5Proton,

=2.4,  m=0Iron,

Simple models:
vary particle type,
source injection 
spectrum index
and source 
evolution
fit the data 
surprisingly well.

Constraining 
models need 
composition 
measurement. 
     

 GZK or sources 
running out of power?

 Schulz for Auger Collab, ICRC 2013



 Large scale anisotropy
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Upper limits on the equatorial dipole (99% CL)
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Iván Sidelnik ICRC 0739: Measurement of dipolar anisotropies
at the Pierre Auger Observatory
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Amplitude Phase

Prescription to check with new data 
at 99% CL: constancy of phase at 
E<1 EeV with the Infill data,  
transition in phase at high energies

For isotropic distribution, expect 
uniform distribution, uncorrelated in 
energy

Auger upper limits exclude some 
models.
Phase is more sensitive observable
Smooth change of phase away from 
GC at E > 1 EeV

  Sidelnik for Auger Collab, ICRC 2013



AGN correlation: Auger and Tel. Array
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Figure 5. The sky map of the TA events (white dots) with E > 57 EeV and the zenith angle cut z < 55� in the Galactic coordinates.
The bands of grey represent the expected UHECR flux assuming sources follow the matter distribution in the local Universe, smeared
with the angular scale of 6�.
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Figure 6. Left: The most likely value of the degree of correlation p
data

= k/N is plotted as a function of the total number of
time-ordered events (excluding the data used for the parameter scan) [62]. The 68%, 95% and 99.7% confidence level intervals
around the most likely value are shaded. The horizontal red dashed line shows the isotropic value p

iso

= 0.21 and the full black line
the current estimate of the signal p

data

= 0.33± 0.05. The black symbols show the correlation fraction in independent bins with 10
consecutive events. Right: Number of correlating events from TA (red crosses) [61] as a function of the total number of events. The
black line shows the expected number of random coincidences assuming a uniform background. The latest data correspond to 17
correlating events out of 42. The shaded area shows the expectation (1- and 2� bands) based on the degree of correlation measured
by Auger [62].

this reason, not all components of the low multipoles can be extracted unambiguously from the data of a single
experiment. For instance, because of the (approximate) azimuthal symmetry of the exposure function, only the
(xy)-components of the dipole (in equatorial coordinates) can be obtained in a straightforward way by a single
experiment.

Results of a search for the equatorial dipole have been reported by the Pierre Auger collaboration [18,68]. Fig. 7
(left panel) shows the measurement of the dipole amplitude as a function of energy. Di↵erent analysis techniques
have been used in di↵erent energy bins as indicated in the plot. The measured amplitude of the dipole is consistent
with expectations from the isotropic background. It is interesting to note, however, that the dipole amplitude is
not the most sensitive observable [68] because of the energy binning and related loss in statistics. Even when the
dipole amplitude is not su�ciently large to be detected, its phase may show regular behavior with energy, which
would be an indication for a non-zero dipole. The right panel of Fig. 7 shows the phase of the dipole as a function

9

A very good agreement between Auger and TA data
 Kampert, Tyniakov, ArXiv 1405.0575



Composition measurement 

Xmax ~ ln(E)

 p air

 Fe air

Xmax ~ ln (E/A)

mean Xmax and RMS(Xmax) are 
sensitive to composition

6

The role of the FD: Longitudinal Profile

MC of proton 
showers, 1019 eV

MC of iron 
showers, 1019  eV

Distribution 
of maxima

 Xmax reflects mainly the 

properties of the first interaction.

- Xmax distribution, mean value, RMS and shape are sensitive to the shower primary mass 

composition 

- The tail of the 'deep-shower' part of the distributions reflects the properties of the p-Air 
interaction (cross section measurement)

Shower development accessible through the FD 

€ 

Xmax =�lnE − lnA( ) +⇥
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The role of the FD: Longitudinal Profile

MC of proton 
showers, 1019 eV

MC of iron 
showers, 1019  eV

Distribution 
of maxima

 Xmax reflects mainly the 

properties of the first interaction.

