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Flux of cosmic rays
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Composition at low energy

Energy spectrum of all-particle flux
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General features of cosmic ray flux
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Knee

Ankle
Suppression
or cutoff ?

Second knee ?



Direct measurements: Harder helium spectrum
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Crossing of p and He fluxes cannot be explained with standard shock acceleration scenario

(Particle Data Book, Boyle & Müller 2007)
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Measured components of air showers
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Longitudinal profile:
Cherenkov light
Fluorescence light
(bulk of particles measured)

Lateral profiles:
particle detectors at ground
(very small fraction of particles sampled)

(RE, Pierog, Heck, ARNPS 2011)



KASCADE

 Karlsruhe, Germany

Area ~ 0.04 km2,
252 surface detectors
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Air shower ground arrays
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Origin and physics of the knee
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Acceleration/propagation:

log(E/particle)

lo
g(

Fl
ux

)

factor 26

Fe

p

SIBYLL 2.1

proton

helium

carbon

energy E  [GeV]

610 710 810

(KASCADE, Astropart.Phys. 2005)



Structures above the knee (i)
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hardening of the spectrum just above 10 PeV. It is interesting to
note that recently the CREAM detector (balloon experiment) has
described such a hardening of the proton and helium spectra at
much lower energies [25], which by the authors is assigned to a
possible change of the acceleration mechanism of cosmic rays.

Another feature in the spectrum is a small break slightly below
1017 eV. Applying a second power law above 1017 eV an index of
c ¼ "3:39# 0:07 is obtained. The indices of the two power-laws
differ from each other by two standard deviations. Even taking into
account extreme scenarios for the systematic uncertainties, or
applying more stringent procedures to calculate the significance
an effect with >1r remains. Fitting the spectrum with a function
of two power laws intercepted by a smooth knee the energy of
the break is assigned to log10ðE=eVÞ ¼ 16:92# 0:09, which is in
nice agreement to the value obtained by analysing the raw-like
(i.e. not corrected for reconstruction uncertainties) all-particle
spectrum [9]. In [9] it was also seen that the break gets more sig-
nificant when analysing a subsample of events where showers gen-
erated by heavy primary particles are enhanced. The change in
slope occurs at an energy where the charge dependent knee of
the iron component would be expected (KASCADE QGSJet based
analysis assigns the proton knee to an energy of &3 ' 1015 eV).
The change of the spectral index of this knee-like feature is small
compared to the first one, original well-known knee [8], what
could be explained, when the iron component is not dominant
around 1017 eV. This again can happen in presence of a ‘component
B’ of mixed composition, but a final conclusion is not possible
without investigating the composition in detail.

Both observed features were subject to detailed cross-checks. In
particular, we investigated how far the applied unfolding proce-
dure affects the spectrum. To build up the response matrix an en-
ergy spectrum and a particular composition has to be assumed. We
investigated possible effects by assuming extreme cases and by
using different unfolding methods. If one assumes a very abrupt
change of the spectral slope and in composition for a given energy,
the resolution of KASCADE-Grande would indeed smear that out to
a structure distributed over values of 0:3" 0:5 in log10(E/eV) of the
reconstructed spectrum, but still clearly visible.

At higher energies the KASCADE-Grande spectrum, in particular
close to 1018 eV, where other experiments have claimed a ‘second
knee’ [7], suffers from missing statistics.

Despite the fact, that the discussed spectrum is based on the
specific hadronic interaction model QGSJet-II, there is confidence

that the found structures of the energy spectrum remain stable.
The analysis has shown that the applied procedure can reconstruct
the total number of charged particles, as well as the total muon
number sufficiently well, independently of the hadronic interac-
tion model in use. But the energy calibration assumes that the
QGSJet-II model provides the correct lateral distribution of the par-
ticles over the entire distance range (exceeding the geometrical
size of KASCADE-Grande). First studies with an alternative method
to reconstruct the energy spectrum via the particle density at a
fixed distance give hints to systematic deviations [26] in the en-
ergy calibration of the observable. But, the spectral structures dis-
cussed above are also present in the results of these studies.

Fig. 8 compiles the KASCADE-Grande energy spectrum with re-
sults of other experiments. Despite the independent measure-
ments and data analysis there is a good agreement with the
results of the KASCADE experiment and others in the overlapping
energy range at low energies. In particular, the concave behavior
seems to be needed to connect the spectrum with the spectra ob-
tained by other experiments at the knee region. At higher energies
the KASCADE-Grande spectrum (QGSJet-II) results in a slightly
lower intensity compared to earlier experiments, in particular
GAMMA, AKENO and YAKUTSK. The strong peak-like structure be-
low 1017 eV as was claimed by the GAMMA experiment [27] is not
confirmed by our results. At the highest energy accessible by the
KASCADE-Grande experiment, where we suffer from missing
statistics, our result is in agreement with a single power law and
with the spectrum reported by HiRes and, when taken into account
also the systematic uncertainties mentioned for the Auger result,
with the Pierre Auger Observatory.

5. Conclusion

The main air-shower observables of KASCADE-Grande, shower
size and total number of muons, are reconstructed with high
precision and low systematic uncertainties. Applying various
reconstruction methods to the KASCADE-Grande data the obtained
all-particle energy spectra are compared as a way to cross-check
the reconstruction, to study systematic uncertainties and to test
the validity of the underlying hadronic interaction models. By com-
bining both observables, the all-particle energy spectrum of cosmic
rays is reconstructed in the energy range of 1016–1018 eV within an
uncertainty in intensity of 10–15%, based on the hadronic interac-
tion model QGSJet-II.

