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Overview

•  Ultra-high energy cosmic rays (UHECR) and Extensive air 
showers (EAS)

•  Pierre Auger Observatory

•  Longitudinal developement

- primary beam composition

- proton-air cross-section

•  Muon content at ground level

•  Comparison with current hadronic interaction models
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Zevatrons?

LHC:

ILC:

Hillas-plot (necessary but not sufficient!)
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Ultra-high energy CR
•  Highest-energy astrophysics

•  Exotic sources: AGNs, BHs ...

•  Both acceleration and propagation 
in magnetic fields → particle 
identification (“mass composition”) 
essential for interpretation

J. Cronin
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Details depend on:
� hadronic and el.mag. particle production, 
� cross-sections, decays, transport, ....
� � at energies from � 106 ... >1020 eV
� � (far above man-made accelerators)
� Earth magnetic field, ....
� the ever-changing atmosphere ....

Complex interplay with many correlations

�������� : near shower axis
µ������� :  more widely spread

�� � : � from �0� µ   decays � 10 MeV
µ : � � from �±�������decays  �� 1 GeV

���� � �µ �  10 - 100   varying with 
� � � core distance, energy, mass, �, ...
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Schematic Shower Development
energy, particle type, direction ???

J. Knapp
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Extensive Air Showers

•  For UHECR: billions of particles

•  Secondary hadrons (mostly pions)

•  Electromagnetic cascade (π0 decay)

•  Muons (π±, K ... decay)

Below: pion interactions in one simulated 1019 eV 
proton shower → lots of meson physics!
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The Pierre Auger Observatory

•  Surface detector: 1600 water Cherenkov 
detectors accross 3000 km2

- particles arriving at ground level
- 100 % duty cycle
- well-known aperture
- 1500 m spacing → E > 1018.5 eV
- AMIGA: 750 m spacing → E > 1017.5 eV

•  Fluorescence detector: 24+3 
telescopes of 28°×30° FOV

- UV light from excited N2

- 13% duty cycle
- good energy resolution

•  Auxiliary devices
- atmospheric monitoring
- detector callibration



Jan Ebr for the Pierre Auger Collaboration,  2. 6. 2014, MESON 2014 Krakow 7/20

Surface detector
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Fluorescence detector
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Fluorescence detector

•  Calorimetric energy measurement 
(minus “invisible energy”)

•  Calibrate energy estimators of SD

•  Systematic uncertainty on the energy 
scale: 14% (before update 22%)

•  Energy resolution: 7–8 % 
(FD), 17–12 % (SD)

R. Šmída
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Longitudinal shower developement

•  Electromagnetic cascade (Heitler model)
- splitting length ≈ radiation length X0

- n lengths → 2n particles, each carries E = E0/2
n 

- when E < Ecrit (≈ 87 MeV) shower stops growing
- Xmax ≈ X0 ln(E/Ecrit)

•  Hadronic cascade more complex (Heitler-Matthews)
- mean free path of 1st interacion λ
- multiplicity N of interactions 
- ≈ 1/3 of secondaries π0 → EM cascades
- stops with π± decay to muons
- Superposition model for nuclei: A showers with energy 
E0/A

•  Xmax ~ λ + ln(E0) – ln(N) – ln(A)
- shallower for heavier nuclei (A lower-energy showers)
- depends both on composition and interaction
- simplified model! In pratice: Monte Carlo simulations

Air Showers

E0

X0

2X0

3X0

4X0

0
depth

indirect measurement of E and A
� requires detailed simulation of cascades

(CORSIKA, Aires...)