- Xmax distribution, mean value, RMS and shape are sensitive to the shower primary mass 

composition 

- The tail of the 'deep-shower' part of the distributions reflects the properties of the p-Air 
interaction (cross section measurement)

Shower development accessible through the FD 

€ 

Xmax =�lnE − lnA( ) +⇥
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Composition measurement 
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Updated Measurement of hX
max

i and �(X
max
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comparison to air shower simulations
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At the highest energies <Xmax>, σ(Xmax),  muon production depth 
and shower depth from asymmetry of risetimes show 
consistently that our data better resemble the simulations of 
heavier primaries than pure protons.

V. de Souza,  Auger Collab,  ICRC 2013
Auger Collab., PRL 104 091101, 2010
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‘old’ showers (h)

• Narrow time distribution
• Weak curvature
• Flat lateral distribution

‘young’ showers (ν) 
• Wide time distribution
• Strong curvature
• Steep lateral distribution

Only a neutrino can induce a young horizontal shower !

Neutrinos by Horizontal EAS

59

Neutrino induced showers



Limits start to dig into potential 
sources and cosmogenic “GZK” 
neutrinos

Auger Collab. Astrop. J. Lett,  2012

Auger neutrino limits

young ν induced showers 
★wide time distribution in 

surface stations
★elongated footprint of 

inclined shower
★propagation speed of 

shower front at ground

Pablo Pieroni et al. UHE neutrinos at the Pierre Auger Observatory
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

induced shower simulations (+9%, -33%) and of the neu-
trino cross-section (± 7%) [11]. For the ES analysis, the
systematic uncertainties are dominated by the energy losses
of the tau (+25%, -10%), the shower simulations (+20%,
-5%), and the topography (+18%, 0%).

4 Results and conclusions
Using the combined exposure and assuming a F(E

n

) = k ·
E�2

n

differential neutrino flux and a 1:1:1 flavour ratio, an
upper limit on the value of k can be obtained as:

k =
Nup

R Emax
Emin

E�2
n

Etot(En

) dE
n

(1)

The actual value of the upper limit on the signal events
(Nup) depends on the number of observed and expected
background events as well as on the confidence level re-
quired. Using a semi-Bayesian extension [9] of the Feldman-
Cousins approach [10] to include the uncertainties in the
exposure, Nup is different from the nominal value for zero
candidates and no expected background (Nup = 2.44 at 90%
C.L.), and is different for each channel depending on the
type of systematic uncertainties, and the reference exposure
chosen [6, 7].

The updated single-flavour 90% C.L. limit is:

k90 < 1.3⇥10�8 GeV cm�2 s�1 sr�1 (2)

and applies in the energy interval ⇠ 1.0⇥1017 eV�1.0⇥
1020 eV where ⇠ 90% of the event rate is expected. The
result is shown in Fig. 5 along with the limit in different
bins of width 0.5 in log10 E

n

(differential limit) to show at
which energies the sensitivity of the SD of the Pierre Auger
Observatory peaks. The search period corresponds to an
equivalent of almost 6 years of a complete Auger SD array
working continuously. The inclusion of the latest data from
1 June 10 until 31 December 12 in the search represents
an increase of a factor ⇠ 1.7 in event number with respect
to previous searches [6, 7]. The relative contributions of
the ES:DGH:DGL channels to the total expected event rate
assuming a flux behaving with neutrino energy as E�2

n

, are
0.73:0.23:0.04 respectively.

The current Auger limit is below the Waxman-Bahcall
bound on neutrino production in optically thin sources
[14]. With data unblinded up to 31 December 12, we are
starting to constrain models of cosmogenic n fluxes that
assume a pure primary proton composition injected at
the sources. As an example we expect ⇠ 1.4 cosmogenic
neutrino events from a model normalised to Fermi-LAT
observations (solid line, bottom right panel in Fig. 4 of [15],
also shown in Fig. 5 in this work). The gray shaded area in
Fig. 5 brackets the cosmogenic neutrinos fluxes predicted
under a wide range of assumptions for the cosmological
evolution of the sources, for the transition between the
galactic and extragalactic component of cosmic rays, and for
the UHECR composition [17]. The corresponding expected
number of cosmogenic neutrino events ranges between
⇠ 0.2 and ⇠ 0.6.