Akeno (J.Phys.G18(1992)423)
AGASA (ICRC 2003)
HiResI (PRL100(2008)101101)
HiResII (PRL100(2008)101101)
Yakutsk (NewJ.Phys11(2008)065008)
AUGER (ICRC 2009)

EAS-TOP (Astrop.Phys.10(1999)1)
KASCADE (Astrop.Phys.24(2005)1)
TIBET-III (ApJ678(2008)1165)
GAMMA (J.Phys.G35(2008)115201)
TUNKA (Nucl.Phys.B,Proc.Sup.165(2007)74)
KASCADE-Grande (QGSJET II), this analysis

Fig. 8. Comparison of the all-particle energy spectrum obtained with KASCADE-Grande data based on the QGSJet-II model to results of other experiments. The band denotes
the systematic uncertainties. An analysis based on EPOS 1.99 would result in a spectrum which is shifted downwards by approximately 10% in intensity.

190 W.D. Apel et al. / Astroparticle Physics 36 (2012) 183–194

(Apel et al., Astropart. Phys. 36 (2012) 183)

Flux does not follow
single power-law

KASCADE-Grande



M. UNGER, EAS STUDIES OF COSMIC RAYS ABOVE 10
16 EV.
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Figure 1: Comparison of recent measurements of the energy spectrum of cosmic rays above the knee from GAMMA [10]
(updated statistics 2003-2009 using Sibyll2.1 simulations), IceTop [7, 8] (using Sibyll2.1+proton MC), KASCADE
Grande [14] (unfolded using QGSJetII), Tunka (133 m detector spacing) [2] and Yakutsk [6].

overall agreement with the ones obtained for KASCADE
Grande [5, 6].
A novel way to study composition in this energy range
will soon be given by the coincident measurement of air
showers in IceTop and high energy muons (E > 500 GeV)
below the air shower array in IceCube. Different primaries
at different energies can be separated in the shower size vs.
muon number plane, similarly to the Ne − Nµ technique
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Figure 2: Unfolded flux of light, intermediate and heavy
primaries from KASCADE and KASCADE-Grande [14]
using QGSJetII.

used by KASCADE but with a much higher muon energy
threshold. Due to the different phase space of the hadronic
interactions responsible for high energy muons in compar-
ison to muons with a few GeV measured on ground level,
the IceTop hybrid analysis will allow for composition
studies with systematics from air shower modeling that
are very different from the ones of conventional arrays.
In [9], a first combined IceTop/IceCube composition study
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Figure 3: Measurements of the shower maximum by
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simulations.

1220-21/09/12, Zeuthen Andreas Haungs
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spectra of individual 
mass groups:

Î steepening close to   
1017eV  (2.1V) in all-particle 
spectrum

Î steepening due to 
heavy primaries (3.5V)

Î light+medium primaries 
show steeper spectrum,
Î fit by power law okay
Î possibility for 
hardening above 1017eV

KASCADE-Grande: Spectra of individual mass groups

Phys.Rev.Lett. 107 (2011) 171104

Structures above the knee (ii)
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Structure in spectrum also found
in other data sets (TUNKA, IceTop)

Composition estimate

(Apel et al., Phys.Rev.Lett. 107 (2011) 171104)

knee of heavy elements
(Unger, rapporteur talk ICRC 2011)



Example of model prediction: Local SNR
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data stems from uncertainties 
in shower simulations
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Ultra High Energy Cosmic Rays - Accelerators

! need ILC (35 MV/m)

L= diameter of Saturn orbit

! alternatively built LHC around

Mercury orbit

! astrophysical shock

acceleration less efficient...

Ultra-high energies of order of 1020 eV
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Need accelerator of size of Mercury´s orbit
to reach 1020 eV with LHC technology

Hillas plot (1984)

Realistic constraints more severe

• small acceleration efficiency
• synchrotron & adiabatic losses
• interactions in source region
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The Pierre Auger Observatory 

1665 surface detectors: 
water-Cherenkov tanks 
(grid of 1.5 km, 3000 km2)

4 fluorescence detectors 
(24 telescopes in total)

LIDARs and laser facilities

High elevation 
telescopes
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 Infill array of 750 m,
 Radio antenna array 

Southern hemisphere:
Province Mendoza, Argentina



Telescope Array (TA)

14Northern hemisphere: Utah, USA

~3
0 

km 507 SDs cover 680 km2 

3 FD stations

Utah, USA
39.3 0 N
112.9 0 W
Alt. 1400 m

- Central Laser 
- Lidar, IR camera 

- Electron Light Source 

Calibration Facilities

507 surface detectors: 
double-layer scintillators 
(grid of 1.2 km, 680 km2)

3 fluorescence detectors
(2 new, one station HiRes II)

Middle Drum: based on HiRes II

ELS Operation

LIDAR
Laser facility

FD Observation
Sep.3rd.2010   Beam Shot into the Sky, and Observed by FD

Event Display of ELS Shower 
Data  :  Sep.5th .2010.  AM04:30(UTC)

Energy : 41.1MeV 

Charge : 50pC/pulse

����

Beam Operation            :  Sep.2nd -4th

Beam shot into the Sky :   Sep. 3rd and 4th

# of Shot into the Sky�1800 pulses

Output power = 41.4MeV�40�140pC/pulse�0.5Hz

�	�����
���

Electron light source 
(ELS): ~40 MeV

Infill array and high
elevation telescopes
under construction

Test setup for
radar reflection
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The energy spectrum from surface detector data (I)
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The energy spectrum from surface detector data (I)
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Several shower observables

Example: event observed by Auger
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Problem 2: flux suppression due to GZK effect

(Cronin, TAUP 2003)
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(Allard et al. 2007)

Energy loss length Energy loss length

Protons

Greisen-Zatsepin-Kuzmin effect (1966)

Measurement of nucleus disintegration

5

Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

Photo-dissociation (giant dipole resonance)

Measurement of nucleus disintegration

5

Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

Photo-pion production
CMB CMB, IR
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Flux suppression compatible with GZK effect ?
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Proton dominated flux
Ankle: e+e– pair production
Suppression: delta resonance

Iron dominated flux
Ankle: transition to galactic sources
Suppression: giant dipole resonance

(Dip model of Berezinsky et al.)