Heitler model
electromagnetic cascades:

� radiation length X0

� 2n particles after n · X0

� shower stops if Ei < Eγ

crit

→ Nmax = E0/Eγ

crit, Xmax = X0 ln(E0/Eγ

crit)

hadronic showers: (Matthews 2005)

� superposition E0 → E0/A

� multiplicity f±N × π±, (1 − f±)N × π0

(f± ≈ 2/3)

� shower stops when π± decay (Eπ

crit)M. Unger
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Depths of shower maxima – data

•  Unbiased distribution by fiducial volume selection

•  Fluctuations corrected for detector resolution
- heavier nuclei: A showers – less fluctuation

•  Suggestive for change of composition (or 
interaction models) around 1018.5 eV

3 The Mean Xmax and the FD limited Field of View

The FD has a limited field of view in elevation ranging from about 2◦ to 30◦, introducing a bias
in the distribution of Xmax from the observed showers. This bias is amplified by demanding
that Xmax be within the observed profile ( Xmax bracketed). The reason for this bias in the
Xmax distribution is because many showers landing close to the FD will have their Xmax outside
(above) the field of view (see fig 7) and the observed profile will not have a bracketed Xmax or
the shower will simply not be detected. As a result the mean Xmax will appear to be larger
(deeper). A similar bias happen for high energy showers. High energy showers develop their
Xmax deeper in the atmosphere, then for some vertical (or near vertical) showers Xmax will be
below the ground (see fig 7), therefore rejected from the analysis. In this case the mean Xmax

appears to be smaller (shallow).

Figure 7: Diagram showing the possible bias in the estimated �Xmax� due to the limitted field of view of the
Auger fluorescence detector.

In order to avoid the bias in the estimated mean Xmax, showers with specific geometries
relative to the FD are rejected. To identify the optimum shower geometries to be used for
determining the mean Xmax (�Xmax�) values, we introduced the parameters Xup and Xlow.
These parameters are the lower and upper limits of the slant depth along the shower axis that is
inside the FD field of view. These limits may be defined at where the shower axis intercepts the
FD field of view limit or where the shower axis intercepts the maximum distance that a shower
with energy E is still detectable (as shown in figure 8).

Figure 8: Diagram showing the definition of Xlow and Xup. Xlow and Xup are the lower and upper limits of the
slant depth along the shower axis that is inside the FD field of view.
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Depths of shower maxima – interpretation

•  Not all combinations of mean depth and fluctuations physically possible
- n.b.: within erros still agrees  with all models
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Particle physics from EAS: p-p cross-section

•  Fitting the exponential tail of Xmax 
distribution

• selects mainly proton-induced 
showers 

- Xmax data suggest large proton 
fraction at least at low energy

32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011
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Figure 2: Relation between ΛMC
f

and σp−air. As example
we show the conversion of the measurement ΛMC

f

= Λ
f

with the QGSJetII model.

Table 1: Cross-sections derived from the measured Λ
f

us-
ing different interaction models. The given uncertainties
are statistical only. The rescaling factor, m(E, f19), is
a measure of how much the original cross-section of the
model have to be changed.

Model Rescaling factor at 1018.24 eV σp−air/mb
QGSJet01 1.04± 0.04 524± 23
QGSJetII.3 0.95± 0.04 503± 22
SIBYLL 2.1 0.88± 0.04 497± 23
EPOS 1.99 0.96± 0.04 498± 22

In general, the Monte Carlo values of ΛMC
f

do not agree
with the measurement. It is known from previous work
that the values of ΛMC

f

derived from simulations are di-
rectly linked to the hadronic cross-sections used in the sim-
ulations. Accordingly we can explore the effect of chang-
ing cross-sections in an empirical manner by multiplying
the cross-sections that are input to the simulations by an
energy-dependent factor [7]

m(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 fac-
tor by which the cross-section is rescaled at 1019 eV. The
rescaling factor is unity below 1015 eV reflecting the fact
that measurements of the cross-section at the Tevatron were
used for tuning the interaction models. This technique
of modifying the original cross-sections predictions dur-
ing the Monte Carlo 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 Λf