The two events in the PeV energy range recently reported
by the IceCube collaboration are compatible with a power-
law flux which follows E�2

n

with normalisation E2
n

F
n

=
1.2 10�8 GeV cm�2 s�1 sr�1 for each flavour (see Fig. 5 in
[18]). Extending this upper limit to the flux with the same
power-law up to 1020 eV we would expect ⇠ 2.2 events
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Figure 5: Differential and integrated upper limits (at 90%
C.L.) from the Pierre Auger Observatory for a diffuse flux
of UHE neutrinos. The search period corresponds to ⇠ 6
yr of a complete SD. We also show the integrated limits
from ANITAII [12] and RICE [13] experiments, along with
expected fluxes for several cosmogenic neutrino models
[15, 16, 17] as well as for astrophysical sources [1, 14].

in Auger while none is observed. The possibility that such
a neutrino flux also represents the flux at UHE energies is
excluded at close to 90% C.L.
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Upper limits on flux of   photons 

Auger Collab,  Astrop. Phys (2009) 
M. Settimo, Auger Col., ICRC 2011

★ Models disfavoured down 
to 1 EeV

★ (optimistic) GZK in reach

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

The observation of a 
photon flux compatible 
with the cosmogenic  
prediction could provide 
an independent proof of 
the GZK process

disfavour exotic “particle physics” origin of UHECR
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FIG. 1: Unbinned likelihood fit to obtain Λη (thick line).
The Xmax-distribution is unbiased by the fiducial geometry
selection applied in the range of the fit.

the range of interest. In total 3082 events pass the fidu-
cial volume cuts, of which 783 events have their Xmax

in the selected range and thus contribute directly to the
measurement of Λη. In Fig. 1 we show the 3082 selected
events and the result of an unbinned maximum likeli-
hood fit of an exponential function over the range 768 to
1004 g/cm2. Values of Λη have been re-calculated for sub-
samples of the full dataset selected according to zenith-
angle, shower-to-telescope distance and energy: the dif-
ferent values obtained for Λη are consistent with statisti-
cal fluctuations. The re-analyses of the data for changes
of fiducial event selection, modified values of η and for
different ranges of atmospheric depths yield changes of
Λη that are distributed around zero with a root-mean-

square of 1.6 g/cm2. We use this root-mean-square as an
estimate of the systematic uncertainties associated to the
measurement. This yields

Λη = [55.8 ± 2.3(stat) ± 1.6(sys)] g/cm2, (1)

with the average energy of these events being
1018.24 ±0.005(stat) eV. The differential energy distribution
for these events follows a power-law with index −1.9. The
average energy corresponds to a center-of-mass energy of√
s = [57 ± 0.3(stat)] TeV in proton-proton collisions.

DETERMINATION OF THE CROSS-SECTION

The determination of the proton-air cross-section for
particle production requires the use of air-shower sim-
ulations, which inherently introduces some dependence
on model assumptions. We emulate the measurement of
Λη with Monte Carlo simulations to derive predictions of
the slope, ΛMC

η . It is known from previous work that the
values of ΛMC

η are directly linked to the hadronic cross-
sections used in the simulations [2]. Accordingly we can

explore the effect of changing cross-sections empirically
by multiplying all hadronic cross-sections input to the
simulations by an energy-dependent factor [7]

f(E, f19) = 1 + (f19 − 1)
lg
(

E/1015 eV
)

lg (1019 eV/1015 eV)
, (2)

where E denotes the shower energy and f19 is the factor
by which the cross-section is rescaled at 1019 eV. This
factor is unity below 1015 eV reflecting the fact that mea-
surements of the cross-section at the Tevatron were used
to tune the interaction models. This technique of modi-
fying the original predictions of the cross-sections during
the simulation process assures a smooth transition from
accelerator data up to the energies of our analysis.

