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Abstract. This article is a summary of contributions to the International Cosmic Ray Conference 2007
presented mainly in the sessions HE 1.6 (EAS Simulations) and HE 3.1 - 3.5 (Interactions, Particle Physics
Aspects, Astroparticle Physics and Cosmology). Emphasis is put on a discussion of these contributions
within the context of the overall status of the field rather than on a more complete presentation of the
individual contributions.

Cosmic ray interactions within
the Standard Model

Introduction
On one hand, cosmic rays provide a particle beam
that can be used for studies of particle interaction and multiparticle production, or searches for
new physics by measuring air showers or secondary particle fluxes. On the other hand, a good
understanding of particle interaction is needed
for interpreting the measured data in terms of,
for example, primary particle energy distributions,
elemental composition, or physics beyond the
Standard Model. This interrelation between cosmic ray and particle physics is the embracing
theme of the contributions to the sessions HE 1.6
(EAS Simulations) and HE 3.1 - 3.5 (Interactions,
Particle Physics Aspects, Astroparticle Physics
and Cosmology) of the International Cosmic Ray
Conference in Merida. The following article is a
write-up of the rapporteur talk of these sessions
and an attempt to discuss the corresponding contributions within the broad astroparticle and particle
physics context. A presentation of all individual
contributions would be impossible and is clearly
beyond the scope of this work.
The topics discussed in the sessions HE 1.6 and
3.1 - 3.5 can roughly be subdivided into (i) theoretical, phenomenological, and experimental work
focused on understanding cosmic ray interactions
within the Standard Model of particle physics, and
(ii) work on predictions and searches for physics
beyond the Standard Model. Of course, both subjects are very closely related.

One of the key issues for doing particle physics
with cosmic rays is that of knowing the primary
cosmic ray flux, which serves as high-energy particle beam. Whereas we know the overall particle
flux reasonably well, the results on elemental composition at energies greater than 1013 eV are subject to large systematic uncertainties [1, 2, 3, 4].
In the past the limited statistics and systematic uncertainties of the measurements were the
main sources of uncertainty. Only recent cosmic
ray detectors allow such a measurement accuracy
and high statistics that now the uncertainties are
dominated by our limited knowledge of modeling
hadronic interactions. Prominent examples are the
ongoing efforts of determining the elemental composition from high statistics data in the knee energy range (for example, KASCADE, EAS-TOP,
GRAPES) and above 1018 eV (AGASA, HiRes,
Auger), see [4]. In addition, there are several experiments designed to measure in the energy region
of the transition from galactic to extragalactic cosmic rays (KASCADE-Grande, IceCube with IceTop, AMIGA & HEAT extensions of the southern
Auger Observatory, TALE), which are expected to
provide high quality data. The situation is similar for modern measurements of atmospheric muon
and neutrino fluxes and muon charge ratio data.
To interpret the data of these experiments we
have to understand the sources and the overall size
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of the theoretical uncertainties of simulated reference showers, that are compared to data to derive
the primary particle energy distribution and mass
composition. In particular, estimating the size of
the uncertainty of the theoretical predictions on air
shower observables is currently one of the most important and unsolved problems1 .
Alternatively, cosmic ray data can be used
learn more about particle interactions at high energy. For example, interaction models that allow an overall consistent description of different
observables and different data sets are clearly favored and provide some clues of the general features of hadronic multiparticle production beyond
the reach of colliders. Of particular importance is
the proper description of different shower observables and their fluctuations on a shower-to-shower
basis.
A much more direct method of studying the interaction characteristics is the selection of showers
of almost mono-elemental composition to perform
measurements with showers initiated by particles
of known energy and mass. This approach is typically very difficult to implement as the criteria for
selecting events are themselves depending on interaction models. External information coming from,
for example, astrophysical models of the composition of cosmic rays in certain energy ranges [7, 8]
or even angular correlations with potential sources
[9] can be the key to the success of this method.

