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Observe, understand, characterize the ultra high energy cosmic 
rays and probe particle interactions at the highest energies

Pierre Auger Observatory

‣ Malargüe,  Argentina 
     ��3000 km2
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Observe, understand, characterize the ultra high energy cosmic 
rays and probe particle interactions at the highest energies

Pierre Auger Observatory

‣ Malargüe,  Argentina 
     ��3000 km2

‣ Ongoing R&D activities
   - microwave (GHz), 
      single-pixel telescope

‣ Energy range
  - main array: >1018 eV
  - enhancements: >1017 eV

‣ Surface detectors (SDs)
  - 1660 water Cherenkov 
    detectors (WCDs) 
   (12 tonnes, 1.5 km spacing)

‣ Fluorescence detectors (FDs)
  - 27 air fluorescence
     telescopes in periphery

‣ 130 radio array
   - AERA (MHz), 6 km2
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• Spectrum

• Composition

• Photon limit

• Neutrino limit

- Arrival directions - see talk by Silvia Mollerach

- AERA - see talk by Jörg Hörandel

Pierre Auger Observatory
Observe, understand, characterize the ultra high energy cosmic 

rays and probe particle interactions at the highest energies
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109-1011 particles

Hybrid design: thoroughly understand capabilities & systematic uncertainties of both detectors

FDs: 13% duty cycle,  (nearly) calorimetric measurement of energy

SDs: 100% duty cycle, measure particle density

Pierre Auger Observatory
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109-1011 particles

Hybrid design: thoroughly understand capabilities & systematic uncertainties of both detectors

Quadruple hybrid event

FDs: 13% duty cycle,  (nearly) calorimetric measurement of energy

SDs: 100% duty cycle, measure particle density

Pierre Auger Observatory
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❖ Energy spectrum
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Auger 2013 preliminary>170,000 events

- SD + infill + hybrid (zenith angle 0o - 80o)

- new energy scale:  change  FD energies +15.6% (1018 eV) to +12.5% (1019 eV)
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Auger 2013 preliminary

Eankle=5.3x1018 eV E1/2=4.3x1019 eV

 !1= 3.23±0.07  !2= 2.63±0.04
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❖ Energy spectrum - combined
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What is causing the ankle?
 - change of source (Galactic->extra-galactic)?
 - change in composition?
 - particle physics? (e.g. e+e- pair production)

GZK cutoff or 
sources reached their maximum energy?

❖ Energy spectrum - combined
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109-1011 particles

Observatory for hybrid detection
- SD constrains shower geometry  reduce uncertainty of Xmax 
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109-1011 particles

Observatory for hybrid detection

Xmax

- SD constrains shower geometry  reduce uncertainty of Xmax 
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109-1011 particles

Observatory for hybrid detection

Xmax

Proton primaries develop deeper in the 
atmosphere with larger fluctuations 
than heavier nuclei (e.g. Fe nuclei)
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di↵erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, hXmaxi and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e�-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured hXmaxi-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di↵erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, hXmaxiobs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e↵ects
to obtain an unbiased measurement of hXmaxi in the atmosphere.

Figure 10: Elongation rates obtained by a linear fit in lg E to the Xmax data
of HiRes, Yakutsk, TA and Auger above di↵erent energy thresholds. Only fit
results with �2/Ndf < 2 are shown. The yellow, solid band is the average
obtained for HiRes, Yakutsk and TA , the green hatched band indicates the
average for all four experiments.

Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish hXmaxiobs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di↵erent for di↵erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate hln Ai using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the hXmaxiobs-values of HiRes and TA by shifting them
by an amount � which we infer from the di↵erence of the pub-
lished hXmaxiobs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

hXmaxicorr = hXmaxiobs + � (27)

12

30 ± 2 EeV 

(Kampert & Unger 2012)

- SD constrains shower geometry  reduce uncertainty of Xmax 
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❖ Xmax - updated mean and RMS

• hybrid data from December 2004 - December 2012

• Lower energy threshold to1017.8 eV,  improved reconstruction

• 19,759 events selected  (37 above 1019.5 eV)

Updated Measurement of �Xmax⇥ and �(Xmax)

comparison to air shower simulations
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PRELIMINARY
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- sufficient number of high quality events to study the distribution of Xmax

❖ Xmax - distributions
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❖ Xmax - distributions

first time ever!
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- sufficient number of high quality events to study the distribution of Xmax

(to be submitted in the very near future)

PRELIMINARY
•No degeneracy in untangling mass combination

•Better understanding of composition

•Constrain hadronic interaction models  (particle physics at ECM ≳ 20 TeV)
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Muons can also trace shape of shower
- Muon Production Depth: reconstruct location along shower axis where muons are produced
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Muons can also trace shape of shower
- Muon Production Depth: reconstruct location along shower axis where muons are produced
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Muons can also trace shape of shower
- Muon Production Depth: reconstruct location along shower axis where muons are produced
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Different models:
similar muonic 
elongation rate,
different absolute 
value of <Xmax>μ

Muon Production Depth

• Jan 2004 - Dec 2012;  E > 2x1019 eV,  θ > 55o, stations far from core;  481 events after cut

• Novel approach to study composition and hadronic interactions 

• Currently has large systematics, will benefit from better EM-muon separation

(Auger collab. 
submitted 2014)
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Directional photon limit 

• Hybrid events,  E = 1017.3 eV - 1018.5 eV

• No photon point source

• Regularly emitting non-beamed photon
source in Galaxy < 0.25 eV cm-2 s-1

• Constrain models for acceleration of Galactic 
EeV protons

❖ Photon limits

(Auger collab.  accepted ApJ 2014)
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Directional photon limit 

• Hybrid events,  E = 1017.3 eV - 1018.5 eV

• No photon point source

• Regularly emitting non-beamed photon
source in Galaxy < 0.25 eV cm-2 s-1

• Constrain models for acceleration of Galactic 
EeV protons

❖ Photon limits

(Auger collab.  accepted ApJ 2014)
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Directional photon limit 

• Hybrid events,  E = 1017.3 eV - 1018.5 eV

• No photon point source

• Regularly emitting non-beamed photon
source in Galaxy < 0.25 eV cm-2 s-1

• Constrain models for acceleration of Galactic 
EeV protons

❖ Photon limits

(Auger collab.  accepted ApJ 2014)

Top down models  
(superheavy dark matter, 
topological defects, Z-burst)  
are ruled out
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Directional photon limit 
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• No photon point source

• Regularly emitting non-beamed photon
source in Galaxy < 0.25 eV cm-2 s-1

• Constrain models for acceleration of Galactic 
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3.  Dark Matter Candidates 
Although the evidence for dark matter presented in Sec. 2 is overwhelming, the 
constraints on its microscopic properties are weak.  The particle or particles that make up 
the bulk of dark matter must be non-baryonic, cold or warm, and stable or metastable on 
10 Gyr time scales.  Such constraints leave open many possibilities, and there are 
numerous plausible dark matter candidates that have been discussed in the literature.  The 
masses and interaction cross sections of these candidates span many orders of magnitude, 
as shown in Figure 20.  Of the candidate dark matter particles displayed, axions and 
WIMPs are especially well-motivated from a particle physics perspective.  
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Figure 20: The locus of various dark matter candidate particles on a mass versus interaction cross-
section plot35

3.1 Axion 
The axion36 is motivated by the strong CP problem, an unnatural property of the SM.  
The theory of the strong interactions allows a term PQ

PQST GG ~)32/( 2 , which is explicitly 
CP-violating.  A priori, one would assume T  to be ~1. However, current bounds from the 
electric dipole moment of the neutron impose the tight constraint that .  The 
axion solution to this problem is to make 

