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Outline

2

Understanding of cosmic ray interactions (Standard Model physics)

• Reliability of interpretation of air shower data

• Cross section measurements

• Simulation tools and related questions

• Accelerator data

Searching for phenomena beyond the Standard Model

• Dark matter and anti-matter

• Monopoles, exotic particles

• Gravitational waves



Reliability of the interpretation
 of air shower data
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Longitudinal shower profile

4

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

)9
Nu

m
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
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Auger shower

Nmax = E0/Ec

Xmax ∼ De ln(E0/Ec)

Elongation rate

XA
max ∼ De ln(E0/AEc)
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Shower maximum: current situation



Elongation rate theorem
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Bn =
d lnntot

d lnE

Bλ =− 1
X0

dλint

d lnE

Dhad
e = X0(1−Bn−Bλ)

Large if multiplicity of high energy particles 
rises very fast, zero in case of scaling

(Linsley, Watson PRL46, 1981) 

Large if cross section rises rapidly with energy

D10 = log(10)DeNote: 

X0 = 37 g/cm2



Electron-muon number correlation
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Superposition model

1018 eV

Iron: factor ~1.4



Models differ in their predictions
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Muons: current situation (very high energy)

9(Anchordoqui et al., 2004)
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Good general agreement

Are composition 
results consistent?



Auger: test of interaction models
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Different methods:
• constant intensity cut (independent 

of energy scale of experiment)
• golden hybrid events
• inclined shower (almost only muons)
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Auger: test of interaction models
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Energy scale rel. to fluorescence detector
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HiRes-MIA hybrid measurement
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Sensitivity to physics of first interaction
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Nµ =
(

E0

Edec

)α
α =

ln(nch)
ln(ntot)

≈ 0.9
Muon production:

Nµ = n(first)
ch

(
E0

n(first)
tot Edec

)α

= k1−α
(

E0

Edec

)α

Multiplicity increase by 
factor of 2:     5 -7% more muons,
factor of 10:   25% more muons 

Muon number insensitive to changes 
of high-energy interactions



Inclusive muon flux

15

!
!
p

3
 [

G
eV

2
cm

-2
s-1

sr
-1
]

SIBYLL2.1

QGSJET01

L3+C vertical

L3+C combined zenith angles

p [GeV]

+
/

-

0.05

0.1

0.15

0.2

0.25

0.3

10 10
2

10
3

1

1.1

1.2

1.3

1.4

1.5

1.6

10
2

!
!

(Unger et al., L3+C Collab.)

L3+Cosmics:
SIBYLL almost OK, 
QGSJET 30% too low

AMANDA II data:
QGSJET 30% too low

(M. Unger et al.)



Possible fix for better inclusive flux predictions

16! !

Comparison with Accelerator
experiment

Z-factors

Model changed to scaling!

(M. Honda et al.)



Was the overall agreement 
just a coincidence?
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EPOS: a new multi-purpose interaction model
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Elongation Rate
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Model comparison (EPOS, QGSJET, SIBYLL)
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Energy correction for fluorescence detectors
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Does the composition change (1017 - 1018.5 eV)?

23
(J. Alvarez.Muniz et al.)



Black disk scenario of high energy scattering

24

fragmentation is reproduced when relative transverse mo-
menta of partons are large. The fragmentation is performed
via the Lund scheme as implemented in PYTHIA [18]. This
model is linked to a standard pQCD event generator,
commonly used in air-shower computations (Sibyll v2.1
[19]), which handles low-energy and peripheral collisions
where the saturation momentum of the nucleus is not
sufficiently large. Finally, the hadron-nucleus collision
models are embedded into the cascade equations which
solve for the longitudinal profile of the air shower [20].
Details of our Monte Carlo implementation are published
elsewhere [21].

Some remarks might be in order before discussing re-
sults. Many properties of air showers, such as the variable
Xmax discussed below, are influenced predominantly by
particle production in the forward region, since this is
where most of the energy (as opposed to number of parti-
cles) is scattered to. Taking proton-air reactions at
1010 GeV as an example, the Sibyll model deposits about
95% of the energy of secondaries in the region xF > 10!3

and 80% in xF > 10!2. The treatment of forward quark
scattering is therefore crucial. When the saturation mo-
mentum is sufficiently large, the scattered quarks fragment
independently, thus reducing the maximum xF. In contrast,
the usual soft scheme produces a leading diquark with
correspondingly higher longitudinal momentum. This cor-
responds in our approach to the case when the saturation
momentum is small and independent fragmentation does
not hold any more. We therefore recombine two quarks
when their invariant mass is small m< 0:77 GeV. This
ensures a smooth transition from the high to the low
density regime (see [21] for details).