It is generally assumed that electromagnetic interactions are well understood as we can calculate
them reliably within perturbative QED. Current
state-of-the-art simulation codes for electromagnetic showers such as EGS4 [26], EGSnrc [27],
and FLUKA [28] are all based on leading-order
QED predictions. Many predictions of the EGS
and FLUKA packages have been verified in beam
dump experiments at CERN and SLAC at energies below 1 TeV. Since most electromagnetic particles in a shower have energies in the MeV to GeV
range, the uncertainty of the description of overall
electromagnetic shower features, in particular the
longitudinal profile, should be small. On the other
hand, the particle densities at large lateral distance from the shower axis were never compared to
accelerator data. Therefore, although we have
no indication of serious shortcomings of current
electromagnetic shower simulations, it would be
worthwhile to check the size of next-to-leading
order QED corrections at very high energy and
also perform accelerator measurements at large
distance to the shower core.
The main source of uncertainty of air shower
predictions is currently the limited knowledge of
hadronic multiparticle production at very high energy (E > 1015 eV) and in the forward phase
space region close to the direction of the incoming particle [34, 31]. Although QCD is the wellestablished theory of strong interactions, the bulk
of the secondary particles produced in hadronic interactions can still not be predicted. Perturbative
QCD calculations allow only the prediction of particle production in processes with large momentum
transfer, which constitute just a small fraction of
all interactions. Therefore we have to rely on
measurements of particle production at accelerators and phenomenological models to extrapolate
the measurements to the full energy and phase
space ranges needed for air shower simulation.
The range over which accelerator data have to be
extrapolated is illustrated in Fig. 1. The energies
accessible at accelerators are indicated by arrows.
In addition the equivalent center-of-mass (CMS)

Reliability of the interpretation of air
shower data
In the following we will concentrate on air shower
simulations and only briefly comment on predictions of atmospheric secondary particle fluxes.
Sources of uncertainty of the predictions of
air shower observables can mainly be related to
(i) shortcomings and limitations of shower simulation techniques (for example, effects related to thin
sampling of secondary particles), (ii) shortcomings
in the simulation of the electromagnetic shower
component, and (iii) uncertainties in the simulation of hadronic multiparticle production and resonance decay. In addition, the number of simulated
showers and hence the statistical significance of
the Monte Carlo data set, often limited by the available computing resources, is still an important issue, see Sec. 2.4.

1. Taking advantage of the limited energy range of
interactions of importance, remarkable progress has be
made in estimating the uncertainty of neutrino flux predictions, see [5, 6].
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Fig. 1. Comparison of cosmic ray and accelerator energies. A representative set of flux measurements is shown to
indicate the different features of the cosmic ray flux. The direct measurements on top of the atmosphere are from
ATIC [10, 11], PROTON [12, 13], and RUNJOB [14]. The air shower measurements are KASCADE data (interpreted
with two hadronic interaction models) [15], preliminary KASCADE-Grande results [16], and Akeno data [17, 18]. The
measurements at high energy are represented by HiRes-MIA [19, 20], HiRes I and II [21, 22], AGASA [23, 24], and
Auger [25].

energy for individual nucleon-nucleon collisions is
shown for proton primaries.
Hadronic interaction models are typically divided into low- and high-energy models. Lowenergy models describe hadronic interactions in
terms of intermediate resonances (for example, the
isobar model) and parametrizations of data. They
are applicable in the energy range from the single
particle production threshold up to several hundred
GeV. Models that are frequently applied in simulations are FLUKA2 [28], GHEISHA [35], UrQMD
[36], and the more specialized code SOPHIA [37].
Low-energy models benefit from the existence of
many data sets from fixed target measurements.
Still the differences between the model predictions
are significant and can lead to very different muon
densities in air shower simulations [38, 39].
High-energy interaction models are typically
very complex and make use of asymptotic expressions from Regge theory [40], Gribov’s Reggeon
calculus [41], and perturbative QCD. Central ele-