For each hadronic interaction model, the value of f19 is
obtained that reproduces the measured value of Λη. The
modified cross-section is then deduced by multiplying the
original cross-section used in the model by the factor
f(E, f19) of Eq. (2) using E = 1018.24 eV. For the conver-
sion of Λη into cross-section, we have used the four high-
energy hadronic interaction models commonly adopted
for air shower simulations: QGSJet01 [8], QGSJetII.3 [9],
SIBYLL 2.1 [10] and EPOS1.99 [11]. While in general
no model gives a completely accurate representation of
cosmic-ray data in all respects, these have been found to
give reasonably good descriptions of many of the main
features. It has been shown [12] that the differences be-
tween the models used in the analysis are typically bigger
than the variations obtained within one model by param-
eter variation. Therefore we use the model differences for
estimating the systematic model dependence.

The proton-air cross-sections for particle production
derived for QGSJet01, QGSJetII, SIBYLL and EPOS
are 523.7, 502.9, 496.7 and 497.7mb respectively, with
the statistical uncertainty for each of these values being
22mb. The difference of these cross-sections from the
original model predictions are < 5%, with the exception
of the result obtained with the SIBYLL model, which is
12% smaller than the original SIBYLL prediction. We
use the maximum deviations derived from using the four
models, relative to the average result of 505mb, to es-
timate a systematic uncertainty of (−8, +19)mb related
to the difficulties of modelling high energy interactions.
This procedure relies on the coverage of the underlying
theoretical uncertainties by the available models. For
example diffraction, fragmentation, inelastic intermedi-
ate states, nuclear effects, QCD saturation, etc. are all
described at different levels using different phenomeno-
logical, but self-consistent, approaches in these models.
It is thus possible that the true range of the uncertainties
for air-shower analyses is larger, but this cannot be esti-
mated with these models. Furthermore, certain features
of hadronic particle production, such as the multiplicity,
elasticity and pion-charge ratio, have an especially im-
portant impact on air shower development [13, 14]; of

p-Air & pp Cross-Section at  57 TeV

Λη ➞ σp➞Air
by tuning models 
to reproduce tail 
seen in data

Auger Collab. Phys. Rev. Lett, 2012

 1018 eV < E < 1018.5 eV
tail dominated by protons
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ments (see [16–23] for references) and model predictions. The
inner error bars are statistical, while the outer include sys-
tematic uncertainties for a helium fraction of 25% and 10mb
for the systematic uncertainty attributed to the fraction of
photons.

these we found that only the elasticity can have a rele-
vant impact on Λη. The previously identified systematic
uncertainty of (−8, +19)mb induced by the modelling of
hadronic interactions, corresponds to the impact of mod-
ifying the elasticity within ±(10− 25)% in the models.

The selection of events with large values of Xmax also
enhances the fraction of primary cosmic-ray interactions
with smaller multiplicities and larger elasticities, which
is for example characteristic for diffractive interactions.
The value of Λη is thus more sensitive to the cross-section
of those interactions. The identified model-dependence
for the determination of σprod

p -air is also caused by the com-
pensation of this effect.

Also the choice of a logarithmic energy dependence
for the rescaling-factor in Eq. (2) may affect the result-
ing cross-sections. However, since the required rescaling-
factors are small, this can only be a marginal effect.

The systematic uncertainty of 22% [15] in the absolute
value of the energy scale leads to systematic uncertainties
of 7mb in the cross-section and 6TeV in the center-of-
mass energy. Furthermore, the procedure to obtain σprod

p -air
from the measured Λη depends on additional parameters.
By varying the energy distribution, energy and Xmax res-
olution in the simulations, we find that related system-
atic changes of the value of σprod

p -air are distributed with a
root-mean-square of 7mb around zero. We use the root-
mean-square as estimate of the systematic uncertainties
related to the conversion of Λη to σprod

p -air.
The presence of photons in the primary beam would

bias the measurement. The average Xmax of showers
produced by photons at the energies of interest is about
50 g/cm2 deeper in the atmosphere than that of protons.
However, observational limits on the fraction of photons
are < 0.5% [24, 25]. With simulations we find that the

possible under-estimation of the cross-section if photons
were present in the data sample at this level is less than
10mb.