Auger data on shower profiles

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

)9
N

um
be

r o
f c

ha
rg

ed
 p

ar
tic

le
s 

  (
x1

0

0

1

2

3

4

5

6

7

8

Height a.s.l.   (m)
20004000600080001000012000

 eV19proton, E=10

Auger shower

Example: event measured by Auger Collab. 18

Mean depth of shower profiles and shower-to-
shower fluctuations as measure of composition

Proton

Iron

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

)9
N

um
be

r o
f c

ha
rg

ed
 p

ar
tic

le
s 

  (
x1

0

0

1

2

3

4

5

6

7

8

Height a.s.l.   (m)
20004000600080001000012000

Auger shower

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

Iron fraction
R

M
S(

X
m

ax
)

Proton

Fluctuations of depth of shower maximum

(Lipari 2010)

Proton

Iron



Longitudinal EAS Development with Auger FD
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Auger Observatory: Composition data

(Auger Collab. PRL 104, 2010, updated: Facal, ICRC 2011)

Change of cosmic ray composition
from mixed or light to heavy ?
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Sys. uncertainty: 13 g/cm2 (mean)
                          6 g/cm2 (RMS)

Longitudinal EAS Development with Auger FD
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Fluctuations of depth of shower maximum

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

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

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

14

Upper end of source energy spectrum seen ?

20

Protons Emax,p = 1018.4 eV Iron Emax, Fe = 26 Emax,p

                    = 1020 eV

(Allard, 1111.3290)

(see also Calvez et al. 2010,  Aloisio et al. 2011)

Particle flux

• Rigidity-dependent maximum 
injection energy

• Galactic composition

• Hard source injection spectrum

Astrophysics: very exotic result!

dN
dE

⇠ E�(1.0...1.6)
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the sources (see labels), a source spectral index ⇥ = 2.0 and maximum energy Emax(Z) =
Z� 1020.5 eV. Center : Propagated spectrum assuming the same mixed composition as in
Fig. 3b, the maximum energy at the sources is Emax(Z) = Z� 4 1018 eV and the spectral
index ⇥ = 1.6. The propagated spectrum is compared to Auger data [79]. Right : Same
as the central panel, but for a mixed composition enriched in heavy elements (30% of the
source composition), a maximum energy Emax(Z) = Z � 4 1018 eV and a spectral index
⇥ = 2.0.
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composition is provided by the emission of nucleons due to photodisintegra-
tion processes. Above an energy ⇥ A�5 1018 eV (depending on redshift) nu-
clei interact with CMB photons and are photodisintegrated both very rapidly
[32] and completely. Above ⇥ 5 1018 eV secondary nucleons (emitted by a
primary of mass A and charge Z) are to good approximation injected ”imme-
diately” (this approximation holds only for reasonably distant sources) with
the same spectral index as the primary nuclei up to an energy Emax(Z)/A
and with a relative abundance A2�� (where � is the source spectral index)
compared to primary nuclei at the same energy. The photodisintegration
of nuclei slows down as the energy decreases and the injection of secondary
nucleons is then harder than the primary nucleus spectral index (and much
more spread in time). The energy evolution of the composition is afterwards
a�ected by the energy losses of the primary component and the secondary
nucleons the same way as in the mixed composition case. This is illustrated
on Fig. 4a, where the energy evolution of the relative abundance of secondary
fragments 8 is shown assuming the di�erent cases of pure composition at the
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Upper end of source energy spectrum seen ?
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Protons Emax,p = 1018.4 eV Iron Emax, Fe = 26 Emax,p

                    = 1020 eV

(Allard, 1111.3290)
 Natural transition to heavier
 composition at high energy !

(see also Calvez et al. 2010,  Aloisio et al. 2011)

Astrophysics?
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Different interpretation: 
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to GZK energy-loss effect

(Unger 2012)

Particle flux



Example: magnetar model

22

Low-energy part:
many galactic magnetars

1 example w/ Young Pulsars!

56 70%P+15%He+12%CNO+3%Fe 
Fang, Kotera, AVO ‘12 

High-energy part:
extragalactic (extreme) magnetar

(Olinto, Kotera et al., 2012)
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GZK suppression or maximum injection energy?
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NS61CH19-Engel ARI 15 September 2011 8:38
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Figure 1
Flux of cosmic rays arriving at the Earth. The equivalent center-of-mass energy for protons as cosmic-ray
particles is also shown. See Reference 1 for citations to the data.

The composition of cosmic rays has been measured in balloon- and satellite-borne experiments
at energies up to 1014 eV. It is dominated by hydrogen and helium but also includes heavier
elements, up to iron. Elements with A > 65 are present, but their abundance is strongly suppressed
(11).

At energies higher than 1015 eV, the flux of cosmic rays drops below one particle per square
meter per year, and only indirect measurements can be performed. At these energies, only the
cascades of secondary particles that cosmic rays produce in the atmosphere—known as extensive
air showers—can be measured. Energy and composition information has to be derived indirectly
by simulating these air showers and comparing the predictions with measurements (12). With the
operation of modern large-scale experiments, the reliability of air shower simulations has become
the dominant source of systematic uncertainties in the interpretation of cosmic-ray data (13–18).
Whereas the electroweak interaction processes in air showers are reasonably well understood,
modeling of hadronic multiparticle production is subject to large theoretical uncertainties that
are, moreover, difficult to estimate (19–21).

In this review, we discuss the relation between models of hadronic multiparticle production
at high energy and the derived predictions for the characteristics of extensive air showers. Rather
than attempting to exhaustively review the field, we consider some representative examples and
present basic concepts pedagogically. For clarity, we focus on the limiting cases of protons or iron
nuclei as primary particles for air showers. An earlier review with a similar scope can be found in
Reference 22.

2. OVERVIEW OF EXTENSIVE AIR SHOWERS
When a hadronic high-energy particle enters the Earth’s atmosphere, it interacts with a nucleus
from the air (mainly nitrogen, oxygen, and argon) at a typical height of 15 to 35 km and produces a
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Figure 9
Mean depth of the shower maximum. Model predictions for different primary particles are compared with
data. The data are reproduced from References 15, 16, 18, 84, and 85.

are well described by Equation 2 up to 3 × 1018 eV. At higher energies, other effects become
important; these effects are discussed elsewhere (86).