At highest energies, about 90% of all minimum bias
hadron-air events are treated within the BBL model.
However, due to the mentioned recombination mechanism,
this does not mean that 90% of the cross section is black.

A major uncertainty of the computation of the saturation
scale resides with the initial condition, i.e., with Qs at
rapidity zero. At low energies, e.g., for RHIC, results are
quite sensitive to this parameter and it can be used to tune
results. At high rapidities however, the large differences in
Qs are mostly due to the evolution scenario.

Results.—Fluorescence detectors measure the number
of charged particles (mostly e") at a given atmospheric
depth X which is given by the integral of the atmospheric
density along the shower axis, X # R

ds!$s%. The position
of the maximum defines Xmax which increases monotoni-
cally with the energy of the primary. Note that for nuclei
the primary energy is shared by all of its nucleons and so
Xmax also depends on the mass number: at fixed E, heavier
primaries lead to smaller ‘‘penetration depth’’ Xmax.

In Fig. 1 we compare the predictions of the leading-twist
pQCD model Sibyll for proton and iron induced showers to
the saturation model (BBL, for proton primaries only) with
running and fixed-coupling BFKL evolution of Qs, respec-
tively, and to Hires stereo data [1]. In the saturation limit,
showers do not penetrate as deeply into the atmosphere.

This is due to the ‘‘breakup’’ of the projectile’s coherence
[15] together with the suppression of forward parton scat-
tering (for central collisions). The comparison to the data
suggests a light composition at those energies. Although
the curve for running-coupling evolution appears to be
parallel to that from Sibyll, the two curves actually ap-
proach at lower energies.

Also, contrary to present accelerator experiments, a
clear difference between running-coupling and fixed-
coupling BFKL evolution of the saturation momentum is
apparent in this observable. The discrepancy between those
evolution scenarios at the highest energies is strongly
amplified by subsequent hadronic collisions in the
cosmic-ray cascade since it determines the fraction of
events that occur close to the blackbody limit (averaged
over all impact parameters). Thus, assuming hadronic pri-
maries, the extremely rapid growth of Qs obtained for
fixed-coupling evolution is at variance with the Hires
data, as it would require hadrons lighter than protons.
This is due to a too strong suppression of leading hadron
production over a large range of impact parameters at high
energies. At lower energies, of course, the two evolution
scenarios predict similar saturation scales and so cannot be
distinguished as reliably by present collider experiments.

Finally, we remark that our results for running-coupling
evolution coincide with those of another popular hadronic
model, QGSJET [22]. Because of the absence of an ad hoc
qt cutoff for pQCD interactions in QGSJET, that model
needs to assume a too flat gluon density at small x in order
not to overestimate multiplicities at collider energies [4]. In
our approach, on the other hand, the increase of the multi-
plicity and of the typical transverse momenta with energy,
is controlled by the saturation mechanism and the corre-
sponding evolution of the gluon density.

Conclusion.—We have shown that at energies near the
GZK cutoff QCD evolution scenarios differ drastically in
their predictions for the scale Qs where gluon densities
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PRL 94, 231801 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
17 JUNE 2005

231801-3

Black Disk Model

• large number of minijets
• high perturbative saturation scale
• disintegration of leading particle

(Drescher et al. PRL 94, 2005)

Depth of shower maximum very sensitive 
to high energy interaction characteristics



Fluctuations of Xmax to discriminate?

25

)2  (g/cmmaxX
600 700 800 900 1000

/g
)

2
  (

cm
m

ax
dN

/d
X

10

210

310
SIBYLL 2.1
QGSJET 01

iron

proton

Only very 
restrictive if 
composition is 
very heavy



The knee energy range as model challenge
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GRAPES-3

31

(H. Tanaka et al.
S. Tonwar et al.)