With the present limitations of observations, we can-
not distinguish air showers produced by helium nuclei
from those created by protons. From simulations we find
that σprod

p -air is over-estimated depending on the percent-
ages of helium in the data sample. Lack of knowledge of
the helium fraction is the dominant source of systematic
uncertainty.

We also find that the nuclei of the CNO-group intro-
duce no bias for fractions up to ∼ 50%, and accordingly
we assign no uncertainty in the cross-section due to these
or heavier nuclei.

In Table I we list the sources of systematic uncertain-
ties. As the helium fraction is not known we show the
impact of 10, 25 and 50% of helium respectively. In what
follows we include a systematic uncertainty related to a
helium fraction of 25%. In the extreme case, were the
cosmic-ray composition to be 100% helium, the analysis
would over-estimate the proton-air cross-section by 300
to 500mb. Given the constraints from accelerator data
at lower energies and typical model assumptions, this ex-
treme scenario is not realistic.

We summarise our results by averaging the four values
of the cross-section obtained with the hadronic interac-
tion models to give

σprod
p -air =

[

505 ± 22(stat) +28
−36(sys)

]

mb

at a center-of-mass energy of [ 57 ± 0.3(stat) ±
6(sys) ] TeV. In Fig. 2 we compare this result with model
predictions and other measurements. The measurements
at the highest energies are: HiRes [21] and Fly’s eye [2]
that are both based on Xmax, Yakutsk Array [20] using
Cherenkov observations and Akeno [19] measuring elec-
tron and muon numbers at ground level. All these analy-
ses assume a pure proton composition. In the context of
a possible mixed-mass cosmic-ray composition, this can
lead to large systematic effects. Also all these analyses
are based on a single interaction model for describing air

TABLE I: Summary of the systematic uncertainties.

Description Impact on σ
prod
p -air

Λη systematics ±15mb

Hadronic interaction models +19
−8 mb

Energy scale ±7mb

Conversion of Λη to σ
prod
p -air ±7mb

Photons, <0.5% < +10mb

Helium, 10% −12mb

Helium, 25% −30mb

Helium, 50% −80mb

Total (25% helium) −36mb, +28mb

σprod
p -air =

[

505 ± 22(stat) +28
−36(sys)

]

mb
Auger Collab. Phys. Rev. Lett, 2012
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FIG. 4: Comparison of derived σ
inel
pp to model predictions and

accelerator data [34]. Here we also show the cross-sections of
two typical high-energy models, Pythia6 [35] and Phojet[36].
The inner error bars are statistical, while the outer include
systematic uncertainties.

from accelerator measurements to the energy of the anal-
ysis. This is achieved by modifying the model-predictions
of hadronic cross-sections above energies of 1015 eV dur-
ing the air-shower simulation process in a self-consistent
approach.

We convert the proton-air production cross-section
into the total, and the inelastic, proton-proton cross-
section using a Glauber calculation that includes inter-
mediate inelastic screening corrections. In this calcula-
tion we use the correlation between the elastic slope pa-
rameter and the proton-proton cross-sections taken from
the interaction models as a constraint. We find that the
inelastic proton-proton cross-section depends less on the
elastic slope parameter than does the total proton-proton
cross-section, and thus the systematic uncertainty of the
Glauber calculation for the inelastic result is smaller.
The data agree with an extrapolation from LHC [34] en-
ergies to 57TeV for a limited set of models.
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(FAPESP), Ministério de Ciência e Tecnologia (MCT),
Brazil; AVCR AV0Z10100502 and AV0Z10100522,
GAAV KJB100100904, MSMT-CR LA08016, LC527,
1M06002, MEB111003, and MSM0021620859, Czech Re-
public; Centre de Calcul IN2P3/CNRS, Centre Na-
tional de la Recherche Scientifique (CNRS), Conseil
Régional Ile-de-France, Département Physique Nucléaire
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 UHECRs and LHC

Inelastic pp Xsec at 57 TeV: standard 
Glauber theory + propagation of 
modeling uncertainties  

σinel
pp =

[

92 ± 7(stat) +9
−11(sys) ± 7(Glauber)

]

mb,

σtot
pp =

[

133 ± 13(stat) +17
−20(sys) ± 16(Glauber)

]

mb.