ments of these models are the production of QCD
minijets and the formation of QCD color strings
that fragment into hadrons. The currently used
models are QGSJET 01 [42, 43] and II [44, 45],
SIBYLL 2.1 [46, 47, 48], EPOS 1.6 [49, 50, 51]
and DPMJET II [52] and III [53, 54]. The extrapolation of these models to very high energy depends
on the internal structure of the model and the values of the tuned model parameters and is, in general, rather uncertain. Different extrapolations obtained within one model by varying the parameters
can be found in [55, 56] and represent only a lower
limit to the uncertainty of the predictions.
Consistency of air shower data description
The consistency of the description of different cosmic ray data sets is an indirect measure of the re2. FLUKA is a complete cascade simulation package
that includes both low- and high-energy models.
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Fig. 2. Mean depth of shower maximum Xmax [29]. Shown is a compilation of data together with predictions calculated
with CORSIKA [30] and different interaction models. References to the data can be found in [31]. New results on
hXmax i have been presented at this meeting by the Auger [32] and HiRes [33] Collaborations.

liability of our current interpretation of air shower
data.
There are several data sets that overlap in energy range and are taken with different detection
methods that are either sensitive to the muonic
and electromagnetic components in the shower at
ground (particle detector arrays) or the longitudinal development of the shower profile (optical
detectors). Of particular importance are the data
of those detector installations that allow multicomponent measurements and, hence, several independent composition analyses of the same data
set.
In the following we discuss composition data
sets with the emphasis on aspects related to the
characteristics of hadronic interactions. The baseline for comparison will be QGSJET and SIBYLL:
these models have been available for several years
now and many groups have analyzed their data
with them.
A compilation of measurements of the mean
depth of shower maximum is shown in Fig. 2. All

model predictions for proton and iron primaries
bracket the data over the entire energy range. A
change of composition is clearly visible between
1015.3 and 1017 eV. It is also worthwhile to notice that the prediction of the superposition model
for the relation between the depth of shower maximum of a primary nucleus with mass number A
and that of a proton-induced shower,
A
p
hXmax
(E)i = hXmax
(E/A)i,

(1)

is approximately satisfied for all models.
The energy dependence of hXmax i can be described by the elongation rate
D10 =

dhXmax i
.
d lg E

The elongation rate of hadronic showers is approximately related to that of electromagnetic showers
e
(D10
≈ 85 g/cm2 ) by
had
e
D10
= D10
(1 − Bn − Bλ ),
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stems from the fact that the muon number Nµ
scales with mass number A approximately as

α
E
(A)
Nµ = A
= A1−α Nµ(1) , (3)
AEdec

which is called the elongation rate theorem [57].
Here Bn = ddlnlnnEtot is the energy dependence of
the multiplicity of secondary particles with high
energy and Bλ = − X10 ddλlnintE characterizes the
rise of the interaction cross section, with X0 being
the electromagnetic radiation length (for a detailed
discussion, see [58]). If a model exhibits perfect
scaling, i.e. the secondary particle distributions are
only functions of the variable x = Esec /Eprim ,
and has a slowly rising cross section, its elongation rate will be close to that of electromagnetic
showers.
The correlation between the influence of scaling violations and of the rise of the cross section
on the elongation rate makes the interpretation of
hXmax i in terms of the characteristics of hadronic
interactions difficult. For example, SIBYLL exhibits a rapidly rising cross section and only mild
scaling violation of the secondary particle distributions, whereas QGSJET 01 is characterized by a
cross section that rises moderately fast with energy
and predicts much larger scaling violations.
Due to the limited knowledge of simulating
hadronic interactions, it is possible to have the
highest energy hXmax i points corresponding to a
pure proton composition if interpreted with a modified version of SIBYLL or QGSJET. On the other
hand, using a model with nearly perfect scaling and
slowly rising cross section, the data point around
1019 eV could be interpreted equally well as a pure
iron composition.
There are indeed indications that models with
smaller scaling violations are favored on the basis
of other data sets, however, the pure iron interpretation seems to be unlikely if the highest energy
point of the new Auger data [32] is not just a downward fluctuation. More data at the highest energies
will help to distinguish between these scenarios.
Furthermore, a measurement of the Xmax fluctuations will be decisive in this case. Whereas it is
difficult to distinguish a pure proton composition
from a mixed one of intermediate elements, a pure
iron composition will have such small fluctuations
that the width of the Xmax distribution can be used
as unique signature.
A compilation of mainly surface detector based
measurements of the elemental composition at the
highest energies is shown in Fig. 3. The composition sensitivity of surface detector observables