The energy dependence of the depth of the shower maximum for hadronic particles is directly
related to changes in the elemental composition or changes in the characteristics of hadronic
multiparticle production. The energy dependence is typically expressed in terms of the shower-
elongation rate:

D10 = d〈Xmax〉
d log10 E

or De = d〈Xmax〉
d ln E

. 9.

By taking the derivative of Equation 4 according to ln E, we obtain

De = X 0(1 − Bλ − Bn), where Bλ = − 1
X 0

dλint

d ln E
and Bn = d ln ntot

d ln E
, 10.

which is known as the elongation-rate theorem (87; also see Reference 35). The elongation rate of
hadronic showers is the same as that of EM showers if the hadronic cross sections do not change
with energy and if the secondary particle distributions satisfy scaling, that is, if E0dN /dE =
f (E/E0), where f is an energy-independent function. In typical scenarios of the energy de-
pendence of hadronic multiparticle production, the elongation rates are considerably smaller
than X0.

For a fixed composition, a nearly constant elongation rate is expected for the models considered
here (Figure 9). Changes in the elongation rate strongly suggest a change in the primary mass
composition. The 〈Xmax〉 data indicate a change from a mixed composition to a heavy composition
at an energy just above the knee in the energy spectrum and possibly at E > 1018 eV. The
increase of 〈Xmax〉 in the energy range between 1017 and 1018 eV, which corresponds to a higher
elongation rate than that of EM showers, would be most naturally explained by a change from a
heavy-dominated composition to a light composition.

Measuring the longitudinal profile of showers allows one to estimate the primary energy from
the ionization deposit in the atmosphere, which can be calculated directly from the observed
fluorescence light or from the track-length integral of the showers. Although such an energy
measurement is calorimetric in nature, the relation of the EM-energy deposit to the total energy

480 Engel · Heck · Pierog
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Figure 1
Flux of cosmic rays arriving at the Earth. The equivalent center-of-mass energy for protons as cosmic-ray
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The composition of cosmic rays has been measured in balloon- and satellite-borne experiments
at energies up to 1014 eV. It is dominated by hydrogen and helium but also includes heavier
elements, up to iron. Elements with A > 65 are present, but their abundance is strongly suppressed
(11).

At energies higher than 1015 eV, the flux of cosmic rays drops below one particle per square
meter per year, and only indirect measurements can be performed. At these energies, only the
cascades of secondary particles that cosmic rays produce in the atmosphere—known as extensive
air showers—can be measured. Energy and composition information has to be derived indirectly
by simulating these air showers and comparing the predictions with measurements (12). With the
operation of modern large-scale experiments, the reliability of air shower simulations has become
the dominant source of systematic uncertainties in the interpretation of cosmic-ray data (13–18).
Whereas the electroweak interaction processes in air showers are reasonably well understood,
modeling of hadronic multiparticle production is subject to large theoretical uncertainties that
are, moreover, difficult to estimate (19–21).

In this review, we discuss the relation between models of hadronic multiparticle production
at high energy and the derived predictions for the characteristics of extensive air showers. Rather
than attempting to exhaustively review the field, we consider some representative examples and
present basic concepts pedagogically. For clarity, we focus on the limiting cases of protons or iron
nuclei as primary particles for air showers. An earlier review with a similar scope can be found in
Reference 22.

2. OVERVIEW OF EXTENSIVE AIR SHOWERS
When a hadronic high-energy particle enters the Earth’s atmosphere, it interacts with a nucleus
from the air (mainly nitrogen, oxygen, and argon) at a typical height of 15 to 35 km and produces a
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(RE, Heck & Pierog,
Ann. Rev. Nucl. Part. Sci. 61, 2011)

Mean depth of 
shower maximum

How to extend 
composition-sensitive 
measurements to 
higher energy?

How to reduce 
uncertainties in 
shower predictions?
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How to improve reliability of Xmax predictions ?

Sensitivity of Air Showers to Interactions
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Global shower properties and the shower maximum are sensitive to
the highest energy interactions

Muons in air showers are sensitive to the hadronic cascade over all
energies
→ Large problem in predicting the overall muon number is small

problem on the level of individual interactions

Ralf Ulrich, ralf.ulrich@kit.edu 17

Shower particles produced in 100 
interactions of highest energy

Depth of shower maximum

Electrons/photons:
high-energy interactions(Ralf Ulrich, 2012)



How to push measurements to 
higher CR energies ?
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32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011
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Figure 2: Results on shower evolution sensitive observ-
ables compared with models prediction. The error bars cor-
respond to the statistical uncertainty. The systematic uncer-
tainty is represented by the shaded bands.

panel, an example of b/a as a function of ln(sec θ) and the
corresponding fit to obtain Θmax is shown for the energy
bin of log(E/eV) = 18.85− 19.00.
Data collected with the surface detector of the Pierre Auger
Observatory from January 2004 to December 2010 have
been used for the Θmax analysis, with a total of 18581
events surviving the following cuts. Events are required
to satisfy the trigger levels described in [9] and to be in
the regime of full array efficiency for all primary species:
E > 3.16 × 1018 eV and θ ≤ 60◦. For selected events,
detectors are used in the analysis if the signal size is above
10 VEM and not saturated and if they have core distances
between 500 m and 2000 m. The measured values ofΘmax

obtained for 6 bins of energy above 3.16 × 1018 eV are

shown in Fig. 2. The systematic uncertainty in the mea-
sured values of Θmax has been evaluated taking into ac-
count its possible sources: reconstruction of the core of the
shower, event selection and risetime vs core distance pa-
rameterisation and amounts to ! 10% of the proton-iron
separation predicted by the models. We note that muon
numbers predicted by EAS simulations differ from those
observed in data [2]. A preliminary study, using a nor-
malization of 1.6 [2], indicates a possible change of about
≤ 5% of the proton-iron difference.
As mentioned above, the shower observables Θmax and
Xmax are expected to be correlated as both are dependent
upon the rate of shower development. The correlation be-
tween Θmax and Xmax shown in Fig. 3 has been obtained
with hybrid data using criteria similar to those adopted
in [4]. In Fig. 3 theΘmax vsXmax correlations found with
Monte Carlo data are also shown for proton and iron pri-
maries, demonstrating that the correlation is independent
of the primary mass.
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Figure 3: Θmax vs Xmax. Black dots correspond to data,
while Monte Carlo results for proton(iron) primary are in-
dicated by red(blue) squares(circles).