 Pseudo-rapidity distributions at LHC 
and Monte Carlo simulations 

★central distributions well bracketed 
by the model predictions,

★true predictions as the models were 
tuned years before LHC data became 
available

Auger Collab. Phys. Rev. Lett, 2012 UHECRS 2012 Hadronic Interactions report



hadronic models underestimate muons

19
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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

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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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
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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

Measured event
with matching p and Fe-simulations

Same measured event
with predicted p  signals for p and Fe

Models underestimate muon 
content of EAS by 30-60%
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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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F i g u r e 1 . 6 : E x a m p l e s of m e a s u r e m e n t s r e l a t e d t o h a d r on i c i n t e r a c t i on s . P r ot on - pr ot on c r os s s e c -
t i on d e r i v e d f r om t h e pr ot on - a i r c r os s s e c t i on m e a s u r e d w i t h t h e P i e r r e A u g e r O b s e r v a t or y [ 1 7 ] ( l e f t
pa n e l ) . T h e A u g e r r e s u l t i s s h ow n t og e t h e r w i t h c ol l i d e r m e a s u r e m e n t s a n d m od e l e x t r a pol a t i on s .
M u on d i s c r e pa n c y [ 1 8 ] ob s e r v e d i n s h ow e r s of 1 0 1 9 e V ( r i g h t pa n e l ) . S h ow n a r e t h e ph e n om e n ol og i -
c a l s c a l i n g f a c t or s R

E

a n d Rµ f or t h e pr i m a r y e n e r g y a n d t h e h a d r on i c ( pr i m a r i l y m u on i c ) c om pon e n t
of t h e s h ow e r t h a t w ou l d b e n e e d e d t o b r i n g a m od e l c a l c u l a t i on i n t o a g r e e m e n t w i t h A u g e r d a t a ,
s e e t e x t .

a v a i l a b l e a t t h e s a m e t i m e a s t h e A u g e r m e a s u r e m e n t w a s pu b l i s h e d . A n u n e x pe c t e d , r a p i d
i n c r e a s e of t h e c r os s s e c t i on d i r e c t l y a b ov e t h e L H C e n e r g y i s d i s f a v ou r e d .

T h e m u on i c c om pon e n t of a i r s h ow e r s i s s e n s i t i v e t o h a d r on i c pa r t i c l e i n t e r a c t i on s a t a l l
s t a g e s i n t h e a i r s h ow e r c a s c a d e a n d t o m a n y pr ope r t i e s of h a d r on i c i n t e r a c t i on s s u c h a s t h e
m u l t i p l i c i t y , e l a s t i c i t y , f r a c t i on of s e c on d a r y p i on s w h i c h a r e n e u t r a l , a n d t h e b a r y on - t o- p i on
r a t i o [ 8 3 , 8 4 ] . C u r r e n t l y t h e n u m b e r of m u on s c a n on l y b e m e a s u r e d i n d i r e c t l y [ 8 5 ] e x c e p t a t
v e r y l a r g e l a t e r a l d i s t a n c e s [ 8 6 , 8 7 ] a n d i n v e r y i n c l i n e d s h ow e r s [ 8 8 , 8 9 ] , f or w h i c h m u on s
a r e d om i n a t i n g t h e s h ow e r s i g n a l a t g r ou n d , a n d f or w h i c h t h e e l e c t r om a g n e t i c c om pon e n t
d u e t o m u on d e c a y a n d i n t e r a c t i on i s u n d e r s t ood [ 9 0 ] .