with
α=

ln(nch )
≈ 0.9.
ln(ntot )

(4)

Here Edec is a typical energy scale for the decay of
muons and ntot and nch are the total and charged
particle multiplicities, respectively (for a detailed
discussion, see [66]).
There seems to be good general agreement between the Xmax composition trend to lighter elements with increasing energy and the surface detector data of Fig. 3. When comparing the different
results it is important to keep in mind that the surface data were analyzed with different versions of
QGSJET and SIBYLL. Whereas QGSJET 98 predictions are very similar to those of QGSJET 01,
the results obtained with SIBYLL 2.1 are different from those based on SIBYLL 1.6. Therefore
Figs. 2 and 3 can only be compared on a qualitative level.
Indeed, more direct comparisons using the
same hadronic interaction models reveal a systematic inconsistency between composition results
based on surface detector data and that based on
the measurement of the mean depth of shower
maximum [68]. Analysis of the surface detector data lead to a heavier primary composition
than one would expect from hXmax i data. This
is most clearly seen in experiments that measure
both Xmax and the number of muons or related
quantities. There are two such data sets available. The prototype experiment HiRes-MIA [69]
studied showers in the energy range from 1017 to
1018.5 eV. The measured muon densities at 600 m
from the core could only be interpreted as irondominated composition, but the mean Xmax indicated a transition to a proton-dominated composition [20].
With the Auger data presented at this conference [67], this discrepancy is impressively confirmed with several independent analyses at about
1019 eV. Using universality features of very high
energy showers E > 1018 eV, one can relate the
electromagnetic shower size at a lateral distance
of 1000 m to the shower energy and the depth of
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Fig. 3. Iron fraction if data are interpreted as a superposition of proton and iron showers [59]. The data are from Fly’s
Eye (4), AGASA A100 ( ), AGASA A1 ( ) using SIBYLL 1.6 ([60] and references therein) and Haverah Park [61],
using QGSJET 98 (◦). The mean composition determined in [62] with the corresponding error for the Volcano Ranch
energy range using QGSJET 98 is shown as (?). The solid line arrow indicates the result using rise time measurements
from Haverah Park [63]. The dashed arrow lines represents upper limits obtained by the AGASA Collaboration with
QGSJET 98 [64] and the dot dashed horizontal line is the result of the HiRes analysis [65].

shower maximum [70, 71, 72]. The employed universality features are the same for showers simulated with the interaction models QGSJET II and
SIBYLl 2.1. Considering showers at different angles and employing the independently measured
depth of shower maximum, the observed muon signal can be set in relation to the predicted muon
signal as shown in Fig. 4. Adopting the nominal
energy scale of the Auger fluorescence detectors,
the number of muons at 1000 m from the core is
found to be twice as large as predicted by simulations with proton showers. This number should
be compared to that of iron-induced showers for
which one expects a muon number increased by
the factor 1.38 (QGSJET II) or 1.27 (SIBYLL 2.1).
Increasing the energy scale by 30% as the constant intensity cut analysis of the data suggests and
assuming a iron dominated composition seems to
bring the data into agreement with the model predictions. This is, however, not really the case since
the hXmax i data is at variance with the iron composition hypothesis at 1019 eV.
We are forced to interpret the discrepancy between the Auger data and the model predictions as
a serious shortcoming of current current interaction models. The most straightforward solution to
this puzzle would be an increase of the predicted
muon number of the models by about 30%. On