Independent 
test possible



GRAPES-3: element fluxes
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~3PeV

(H. Tanaka et al., S. Tonwar et al.)

proton

helium

iron

Assessment of models 
by relation to direct 
measurements



Cross section measurements
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HiRes cross section
 measurement
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Ralf Ulrich (ralf.ulrich@ik.fzk.de) On the measurement of the proton-air cross section using longitudinal shower profiles 3 / 16

first interaction point shower fluctuationsdepth of shower max.

ΔX

Xmax = X1 +∆X



Model dependence of shower fluctuations
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Uncertainties of cross section measurement

3

(i) Elemental composition
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Uncertainties due to composition
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Importance of cosmic ray composition
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Ralf Ulrich (ralf.ulrich@ik.fzk.de) On the measurement of the proton-air cross section using longitudinal shower profiles 15 / 16
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Importance of cosmic ray composition
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EAS-TOP and ARGO-YBJ measurements
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Correction for 
fluctuations and 
invisible cross 
section part

(G. Trinchero et al.
I. De Mirti et al.)



Summary of new cross section data
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Simulation tools and related questions
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Giant air shower simulation
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Monte Carlo 1D hybrid 3D hybrid

• thin sampling  (Rubtsov et al.)

• fully simulated showers  (Rubtsov et al.)

(1 yr CPU for 1018.5 eV)
• parallel computing (Kasahara et al.)

AIRES
CORSIKA
COSMOS

CONEX SENECA

Hybrid programs are mature 
and checked against CORSIKA



Example: SENECA-CORSIKA comparison
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More comparisons of 
this type are needed
(AIRES-CORSIKA, 
COSMOS-CORSIKA)

(CONEX-CORSIKA: see Astropart. Phys. 26, 2007)

electrons

photons

muons

(J. Allen et al.)



Calculation of radio emission in dense media
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Calculation of radio emission from air showers
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Macroscopic Description of 
Coherent Geo-Magnetic Radiation from 
Cosmic Rays

Olaf Scholten    scholten@KVI.nl

and

Klaus Werner

Predictions for vertical showers:

intensity - circular symmetric

polarization - perpendicular to magnetic field

Increasing distance 
to shower core, 
pulse
- widens
- decreases in height

Towards realistic showers 
- Velocity distribution electrons
- Pancake thickness
- Lateral extent

Pulse shape 
determined by  
pancake 
thickness at 
distances 
d<500 m

Simple formula is 
accurate at larger 
distances >700m

Air shower

Pancake = e+ e- plasma

Electric current develops 
when plasma moves through 
magnetic field of the Earth

Radiation emitted by moving 
electric current

Pulse sensitive to shower development prior to maximum

d=300m d=700m

mental data nor from simulations, and, in fact, λ is not a constant but depends
on the particle properties (in particular energy). A large value for λ leads to a
simulation with few long tracks, whereas a small value corresponds to a simu-
lation with many short tracks. Although the total track length integrated over
all particles is kept constant irrespective of the value of λ, the resulting radio
signal is affected by the choice of λ. The reason is that the particle properties
(in particular the angular and energy distributions) start to deviate system-
atically from the distributions at particle creation if the tracks get too long.
The simulation can then become inconsistent.
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Fig. 13. Radio signal convergence in a fully histogrammed air shower when going
from 36.7 g cm−2, exponentially distributed, to 1.0 g cm−2, fixed track lengths.

When λ is set to a small value, on the other hand, each particle always follows
the local particle distributions well throughout its full trajectory. Trajectories
longer than λ are then effectively described by an integration over multiple,
independent representative segments of length λ. Combined with the detailed
information on the particle distributions throughout the full air shower evo-
lution available in REAS2, this solves the problem of a particular choice for
the λ parameter in a natural way. The radio pulses converge and become in-
dependent of the value of λ when its value is chosen smaller and smaller (cf.
Fig. 13). For air showers in the US standard atmosphere a value of 1 g cm−2

proves to give good results while the calculation is still numerically stable and
efficient.

5 Particle pairing

In REAS1, electrons and positrons are always created in pairs — a reasonable
approximation of the situation in air showers. As explained in [8], part of the
emission from electrons and positrons adds up, whereas other contributions
cancel out. Pairwise creation of particles increases the numerical stability of
calculating these cancellations. It is, however, well-known that air showers in

13

R = 275 m

Different from 
calculation in 
dense media

(O. Scholten & K. Werner)

(T. Huege et al.)