1010��T
T  a dynamical field, which rolls to a potential 

                                                 
34 Figure courtesy of E.-K. Park. 
36 For a review, see e.g. P. Sikivie, astro-ph/0610440 (2006). 

 59

Dark Matter Scientific 
Assessment Group 
(joint sub-panel of HEPAP 
& AAAC) 2007

Dark Matter candidates

Top down models  
(superheavy dark matter, 
topological defects, Z-burst)  
are ruled out
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❖ Neutrino limits
Limits+to+diffuse+flux+of+UHEν$
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Exotic scenarios
Z-burst (Kalashev)
TD (Sigl)

• Jan 2004 - Dec 2012

• Inclined showers with broad front (young showers)

• Earth skimming 73%;    down-going[75o-90o] 23%;    down-going[65o-75o] 4%

• No candidates
➡ limits below Waxman-Bahcall landmark, approaching cosmological models

➡ strongly disfavour / rule out top-down models
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Are UHECRs
1. Extra-galactic origin of mixed composition, suppression due to limited maximum energy of
   particles accelerated at source, Emax� charge ?           

2. Similar to above but particles accelerated to higher energies, suppression due to photo-
   disintegration of heavy nuclei?

3. Mainly extra-galactic protons, suppression due to GZK cutoff?
    (ankle accountable by e+e- pair production.)

4. Mainly heavier nuclei produced by Galactic & extra-galactic compact objects?

15

What is the reason for the flux suppression?

➡ Knowing composition is the key to understanding the flux suppression

or

or

or

p from source
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Figure 1.8: Fluxes of different mass groups for describing the Auger spectrum and composition data.
Shown are the fluxes of different mass groups based on the maximum-energy scenario (left panel)
and the photo-disintegration scenario (right panel). The colors for the different mass groups are
protons – blue, helium – gray, nitrogen – green, and iron – red. The blue dashed line shows the flux
of protons originating directly from the source. The difference between the solid and dashed blue
curves corresponds to protons produced due to nuclear disintegration. The model calculations were
done with SimProp [22].

fluxes of individual elements proportional to Z), and models of vacuum Cherenkov radia-
tion that lead to a flux scaling proportional to the particle velocity and, hence, mass number
A [51].

Possible descriptions of the latest Auger flux data within the maximum-energy and photo-
disintegration models are shown in Figs. 1.8. The difference between the two scenarios is
most apparent in the fluxes of secondary protons. The corresponding description of the
Xmax data is of similar quality in both scenarios. A good description of the Xmax fluctuations
can only be obtained if an additional light component appears in a limited energy range.

We conclude from these considerations that the origin of the flux suppression observed
in the all-particle spectrum is not understood. Furthermore, anisotropy and composition
data are compatible with the hypothesis of a second proton component appearing at very
high energy (E > 4⇥1019 eV), but due mainly to the lack of composition data no conclusion
can be drawn.

However, it should not be forgotten that the interpretation of the Auger data in terms
of composition does rely on the accuracy of modeling air showers and, in particular, hadro-
nic multiparticle production. Therefore all these possible astrophysical interpretations have
to be considered in the context of our current understanding of hadronic interactions. It is
not excluded that changes of hadronic interaction models within the limitations given by
accelerator data can lead to a different interpretation of our composition-sensitive measure-
ments [64,83,108]. In addition, it is possible that the overall features of hadronic interactions
are significantly different at energies, and in phase space regions, not accessible to current
colliders. Such a deviation could be related to new particle physics or just an unreliable
extrapolation of existing data.

mixed composition at source 
maximum energy-limited

(Hillas 1984;  Fang, Kotera, Olinto. 2013 etc.)

(Berezinsky & Grigoreva 1988 etc.)

(Allard et al. 2008 etc.)

(Taylor,  Ahlers,  Aharonian 2011 etc.)
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Updated Measurement of �Xmax⇥ and �(Xmax)

comparison to air shower simulations
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Updated Measurement of �Xmax⇥ and �(Xmax)

comparison to air shower simulations
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What is the reason for the flux suppression?