2.3 Depth Profile of Muon Production Points

Using the time information of the signals recorded by the
SD it is also possible to obtain information about the longi-
tudinal development of the hadronic component of exten-
sive air showers in an indirect way. In [10] a method is pre-
sented to reconstruct the Muon Production Depth (MPD),
i.e. the depth at which a given muon is produced measured
parallel to the shower axis, using the FADC traces of de-
tectors far from the core. The MPD technique allows us to
convert the time distribution of the signal recorded by the
SD detectors into muon production distances using an ap-
proximate relation between production distance, transverse
distance and time delay with respect the shower front plane.
From the MPDs an observable can be defined, Xµ

max, as
the depth along the shower axis where the number of pro-
duced muons reaches a maximum. This new observable is
a parameter sensitive to the longitudinal shower evolution

11

Asymmetry in rise time of signal in 
surface detectors about shower core

Muon arrival times at large distance from 
shower core

Average depth of shower maximum of 
charged particles

Shower-to-shower fluctuations of depth 
of shower maximum of charged particles

(Garcia-Pinto, Auger Collab., ICRC 2011 & 1107.4804)

100% duty cycle

15% duty cylce
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How to improve predictions for muons ?
Sensitivity of Air Showers to Interactions
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Global shower properties and the shower maximum are sensitive to
the highest energy interactions

Muons in air showers are sensitive to the hadronic cascade over all
energies
→ Large problem in predicting the overall muon number is small

problem on the level of individual interactions

Ralf Ulrich, ralf.ulrich@kit.edu 17

Shower particles produced in 100 
interactions of highest energy

Muons

Muons/hadrons: high- and low-energy interactions

Low-energy
interactions

(Ralf Ulrich, 2012)



Muon production at large lateral distance
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Energy distribution of last interaction
that produced a detected muon

Muons in UHE Air Showers

air shower cascade: energy of last interaction before decay to µ

hadron + air → π/K + X
↘

µ+ νµ
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(Maris et al. ICRC 2009)

Typically 5-6
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Discrepancy between data and simulated showers
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J. ALLEN et al. INTERPRETATION OF AUGER OBSERVATORY SURFACE DETECTOR SIGNAL
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Figure 1: Top panel: A longitudinal profile measured for
a hybrid event and matching simulations of two showers
with proton and iron primaries. Middle panel: A lateral
distribution function determined for the same hybrid event
as in the top panel and that of the two simulated events.
Bottom panel: R, defined as S(1000)Data

S(1000)Sim
, averaged over the

hybrid events as a function of secθ.

and arrival direction of the showers matches the measured
event, and the LPs of the selected showers have the lowest
χ2 compared to the measured LP. The measured LP and
two selected LPs of an example event are shown in the top
panel of Fig. 1.
The detector response for the selected showers was simu-
lated using the Auger Offline software package [8, 9]. The
lateral distribution function of an observed event and that
of two simulated events are shown in the middle panel of
Fig. 1. For each of the 227 events, the ground signal at
1000m from the shower axis, S (1000), is smaller for the
simulated events than that measured. The ratio of the mea-
sured S (1000) to that predicted in simulations of showers
with proton primaries, S(1000)DataS(1000)Sim

, is 1.5 for vertical showers
and grows to around 2 for inclined events; see the bottom
panel of Fig. 1. The ground signal of more-inclined events

is muon-dominated. Therefore, the increase of the discrep-
ancy with zenith angle suggests that there is a deficit of
muons in the simulated showers compared to the data. The
discrepancy exists for simulations of showers with iron pri-
maries as well, which means that the ground signal cannot
be explained only through composition.

3 Estimate of the Muonic Signal in Data
3.1 A multivariate muon counter
In this section, the number of muons at 1000 m from the
shower axis is reconstructed. This was accomplished by
first estimating the number of muons in the surface detec-
tors using the characteristic signals created by muons in the
PMT FADC traces and then reconstructing the muonic lat-
eral distribution function (LDF) of SD events.
In the first stage, the number of muons in individual surface
detectors is estimated. As in the jump method [4], the total
signal from discrete jumps

J =
∑

FADC bin i

(x
i+1 − x

i

)
︸ ︷︷ ︸

jump

I {x
i+1 − x

i

> 0.1} (1)

was extracted from each FADC signal, where x
i

is the sig-
nal measured in the ith bin in Vertical Equivalent Muon
(VEM) units, and the indicator function I {y} is 1 if its
argument y is true and 0 otherwise. The estimator J is
correlated with the number of muons in the detector, but it
has an RMS of approximately 40%. To improve the pre-
cision, a multivariate model was used to predict the ratio
η = (N

µ

+ 1)/(J + 1). 172 observables that are plausibly
correlated to muon content, such as the number of jumps
and the rise-time, were extracted from each FADC signal.
Principal Component Analysis was then applied to deter-
mine 19 linear combinations of the observables which best
capture the variance of the original FADC signals. Using
these 19 linear combinations, an artificial neural network
(ANN) [10] was trained to predict η and its uncertainty.
The output of the ANN was compiled into a probability ta-
ble PANN = P (N

µ

= N |FADC signal). The RMS of this
estimator is about 25%, and biases are also reduced com-
pared to the estimator J .
In the second stage of the reconstruction, a LDF