S t i l l i t w a s pos s i b l e t o s h ow t h a t c u r r e n t s i m u l a t i on s d o n ot pr ov i d e a g ood d e s c r i p t i on of
t h e n u m b e r of m u on s pr od u c e d i n a i r s h ow e r s [ 1 8 ] . T h i s i s i l l u s t r a t e d i n F i g . 1 . 6 ( r i g h t ) w h e r e
t h e s c a l i n g f a c t or s n e e d e d f or ob t a i n i n g a g ood d e s c r i p t i on of A u g e r s h ow e r s of 1 0 1 9 e V
a r e g i v e n f or a i r s h ow e r s i m u l a t i on s m a d e w i t h t h e m od e l s Q G S Je t I I . 0 4 [ 5 7 ] a n d E P O S -
L H C [ 5 5 , 5 6 ] , b ot h a l r e a d y t u n e d t o L H C d a t a . M a t c h i n g t h e m e a s u r e d l on g i t u d i n a l s h ow e r
pr ofi l e w i t h a s i m u l a t e d pr ofi l e of t h e s a m e e n e r g y , t h e m u on s i g n a l h a s b e e n d e r i v e d b y
c om pa r i n g t h e s u r f a c e d e t e c t or s i g n a l s of t h e m e a s u r e d a n d s i m u l a t e d s h ow e r s [ 1 8 ] . S i m i l a r
r e s u l t s a r e f ou n d a n a l y z i n g i n c l i n e d s h ow e r s [ 8 9 ] or a p p l y i n g d i f f e r e n t m e t h od s of m u on
c ou n t i n g [ 8 5 ] .

A n ob s e r v a b l e s e n s i t i v e t o c om pos i t i on a n d h a d r on i c i n t e r a c t i on s i s t h e d i s t r i b u t i on of
t h e pr od u c t i on d e p t h s of m u on s [ 8 6 ] . H a d r on i c i n t e r a c t i on m od e l s c a n b e t e s t e d b y c om pa r -
i n g t h e m a s s e s t i m a t e s d e r i v e d f r om t h e l on g i t u d i n a l s h ow e r pr ofi l e w i t h t h a t d e r i v e d f r om
t h e m u on pr od u c t i on pr ofi l e [ 8 7 ] .

T h ou g h n ot d i r e c t l y c om pa r a b l e d u e t o t h e d i f f e r e n t t y pe s of s u r f a c e d e t e c t or s , t h e d i s -
c r e pa n c y b e t w e e n t h e fl u or e s c e n c e a n d s u r f a c e d e t e c t or s i g n a l s of ⇠2 7 % r e por t e d b y t h e T A
C ol l a b or a t i on [ 8 0 ] i s q u a l i t a t i v e l y i n a g r e e m e n t w i t h t h e A u g e r d a t a [ 9 1 ] .
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Major achievements - first six years

★ Clear observation of flux suppression

★ Strongest existing bounds on EeV ν and Υ 

★ 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...)

Auger upgrade: improve muon counting 
in  surface detector array



 Science goals of  Auger upgrade

★ Elucidate the origin of the flux suppression, GZK vs. 
maximum energy scenario
‣ fundamental constraints on UHECR sources
‣ galactic vs extragalactic origin 
‣ reliable prediction of GZK  ν and Υ 

★ Search for a flux contribution of protons up to the 
highest energies at a level of ~ 10%
‣ proton astronomy up to the highest energies
‣ propects of future UHECR experiments

★ Study of extensive air showers and hadronic 
multiparticle production above ~70 TeV 
‣ particle physics beyond man-made accelerators
‣ derivation of constraints on new physics phenomena
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 Conclusion
★ The Pierre Auger experiment is complete since 2008 and it is taking 

data since 2004 
★ Very robust hybrid technique to detect CRs at the highest energies

Many interesting results on astrophysics and particle physics
• Measurement of the spectrum suppression:  GZK or maximum 

energy scenario?
• Large scale anisotropy:

★Most stringent upper limits at present on the amplitudes
★Phase does not follow a random distribution
★With higher statistics the galactic/extragalactic transition 

may be stablished 
• Weak correlation with VCV catalogue

★Correlation is stabilizing 
•  Very competitive neutrino limits
•  Stringent limits on photon primaries and top-down models
• Measurement of p-air cross section at 57 TeV
• Working on upgrades - muon detectors



Thank	  you	   
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