the other hand, the muon number is a rather robust
quantity and changing only the characteristics of
the first few interactions of the hadrons during the
shower startup phase seems not enough to increase
the muon number significantly [73]. For example,
one would have to increase the secondary particle
multiplicity of the first interaction by a factor of 10
to increase the overall muon number by 25%.
Another way of decreasing the discrepancy
between data and models is the modification of
the scaling behavior (for example, see study with
QGSJET 01 in [68]). A reduction of the scaling
violation and the cross section of a model does not
change very much the predicted muon number but
strongly influences the depth of shower maximum.
This way it is possible to describe the measured
hXmax i with iron-like showers. Interestingly, a
recent study of the inclusive muon fluxes at high
energy also indicates that nearly perfect scaling of
the distributions of energetic secondary particles in
the primary energy range from 1012 to 1017 eV is
favored [74].
Finally it should be mentioned that indications
for an excess of muons have been observed also
in other experiments at various energies, although
in a much less direct way. Examples are the observations of very high multiplicity muon bundles
with LEP detectors [75, 76, 77] and the downward
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Alternative interaction models

going muon flux measured with AMANDA [78].
This muon excess cannot be explained with charm
production in air showers, which currently is neglected in most simulations [79].
The knee energy range is very well suited for
testing the consistency between data and hadronic
interaction models. If the entire energy range of
transition from the light mixed composition below
1015 eV to the presumably iron dominated composition at higher energy is covered by one detector, a model can be tested for both light and
heavy primaries. The classic composition analysis of the KASCADE Collab. has shown that none
of the current interaction models gives a consistent
data description [15, 80]. SIBYLL 2.1 and, to a
lesser extent, also QGSJET II seem to predict too
few muons already at energies just above 1015.5 eV.
The independent data set of the GRAPES 3 detector installation [81] will be very important to
confirm these discrepancies. The GRAPES data
presented at this meeting [82, 83] are very promising, but a complete unfolding of several elemental
groups as done by the KASCADE Collab. has not
yet been attempted. First results indicate that an
analysis with QGSJET II and SIBYLL 2.1 leads to
very similar primary fluxes that are in reasonable
agreement with the extrapolation of direct measurements [83].