.
The cross-section is then deduced by multiplying the factor
Eq. (2) to the original model cross-section.
In Fig. 2 we show the conversion curves for simu-
lations based on the four most commonly used high-
energy hadronic interaction models for air shower simu-

lations (Sibyll2.1 [9], QGSJet01 [10], QGSJetII.3 [11] and
EPOS1.99 [12]).
The need to use Monte Carlo calculations introduces
model-dependence to this section of the analysis. It is
known that other features of hadronic interactions, such as
the multiplicity and elasticity, have an impact on air shower
development [4, 5]. We use the very different multiparticle
production characteristics of the four models to sample the
systematic effect induced by these features.
The proton-air cross-sections for particle production de-
rived are given in Table 1. Only SIBYLL needs to be
modified with a rescaling factor significantly different from
unity to describe the tail of the measuredXmax distribution.
The systematic uncertainty of 22% [13] 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 simulations needed to obtain σp−air from
the measured Λ

f

as shown in Fig. 2 depend on additional
parameters. By varying for example the energy distribu-
tion, energy and Xmax resolution of the simulated events,
we find that related systematic effects are below 7mb.
The average depth of Xmax of showers produced by pho-
tons in the primary beam at the energies of interest lies
about 50 g/cm2 deeper in the atmosphere than for pro-
tons. The presence of photons would bias the measure-
ment. However, observational limits on the fraction of pho-
tons are < 0.5% [14, 15] and the corresponding underesti-
mation of the cross-section is less than 10mb.
With the present limitations of air shower observations, it
is impossible to distinguish showers that are produced by
helium nuclei from those created by protons. Accordingly,
lack of knowledge of the helium fraction leads to a signifi-
cant systematic uncertainty. From simulations we find that
σp−air is overestimated by 10, 20, 30, 40 and 50mb for
percentages of helium of 7.5, 20, 25 32.5 and 35% respec-
tively. We find that CNO-group nuclei introduce no bias
for fractions up to ∼ 50%, thus we assign no systematics
on the cross-section for it.
In Table 2, where the systematic uncertainties are sum-
marised, we quote results for 10, 25 and 50% of helium.

Table 2: Summary of the systematic uncertainties.

Description Impact on σp−air

Λ
r

systematics ±6mb
Hadronic interaction models +16

−9 mb
Energy scale ±7mb
Simulations and parameterisations ±7mb
Photons, <0.5% <+10mb
Helium, 10% -12mb
Helium, 25% -30mb
Helium, 50% -80mb
Total (w/o composition) -15mb, +20mb
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• conversion to cross-section
- depends on simulations
- systematics given as differences 
between models 
- additional systematics from 
possible He and photon 
contamination
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Particle physics from 
EAS: p-p cross-section

•  Conversion to proton-proton cross-
-section

- uncertainities in theoretical 
assumption (slightly moderated by 
correlations)

• average c.m.s energy per 
nucleon 57 TeV

σpp
  = 133 ± 13(stat)      (syst) 

± 16(Glauber) mb

the single-diffractive cross section, as well as from proton-
carbon cross-section data at lower energies.
This Glauber calculation is model-dependent since nei-

ther the parameters nor the physical processes involved are
known accurately at cosmic-ray energies. In particular, this
applies to the elastic slope parameter, Bel (defined by
d�el=dt / expð�jtjBelÞ for very small t), the correlation
of Bel to the cross section, and the cross section for dif-
fractive dissociation. For the example of �inel

pp , the correla-

tion of Bel with the cross section is shown in Fig. 3 for
� ¼ 0:5. We have used the same four hadronic interaction
models to determine the uncertainty band of the Bel-�

inel
pp

correlation. Recent cross-section models such as [23] fall
within this band. We find that in the Glauber framework the
inelastic cross section is less dependent on model assump-
tions than the total cross section. The result for the inelastic
proton-proton cross section is

�inel
pp ¼ ½92� 7ðstatÞþ9

�11ðsystÞ � 7ðGlauberÞ� mb;

and the total proton-proton cross section is

�tot
pp ¼ ½133� 13ðstatÞþ17

�20ðsystÞ � 16ðGlauberÞ� mb:

The systematic uncertainties for the inelastic and total
cross sections include contributions from the elastic slope
parameter, from �, from the description of the nuclear
density profile, and from cross-checking these effects
using QGSJETII [9,24]. For the inelastic case, these three
independent contributions are 1, 3, 5, and 4 mb, respec-
tively. For the total cross section, they are 13, 6, 5, and
4 mb. We emphasize that the total theoretical uncertainty
of converting the proton-air to a proton-proton cross
section may be larger than estimated here within the
Glauber model. There are other extensions of the

Glauber model to account for inelastic screening [8,25]
or nucleon-nucleon correlations [26], and alternative
approaches that include, for example, parton saturation
or other effects [11,24,27,28].
In Fig. 4 we compare our inelastic cross-section result to

accelerator data and to the cross sections used in the
hadronic interaction models.
Summary.—We have presented the measurement of the

cross section for the production of particles in proton-air
collisions from data collected at the Pierre Auger
Observatory. We have studied in detail the effects of as-
sumptions on the primary cosmic-ray mass composition,
hadronic interaction models, simulation settings, and the
fiducial volume limits of the telescopes on the final result.
By analyzing only the most deeply penetrating events, we
selected a data sample enriched in protons. The results are
presented assuming a maximum contamination of 25% of
helium in the light cosmic-ray mass component. The lack
of knowledge of the helium component is the largest
source of systematic uncertainty. However, for helium
fractions up to 25% the induced bias remains below 6%.

To derive a value of �prod
p-air from the measured ��, we

assume a smooth extrapolation of hadronic cross sections
from accelerator measurements to the energy of the analy-
sis. This is achieved by modifying the model predictions of
hadronic cross sections above energies of 1015 eV during
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 intermediate inelastic
screening corrections. In this calculation, we use the corre-
lation between the elastic slope parameter 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
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FIG. 3 (color online). Correlation of elastic slope parameter,
Bel, and the inelastic proton-proton cross section in the Glauber
framework. The solid line indicates the parameter combinations
yielding the observed proton-air production cross section, and
the dotted lines are the statistical uncertainties. The hatched area
corresponds to the predictions by SIBYLL, QGSJET, QGSJETII, and
EPOS. See also Ref. [5].
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Muon content at ground level

•  From superposition model: large nuclei → 
less generations → less energy converted from 
hadronic shower to π0 → more muons

•  Water Cherenkov Detectors: combined EM 
and muon signal

- analyse time structure for separation
- use highly inclined showers dominated by 
muons

15/20

θ = 80°
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Muon content at ground level

•  Both vertical and inclined events indicate 
muon excess w.r.t. simulations

- within energy systematics compatible with 
pure iron
- however pure iron incompatible with Xmax 

data

16/2
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Longitudinal and ground data combined

•  For individual well-measured events, pick 
simulated events with matching profiles. 

-  does the ground signal match?
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Longitudinal and ground 
data combined: results

•  When it does not, allow EM and muon 
component to be rescaled independently

•  Different zenith angle 
dependence allows 
separation using many 
events 
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M. Roth

Muon production depth

•  Inclined events: identify indiviual mu-
ons, measure time delay = reconstruct 
depth of production 

- 55°– 65° zenith angle to avoid EM 
contamination 
- distances between 1700–4000 m 
from shower core
- incompatible Xmax –Xmax for EPOS-
-LHC 

µ

EPOS-LHC
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Conclusions

•  The Pierre Auger Observatory is sensitive to various 
observables related to hadronic interactions at extremely high 
energies

•  While most of these observables are also influenced by the 
(as of yet unknown) composition of the primary beam, useful 
information for the improvement of interaction models can be 
extracted, often from interplay between different observables

•  A clean and easily interpreted result fo the proton-air cross-
section has been shown.

•  Further progress is expected with more data, particularly 
thanks to the currently planned upgrade aimed at a more 
precise muon measurement.