N(r, ν,β, γ) =

exp

(

ν + β log
r

1000m
+ γ log

( r

1000m

)2
) (2)

is fit to the estimated number of muons in the detectors for
each event, where r is the distance of the detector from the
shower axis and ν, β, and γ are fit parameters. The num-
ber of muons in each surface detector varies from the LDF
according to the estimate PANN and Poisson fluctuations.
The fit parameters, ν, β, and γ, have means which depend
on the primary energy and zenith angle as well as vari-
ances arising from shower-to-shower fluctuations. Gaus-
sian prior distributions with energy- and zenith-dependent
means were defined for the three fit parameters. All the
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Auger Observatory

Procedure

• High-quality showers E ~1019 eV

• Proton or iron primaries

• surface detector simulation for
best longitudinal profiles

Results

• Signal deficit found for both
proton and iron like showers

• Showers with same Xmax show
only 10-15% variation

• Discrepancy much larger than 22% energy
calibration uncertainty

Monte Carlo simulations cannot be used for
energy calibration (reason for AGASA excess?)



Auger: comparison of surface detector signals
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Inclined showers (muon dominated)Showers up to 60° zenith angle

Energy and energy resolution

E [EeV]
3 4 5 6 7 8 10 20 30 40

 [
V

E
M

]
3
8

S

10

100

data

proton

iron

FD/ESDE
0.5 1 1.5 2

0

0.05

0.1

0.15

0.2

data

proton

iron

) The resolution from the golden hybrid events: the most
important result for the migration matrix ! very good agreement!

5

QGSJET II.03

Discrepancy due mainly to muons
Nµ,data

Nµ,MC

����
QGS,p

= 2.13±0.04(stat)±0.11(sys)

Nµ,data

Nµ,MC

����
EPOS,Fe

⇡ 1.2

Auger Muon Results

(Independent confirmation with several other observables)

Fluorescence

(HadInt Working Group, UHECR 2012)



TA: comparison of energy scales
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Simulated SD signal at 800m
used to determine SD energy

Energy derived 
from fluorescence 
light profile

SD energies 27% higher than FD energies (QGSJET II, protons)

Typical Fluorescence Event

Black Rock 
Event Display

Monocular timing fit Reconstructed Shower Profile

Fluorescence

Direct (Cerenkov)

Rayleigh scatt.

Aerosol scatt.

CORSIKA

(27% shifted)



Summary and outlook
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• New data in astrophysics indicate some radically new interpretations of observations

• Do we really observe the maximum injection energy of a source, or source population 
(possibly local) at the highest energies (and a ~10% background from other sources)?

• Interpretation of measurements of extensive air shower key to solving  puzzles on 
astrophysics interpretations

• Large uncertainties in composition-sensitive observables (interaction physics?)

• Interaction models: first comparisons with LHC data very encouraging

• Current generation of models (pre-LHC) does not describe muon production 
sufficiently well (could be related to high- and/or low-energy interactions)

• This is work in progress: See talks tomorrow for importance of accelerator data 
and predictions of LHC-tuned model predictions



Backup slides:

UHECR anisotropy and ~10% proton component

32
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Problem 3: Arrival direction distribution
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GZK effect: anisotropy expected for light elements

GZK effect: source region for E > 6x1019 eV
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Astrophysical magnetic fields

35

Figure 7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40Mpc. See text for details.

scaled for other magnetic conditions. For example, if the magnetic field were 100
nanogauss, propagation at 100 EeV would be completely diffusive, as shown in the
upper left panel of Figure 7. Propagation at 1000 EeV however would be quite distinct
from the lower left panel as energy loss by the GZK effect would be significant. Less
than 1% of the particles would escape interaction with the CMB and propagate
rectilinearly. The remainder would quickly pass to diffusive propagation, drop below
100 EeV, and travel much more slowly from the source. For iron primaries, the panel
on the upper right of Figure 7 would correspond to 80 EeV. This regime is not fully
diffusive and the primaries would have some memory of their source which would be
revealed by a broad anisotropy. These examples reveal the complexity introduced in
propagation of cosmic rays due to magnetic fields. In some cases the galactic magnetic
field will also be important.

In Figure 8 I have plotted the distribution of observed directions of the cosmic
rays with respect to the source direction. For 1 EeV proton primaries the directions
are completely isotropic; no memory of the source direction remains. In Figure 9 I
plot the dispersion of angles for 100 EeV and 30 EeV proton primaries. Here the
angular spread is 1.5◦ and 5◦ respectively.

If the sources of cosmic rays with energy ≥10 EeV are extragalactic and are
associated with the distribution of nearby matter, then one would expect that the
flux and energy spectrum of the cosmic rays will depend on the hemisphere in which
the observations are made. Most of the nearby matter is found in the Virgo cluster
at a distance of ∼ 18 Mpc. In Figure 10 I plot the column density of gravitating

8

1018 eV 3x1018 eV

1019 eV 1020 eV

Extragalactic
magnetic field
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GZK suppression or maximum injection energy?

36

NS61CH19-Engel ARI 15 September 2011 8:38

Energy (eV per particle)
1013

102 103 104 105 106

1013

1014

1015

1016

1017

1018

1019

1014 1015 1016 1017 1018 1019 1020 1021

Sc
al

ed
 !

ux
, E

2.
5  J(

E)
 (m

–2
 s

–1
 sr

–1
 e

V
1.

5 ) RHIC (pp)
HERA (γp)

7 TeV 14 TeV
LHC (pp)

Tevatron (pp)

HiRes-MIA
HiRes I
HiRes II
Auger 2009

KASCADE (QGSJET 01)
KASCADE (SIBYLL 2.1)
KASCADE-Grande 2009
Tibet ASg (SIBYLL 2.1)

ATIC
PROTON
RUNJOB

Equivalent center of mass, √spp (GeV)

Figure 1
Flux of cosmic rays arriving at the Earth. The equivalent center-of-mass energy for protons as cosmic-ray
particles is also shown. See Reference 1 for citations to the data.