The recently developed interaction model EPOS
1.6 [49, 50, 51] is the successor to the neXus
model [84]. Compared to models like SIBYLL
and QGSJET, the philosophy of this model is different and motivated by the rich and very complex data sets from the RHIC collider. In favor of
obtaining a very good description of existing accelerator and collider data, some internal distributions had to be parametrized in EPOS. In particular,
in contrast to all other models, it is assumed that
the fragmentation of strings changes in dependence
on the overall energy density in the phase space
region of the string [49]. These modified string
fragmentation parameters can be considered as an
effective implementation of parton-parton fusion
in phase space regions of very high parton density, a phenomenon often referred to as saturation [85]. The non-universality of the fragmentation parameters comes along with the introduction of a number of additional parameters, which
make the EPOS model more flexible in describing
RHIC measurements. A comparison with QGSJET
and SIBYLL shows that EPOS-simulated interactions are characterized by different leading particle
distributions at high energy (strong scaling violation for leading nucleons) and also a considerably
higher multiplicity of produced baryon-antibaryon
pairs. The higher antibaryon production seems to
be supported by several data sets [50, 51], though
the data are not fully conclusive.
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ent. Fig. 5 shows that, at 1018 eV, a data set previously interpreted as corresponding to an iron dominated composition could now be considered as proton dominated! Furthermore the higher number of
muons modifies the correction that has to be applied to fluorescence telescope measurements to
obtain the total shower energy (often called missing energy correction). This is shown in Fig. 6.
A very good test of these drastic changes of the
composition interpretation of existing data can be
made by analyzing the KASCADE electron-muon
correlation data in the knee energy region. Even
at this energy the muon numbers predicted with
EPOS are much higher than that of the other models. A first test done by the KASCADE Collab.
shows that the EPOS model predicts too high a
muon number for a given number of electrons and
the flux derived with it is too high if compared to
direct measurements [89]. It will be very important
to find out whether this disagreement effectively
limits the muon number in showers in the knee energy region to that of models like QGSJET II or
whether some other modifications of EPOS – for
example, a change of the electron number – can
lead to a better agreement with KASCADE data.
Another, alternative approach to simulating interactions at ultra-high energy is that based on
string fusion. The key assumption here is that the
QCD color strings formed by the interaction of partons in the projectile and target particles are expected to fragment independently only up to a certain energy density in phase space. If strings come
very close to each other in phase space they can
fuse to a new string with different properties. The
particles produced in the fragmentation of fused
strings have higher transverse momenta, the total
multiplicity is decreased (if compared to a scenario without string fusion), the fraction of heavy
particles including kaons and baryon-antibaryon
pairs is increased, and the leading particle spectrum changes [90, 91, 92, 93, 94, 95, 96, 97]. A
phase space transition in hadron production is predicted in a situation with high string density, in
which not only two strings fuse but multiple mergers finally lead to percolation. A number of observations made in heavy ion collisions at RHIC are
successfully described within this model [98, 99]
The impact of string fusion and percolation on
air shower predictions has been considered in dif-
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Fig. 6. Correction factor needed for scaling up the measured calorimetric energy of an air shower to obtain the
total primary energy [86].

One of the most interesting features of the
EPOS model with respect to air shower physics is
the prediction of a much higher number of muons
in hadronic showers, see Fig. 5. There are basically two processes linked to this enhanced muon
production that have been identified so far.
• The larger multiplicity of secondary baryonantibaryon pairs enhances the hadronic component of the shower [50]. Baryons cannot
decay into electromagnetic particles as is the
case for neutral pions. Due to baryon number conservation, they will always be present
in the cascade and can produce many secondary pions when cascading down to very
low energy, an effect that has been pointed
out already in [87].
• The projectile fragmentation can lead to a
significant enhancement of muons, if – averaged over all interactions in the shower –
there are fewer leading neutral pions produced. This aspect of the leading particle flavor distribution is discussed in detail in [88].
Both effects are based on conventional physics that
is already present at low energy and can, therefore,
be tested with new collider data.
The higher number of muons predicted by
EPOS has several important consequences. If
EPOS is adopted for generating reference showers, the interpretation of muon number based composition measurements will be significantly differ-
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elongation rate in air showers (below ∼ 45 g/cm2 )
[120]. In a more realistic simulation the effect will
be smaller since many collisions are peripheral and
will not yet have reached the black disk limit.
The string fusion and percolation model and
the black disk limit model provide different ways
of describing new phenomena that are expected for
very large parton densities, often referred to as parton saturation. The models EPOS 1.6, QGSJET
II, and SIBYLL 2.1 have ideas and parametrizations implemented that address the same high parton density phenomena in again different ways and
different levels of sophistication. It is mainly the
lack of a theory and data on parton saturation phenomena that leads to the observed uncertainty of
the model predictions.