Accelerator data
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HARP:
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Figure 5.10: Momentum spectra of secondary !− (filled circles) and !+ (open circles)

mesons in p+C reactions at 12GeV/c measured with the HARP spectro-
meter at the PS accelerator at CERN. The seven different panels show the

spectra in different angular bins from 0.03 rad to 0.24 rad.
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Figure 5.10: Momentum spectra of secondary !− (filled circles) and !+ (open circles)

mesons in p+C reactions at 12GeV/c measured with the HARP spectro-
meter at the PS accelerator at CERN. The seven different panels show the
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Figure 5.10: Momentum spectra of secondary !− (filled circles) and !+ (open circles)

mesons in p+C reactions at 12GeV/c measured with the HARP spectro-
meter at the PS accelerator at CERN. The seven different panels show the

spectra in different angular bins from 0.03 rad to 0.24 rad.
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positive pions
negative pions

p+C→ π±+X , plab = 12GeV/c

Systematic and statistical error added in quadrature

(C. Meurer et al.)
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Positive pions

Negative pions

None of the models 
describes data consistently
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Cryogenic target 
data 

49

CHAPTER 6. DISCUSSION OF HARP DATA

Figure 6.7: Comparison of !− momentum spectra in p+C reactions at 12GeV/c with
!
− momentum spectra in p+N2 and p+O2 reactions at the same energy.

Angular range from upper left to lower right: 50-100mrad, 100-150mrad,

150-200mrad, 200-250mrad.
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HARP
preliminary

p+N/O→ π−+X
plab = 12GeV/c

Other HARP data:

• p-Be (8.9 GeV, MiniBoone)

• p-C (3, 5, 8,12 GeV, large angles)

• p-Al (12.9 GeV)

• p-Ta (3, 5, 8, 12 GeV)

(C. Meurer et al.)



Searches for physics beyond the Standard Model

Monopoles, exotic particles
Dark Matter

Gravitational waves
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Relativistic 
monopole in 

IceCube



IceCube Monopole limit
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IceCube Monopole limit
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(H. Wissing et al.)
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• Intermediate mass Magnetic Monopoles

• Strange Quark Matter

• Q-balls

Search for Light Magnetic Monopoles

Aluminium

CR39

Makrofol

µ

Fast
 MM

Nuclear
fragment

Slow
MM

Nuclear Track Detectors

Results for IMMs

based on the analysis of 383 m2 exposed for 4.1 y

No candidate found

flux upper limit (90% CL) = 1.4 10-15 (cm s sr)-1 for ! > 0.01
beta > 0.01

Exposure of 4 years (S. Checchini et al.)



Dark Matter
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see discussion of EGRET calibration 
Stecker et al., 0705.4311 [astro-ph] 



AMS-01: STS-91 1998 flight
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AMS-01

(S. Schael)



AMS-01: positron identification
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Positron Identification
 with AMS-01

Phys. Lett. B646 (2007), 145-154

Possible positron 
excess supported

(S. Schael et al.)
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Large uncertainty due to 
propagation model parameters

(F. Donato et al.)
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ICRC 2007, Merida, Mexico

THE DRACO DWARF GALAXY

Draco:
Dwarf spheroidal galaxy, accompanying the Milky Way at 

a galactocentric Distance of 82 kpc, (distance to earth: 
86 kpc)

  M/L > 200
After L. Mayer et al. (Nature, 445, 738, 2007): 

Highly DM dominated

The DM halo is modeled by a power law with an 
exponential cut off:
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With the following values for C, ! 
and rb (Sanchez-Conde et al, 
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FLUX FROM NEUTRALINO 
ANNIHILATION
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m0 > 2 TeV
   rescaled for
   relic density
   (if !

"
h2< 0.098)

#$%&#$%&''$%$%'#()*''#()*'+,-.+,-.$$// predicted cross-section for parameters 
within the mSUGRA-framework

line: 50 sensitivity curve for 50h of 
observation by MAGIC. (Tasitsiomi, 
2002)
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Gravitational waves
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Science run 5 
since Nov 2005 
(End fall 2007)

(S. Desai, LIGO Collab.)
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AMS02, 2009
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• Neutrino telescopes
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