The composition of cosmic rays has been measured in balloon- and satellite-borne experiments
at energies up to 1014 eV. It is dominated by hydrogen and helium but also includes heavier
elements, up to iron. Elements with A > 65 are present, but their abundance is strongly suppressed
(11).

At energies higher than 1015 eV, the flux of cosmic rays drops below one particle per square
meter per year, and only indirect measurements can be performed. At these energies, only the
cascades of secondary particles that cosmic rays produce in the atmosphere—known as extensive
air showers—can be measured. Energy and composition information has to be derived indirectly
by simulating these air showers and comparing the predictions with measurements (12). With the
operation of modern large-scale experiments, the reliability of air shower simulations has become
the dominant source of systematic uncertainties in the interpretation of cosmic-ray data (13–18).
Whereas the electroweak interaction processes in air showers are reasonably well understood,
modeling of hadronic multiparticle production is subject to large theoretical uncertainties that
are, moreover, difficult to estimate (19–21).

In this review, we discuss the relation between models of hadronic multiparticle production
at high energy and the derived predictions for the characteristics of extensive air showers. Rather
than attempting to exhaustively review the field, we consider some representative examples and
present basic concepts pedagogically. For clarity, we focus on the limiting cases of protons or iron
nuclei as primary particles for air showers. An earlier review with a similar scope can be found in
Reference 22.

2. OVERVIEW OF EXTENSIVE AIR SHOWERS
When a hadronic high-energy particle enters the Earth’s atmosphere, it interacts with a nucleus
from the air (mainly nitrogen, oxygen, and argon) at a typical height of 15 to 35 km and produces a
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Figure 9
Mean depth of the shower maximum. Model predictions for different primary particles are compared with
data. The data are reproduced from References 15, 16, 18, 84, and 85.

are well described by Equation 2 up to 3 × 1018 eV. At higher energies, other effects become
important; these effects are discussed elsewhere (86).

The energy dependence of the depth of the shower maximum for hadronic particles is directly
related to changes in the elemental composition or changes in the characteristics of hadronic
multiparticle production. The energy dependence is typically expressed in terms of the shower-
elongation rate:

D10 = d〈Xmax〉
d log10 E

or De = d〈Xmax〉
d ln E

. 9.

By taking the derivative of Equation 4 according to ln E, we obtain

De = X 0(1 − Bλ − Bn), where Bλ = − 1
X 0

dλint

d ln E
and Bn = d ln ntot

d ln E
, 10.

which is known as the elongation-rate theorem (87; also see Reference 35). The elongation rate of
hadronic showers is the same as that of EM showers if the hadronic cross sections do not change
with energy and if the secondary particle distributions satisfy scaling, that is, if E0dN /dE =
f (E/E0), where f is an energy-independent function. In typical scenarios of the energy de-
pendence of hadronic multiparticle production, the elongation rates are considerably smaller
than X0.

For a fixed composition, a nearly constant elongation rate is expected for the models considered
here (Figure 9). Changes in the elongation rate strongly suggest a change in the primary mass
composition. The 〈Xmax〉 data indicate a change from a mixed composition to a heavy composition
at an energy just above the knee in the energy spectrum and possibly at E > 1018 eV. The
increase of 〈Xmax〉 in the energy range between 1017 and 1018 eV, which corresponds to a higher
elongation rate than that of EM showers, would be most naturally explained by a change from a
heavy-dominated composition to a light composition.

Measuring the longitudinal profile of showers allows one to estimate the primary energy from
the ionization deposit in the atmosphere, which can be calculated directly from the observed
fluorescence light or from the track-length integral of the showers. Although such an energy
measurement is calorimetric in nature, the relation of the EM-energy deposit to the total energy

480 Engel · Heck · Pierog
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Figure 1
Flux of cosmic rays arriving at the Earth. The equivalent center-of-mass energy for protons as cosmic-ray
particles is also shown. See Reference 1 for citations to the data.

The composition of cosmic rays has been measured in balloon- and satellite-borne experiments
at energies up to 1014 eV. It is dominated by hydrogen and helium but also includes heavier
elements, up to iron. Elements with A > 65 are present, but their abundance is strongly suppressed
(11).

At energies higher than 1015 eV, the flux of cosmic rays drops below one particle per square
meter per year, and only indirect measurements can be performed. At these energies, only the
cascades of secondary particles that cosmic rays produce in the atmosphere—known as extensive
air showers—can be measured. Energy and composition information has to be derived indirectly
by simulating these air showers and comparing the predictions with measurements (12). With the
operation of modern large-scale experiments, the reliability of air shower simulations has become
the dominant source of systematic uncertainties in the interpretation of cosmic-ray data (13–18).
Whereas the electroweak interaction processes in air showers are reasonably well understood,
modeling of hadronic multiparticle production is subject to large theoretical uncertainties that
are, moreover, difficult to estimate (19–21).

In this review, we discuss the relation between models of hadronic multiparticle production
at high energy and the derived predictions for the characteristics of extensive air showers. Rather
than attempting to exhaustively review the field, we consider some representative examples and
present basic concepts pedagogically. For clarity, we focus on the limiting cases of protons or iron
nuclei as primary particles for air showers. An earlier review with a similar scope can be found in
Reference 22.

2. OVERVIEW OF EXTENSIVE AIR SHOWERS
When a hadronic high-energy particle enters the Earth’s atmosphere, it interacts with a nucleus
from the air (mainly nitrogen, oxygen, and argon) at a typical height of 15 to 35 km and produces a
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(RE, Heck & Pierog,
Ann. Rev. Nucl. Part. Sci. 61, 2011)

Centaurus A
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Fornax A
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Auger: Correlation with 
sources / source regions?

Mean depth of 
shower maximum

(Auger, Science 2007)



Closest Active Galactic Nucleus: Centaurus A

Moon for comparison of apparent size
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Current status of correlation with AGNs
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UHE Correlation with AGNs within GZK-sphere?
VCV catalogue, E> 57 EeV, z<0.018, distance < 3.1 deg.