ferent publications, partially by using simple analytical expressions to describe the energy dependence of the depth of shower maximum and muon
number [100, 101] and also by performing numerical simulations [102, 103, 104, 105]. There are
different effects that are potentially important. For
example, the strong reduction of the rise of the
multiplicity of secondary particles with increasing
energy can lead to a larger elongation rate than predicted by current models [100]. Depending on the
parameters, this reduction could explain, at least
partially, the large elongation rate measured with
the HiRes-MIA setup [20], changing the interpretation of the data in terms of a necessary change
of mass composition. Another important effect of
string percolation is the modification of the leading particle spectra and, hence, the elasticity3 of
the interactions [101]. In addition, any modification of the flavor of the leading particle is of great
importance for the shower characteristics [104].
Although these effects are very promising
means of explaining many structures of the
hXmax i data without the need of a changing cosmic ray composition, simulations show that there
is a gradual transition from one scenario to another
before these effects are fully efficient and modify
the shower predictions. Moreover, it can be argued
that string fusion and percolation might explain an
elongation rate as large as ∼ 75 g/cm2 , but so far
no scenario is known that might reduce the elongation rate at higher energy again to the observed
∼ 50 g/cm2 per decade in energy.
For completeness and to illustrate the full range
of uncertainty, we contrast the string fusion scenario predicting a large elongation rate and slow increase of the muon number with a model that predicts just the opposite, even though it has not been
presented at this meeting. If the perturbative QCD
predictions for parton densities are extrapolated to
small momentum fractions of the partons within
the Balitsky-Fadin-Kuraev-Lipatov approximation
[118], the density of gluons increases to such an
extend that one can speak of black disk scattering
in non-peripheral collisions [119]. In this case the
the “classic” particle remnants will fully disintegrate and all partons will acquire a transverse momentum in the collision that is larger than a typical
saturation scale [120]. The elasticity of the interactions decreases drastically, leading to a very small

Cross section measurements
The proton-air cross section determines not only
the depth of the first interaction in an air shower, it
also influences how fast a shower develops. Several updated and new attempts to measure this
cross section have been presented at this meeting
[121, 122, 123]. The key observation is the good
correlation between the overall shower profile and
the depth of the first interaction. This correlation
is particularly good for the depth of shower maximum and somewhat worse for ground array observables that effectively are related to the shower
age (for a recent discussion, see [106]).
There has been some confusion regarding the
part of the proton-air cross section that is measured
in cosmic ray experiments. It is clear that, even under ideal conditions, only the particle production
cross section can be measured. Any interaction
without production of new particles will not influence the development of an air shower. In protonnucleus collisions, the total cross section can be
written as
σtot

= σela + σinel
= σela + σq−ela + σprod ,

(5)

where σela and σinel denote the elastic and inelastic cross sections, respectively. The inelastic
cross section is the sum of the cross section for
3. Elasticity is defined here as the energy fraction carried by the most energetic secondary hadron that interacts again deeper in the atmosphere.
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ables and the depth of the first interaction point
has to be taken from simulations and depends itself
on the proton-air cross section and other unknown
variables. Both sources of uncertainty have been
discussed at this conference [124, 121, 122, 123].
Currently there is no solution known for removing a possible bias due to the unknown and
most likely mixed primary cosmic ray composition. Simulations with other primaries such as helium or gamma-rays are performed and the systematic uncertainty estimated [122, 123, 121]. This
procedure is expected to give good results if the
composition is indeed proton dominated but will
fail otherwise.
An improved cross section analysis method has
been put forward that accounts for the cross section dependence of the correlation between the first
interaction point and the depth of shower maximum [124]. By assuming that the cross section
is known at 1015 eV, equivalent to Tevatron c.m.s.
energy, one can interpolate (logarithmically in energy from 1015 eV to the air shower energy) the

quasi-elastic scattering (σq−ela ) and that of particle
production σprod . Quasi-elastic processes are interactions, in which the incoming proton is elastically scattered on at least one of the nucleons of the
target nucleus, leading to a nucleus breakup without production of “new” particles such as pions
or kaons. The quasi-elastic cross section amounts
to about ∼ 10 % of the inelastic cross section.
In Monte Carlo simulations of hadron-air interactions, only the production cross section is used4
and consequently, it is this cross section that is
derived in the analysis of data from cosmic ray
experiments.
Fig. 7 shows a compilation of proton-air cross
section measurements [106]. The low-energy data
are obtained from analyses of the unaccompanied
hadron flux in the atmosphere and high energy data
are from air shower observations.
The measurement of the proton-air cross section is difficult. First of all, there are not only protons in the cosmic ray beam. Any analysis needs
to employ cuts that select proton-induced showers.
Secondly, the correlation function describing the
relation between the measured air shower observ-