➡ must know composition at higher energies
➡ larger statistics at higher energies > 5x1019 eV

➡ use SD (100% duty cycle vs 13% FD) with 
better handle on composition

Upgrade the detector
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Science goals of the Auger upgrade

1. Elucidate origin of flux suppression and mass composition;
 - differentiate between the energy loss due to propagation (e.g. GZK suppression) and
    the maximum energy of particles at source

 - Galactic or extragalactic origin?

 - reliable estimates of propagation-induced neutrino and gamma ray flux

2. Search for contribution of protons at the highest energy
 - estimate physics potential of existing and future CR, neutrino, gamma-ray detectors

 - determine prospect for proton astronomy  (open a new window or not?)

 - predict propagation-induced neutrino and gamma ray fluxes

3. Study hadronic interactions and extensive air showers above
   ECM > 70 TeV
 - particle physics beyond man-made colliders  (e.g. cross sections)

 - derivation of constraints on new physics phenomena  (e.g. extra dimensions)
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Examples of upgrade options

(MARTA)

1) Upgrade aging SD electronics for faster sampling and better event reconstruction 

2) Install new detector on SDs for better muon-to-electromagnetic signal discrimination
     - several options in consideration

Proposed Auger upgrade for beyond 2015
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Examples of upgrade options

(MARTA)

1) Upgrade aging SD electronics for faster sampling and better event reconstruction 

2) Install new detector on SDs for better muon-to-electromagnetic signal discrimination
     - several options in consideration

Proposed Auger upgrade for beyond 2015

• Upgrade case presented to an 
International Scientific Advisory 
Committee in March 2014 to 
evaluate its scientific merit
➡ strongly supports the 

Auger upgrade science

Start operation from 2016, 
run to 2023

cost: $10M - $12M
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Summary
• Pierre Auger Observatory is currently the largest operating CR experiment;

• Spectrum extends down to 1017.5 eV,  shows clear ankle and suppression features
  - do not know the cause of the suppression;

• Sufficient number of high quality Xmax data to analyse their distribution;

• Muon Production Depth - new handle on composition and hadronic interactions;

• Photon limits - no directional photon candidate, top-down models ruled out;

• Neutrino limits - no candidate, approaching cosmological limits, top-down models 
strongly disfavoured or ruled out;

• Upgrade of SDs to run from 2016 will be proposed by the international 

collaboration and several options are being considered.
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backups
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• Auger energy scale has changed 



 Eun-Joo Ahn       Results from the Pierre Auger Observatory        TeVPA/IDM 2014 

Required rescaling of energyR
eq

ui
re

d 
re

sc
al

in
g 

of
 m

uo
n 

si
gn

al
s

22

•Muon estimation

Golden hybrid event

air shower profile

ground signal

• hadronic interaction models need more muons
 - underestimate muon signals by 30-60%

• independent tests yield same results

• or are muon counts contaminated by 
electromagnetic signals? ��better muon-EM 
discrimination

Rescale energy and muon signals 
to match dataMatch data with p and Fe simulation

Same event with predicted ground signal
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• Hadronic interaction models - LHC is useful
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σp-air = 505 ± 22stat (+28/-36)sys mb prod

Proton-air production cross section
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FIG. 2: Resulting σ
prod
p -air compared to other measure-

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

ECM≈57 TeV
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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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gratitude for their continuing cooperation over land
access, Argentina; the Australian Research Coun-
cil; Conselho Nacional de Desenvolvimento Cient́ıfico
e Tecnológico (CNPq), Financiadora de Estudos e
Projetos (FINEP), Fundação de Amparo à Pesquisa
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isterium Baden-Württemberg, Helmholtz-Gemeinschaft
Deutscher Forschungszentren (HGF), Ministerium für
Wissenschaft und Forschung, Nordrhein-Westfalen, Min-
isterium für Wissenschaft, Forschung und Kunst, Baden-
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