Differential Auger Signal
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Science publication: 9/13 events ~69% correlated, expectation for isotropy 21%

June 2011: 28 out of 84 correlated
estimate now 33 ± 5% (P = 0.006)
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Correlation with Nearby Extragalactic Matter

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

= 1%

Telescope Array
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11 out of 25, P
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combined chance probability ⇠ 10�3

12

Combined chance probability (isotropy) ~10-3 ?



Small fraction of protons even at highest energy ?
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Correlation with Nearby Extragalactic Matter
simplistic interpretation of correlation and composition:
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(Unger, CTA Link 2012)

Auger data
• compatible with ~15% protons
• anisotropy indicates ~15% protons

(Unger, CTA Link 2012)



Backup slides:

Muon discrepancy in extensive air showers
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Same problem found also at lower energy
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Muon density 600m from coreHiRes prototype + MIA

At what energy does the muon problem appear ?
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Energy uncertainty of 22% not included

Application to data

data from 1 January 2004 till 30 September 2010

N rel
µ — number of muons with respect to QGSJET II protons at 10 EeV
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Inclined showers [62

Muon shower content at the Pierre Auger Observatory 7/11

Different methods: muon contribution

Electromagnetic component:
25-30% more particles than QGSJET II.03?

Em. component (smoothing method)

(Auger ICRC 2009)

(Yushkov, Auger UHECR 2012)



Muon production in hadronic showers

Primary particle proton

π0 decay immediately

π± initiate new cascades 

Assumptions: 
• cascade stops at

• each hadron produces one muon
Epart = Edec

(Matthews, Astropart.Phys. 22, 2005) 43

n
tot

= np0

+n
ch

o
o
o
o

In first approximation:

How fast and how much 
energy is transferred into 
em. shower part



Enhancement of muon number in air showers
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p+

p�

p0

p̄

n̄

p̄

L̄
p̄
p

p
p̄

1 Baryon-Antibaryon pair production   (Pierog, Werner)

• Baryon number conservation
• Low-energy particles: large angle to shower axis
• Transverse momentum of baryons higher

• Enhancement of mainly low-energy muons

Baryon
sub-shower

Meson
sub-shower

Decay of
leading particle

(Pierog, Werner PRL 101, 2008)

2 Leading particle effect for pions    (Drescher, Ostapchenko)

• Leading particle for a π could be ρ0 and not π0

• Decay of ρ0 almost 100% into two charged pions

3 Chiral symmetry restoration    (Farrar, Allen)

• Proton primaries, applies above energy threshold
• Pion production suppressed relative to baryons
• Large inelasticity of the events

• Faster increase of total cross section (reduction of 
fluctuations)



LHC data: Baryon production lower than assumed
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1 baryon production at E735 and CMS
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Figure 1: ratio of anti-protons to pions
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Figure 2: anti-proton to proton ratio
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(Pierog, Werner Phys. Rev. Lett. 101, 2008)

Tevatron data (E735: 1800 GeV)
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1

LHC data (CMS: 900 and 2760 GeV)

(Riehn et al., 2012)

Baryon production rate not as high 
as expected from Tevatron data



Leading particle for π-air interactions
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FIG. 3: (Color online) Energy fraction of neutral pions in the
remnant for π++Air collisions, for the cases with and without
break-up. Remnant break-up reduces the energy fraction in
π0 and thus enhances muon production in air showers.
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FIG. 4: (Color online) The ratio of total muon numbers of
vertical proton induced air showers for enhanced break-up
(pex = 1.0 instead of pex = 0.6) of baryonic and mesonic
remnants.

give qualitatively similar results to EPOS. We choose
pdiq,str = 0.12 and pdiq,rem = 0.3 as diquark-anti-diquark
pair production probabilities in central strings and rem-
nant strings, respectively. The higher probability for di-
quark production from remnant strings is motivated by
the remnant encountering a denser target and leads to
more baryons in the forward region, as found to be im-
portant by the authors of EPOS. Fig. 5 shows that
muon production in Picco with default parameters (i.e.
pdiq,str/rem = 0.1 from Pythia) is within 10% similar
to QGSjet-II. Enhanced baryon production gives 25%
more muons. However, the combined effects of both en-
hanced baryon production and remnant break-up add up
to 40%.

At low energies, complete remnant break-up of baryons
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FIG. 5: (Color online) The ratio of total muon numbers of ver-
tical proton induced air showers for different remnant break-
up and baryon production scenarios. Enhanced baryon pro-
duction means pdiq,str = 0.12 and pdiq,rem = 0.3 instead of the
default value pdiq = 0.10 from Pythia.

is excluded by the data, (see Fig. 1) and the results
shown in Fig. 5 should actually be considered as an up-
per limit. However, we do not know whether the rel-
evant parameter changes at high energies. If we keep
the one obtained at low energies, pex = 0.6, we find a
rather flat distribution xF dn/dxF of protons at 2 TeV
center of mass energy, whereas one notices a dip in the
forward scattering spectrum for the case of complete rem-
nant break-up.

A motivation for an enhanced remnant break-up is the
fact that at higher energies the projectile probes smaller
gluon momenta in the target and therefore encounters a
higher gluon density. This effect has already been in-
vestigated within the Color Glass Condensate (CGC)
framework for hadron-nucleus collisions at colliders in
Ref. [16] and has been applied to air showers in Ref. [17].
The main consequence of the enhanced remnant break-
up is a suppression of forward particle production; this
leads to a faster absorption in air showers and hence to
a lower shower maximum Xmax. Furthermore, an en-
hanced muon production was observed in Ref. [18] but
was attributed mainly to an increased overall multiplic-
ity. Efforts are currently ongoing to implement this par-
ticular mechanism of forward suppression into the Picco
model, which will allow us to test for its influence on the
muon number. We will also investigate projectile break-
up due to a dense target in proton-proton collisions at
LHC energies, and apply this mechanism to air shower
simulations.

(Drescher Phys. Rev. D77, 2008)

More work needed to clarify
situation (energy dependence?)