4. In case of primary nuclei and their fragments, the
inelastic cross section is simulated.
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correction factor needed to bring the hadronic interaction model cross section in agreement with the
measured one. This rescaled cross section is then
used in the simulations for the data analysis in either an iterative procedure or by parametrizing the
dependence of the correlation function on the high
energy cross section. Further assumptions are that
the same correction factor can be applied to pionand kaon-air cross sections. Monte Carlo studies
show that the model dependence can be greatly reduced even though the application of a scaling factor to the cross section leads to a “modified” interaction model, in which particle production and
cross section are no longer self-consistent.
Keeping the uncertainties of the cross section
measurements in mind, it is still worth noting that
all new measurements fall below the current model
predictions, see Fig. 7. It is clear that air shower
measurements are not sensitive to the total particle
production cross section. For example, there are
final state configurations such as target diffraction
dissociation that are indistinguishable from elastic
interactions. Still, the difference between data and
model predictions is not related to this “invisible”
part of the cross section since the measured cross
section is corrected back to the full particle production cross section in all analyses. The discrepancy is particularly interesting for the data points
up to ∼ 1015 eV. The proton-proton cross section
is well-known in this energy range and, hence,
the predicted proton-air cross section can be used
to test Glauber’s multiple scattering theory [127].
The data indicate larger than previously assumed
inelastic screening corrections [128], which reduce
the proton-air cross section for a given protonproton cross section.

background suppression of imaging atmospheric
gamma-ray telescopes [131, 132]
Low-energy interactions can be measured in
fixed target experiments, which also allow good
coverage of the forward particle production hemisphere. Although in fixed target setups the target material can be chosen almost freely, there is
a lack of dedicated measurements of hadronic interactions with light nuclei. Nitrogen and oxygen
can only be used in cryogenic targets increasing the
costs of the experiments. Some data in the relevant
mass range exist for carbon and beryllium nuclei
[133, 134].
The situation has improved recently with the
publication of HARP data on p-C and π-C interactions at 12 GeV [125, 126] and NA49 data on p-C
interactions at 158 GeV [135, 136]. Moreover, the
HARP Collab. performed also measurements with
liquid N2 and O2 targets, which were presented at
this meeting [125]. Both the HARP [137] and the
NA49 [138] detectors are providing very good particle identification and momentum reconstruction
in the forward direction.
In Fig. 8 the inclusive cross section for π + production on carbon at 12 GeV is shown. The data
are compared with the predictions of the models
DPMJET III, GHEISHA, and UrQMD. None of
the interaction models gives a fully consistent description of the data. The situation is similar for the
production of negative pions. A comparison of the
NA49 data set with different models can be found
in [139].
There are two groups that plan to take further data suited for tuning cosmic ray interaction
models. The NA61 experiment is the successor
to NA49 at the CERN SPS. Its detector is based
on the setup of NA49 with additions to improve
particle identification at larger angles. The NA61
Collab. took first physics data with a 30 GeV proton beam on carbon target in 2007. One of the
aims of the NA61 experiment [140] is the measurement of secondary particle yields suited as reference spectra for the T2K neutrino oscillation experiment [141]. The experiment MIPP (Main Injector Particle Production experiment) at Fermilab aims at the measurement of secondary particle spectra for a beam of π ± , K ± , and p± in the
energy range from 5 to 90 GeV. First physics data
were taken in 2005 and 2006 [142]. MIPP has

Accelerator data on multiparticle production
Accelerator data are needed for tuning interaction
models and also allow us to test certain aspects of
these models. The longitudinal profile of air showers is mainly governed by the characteristics of
high-energy interactions. Particle densities at large
lateral distances depend on both high- and lowenergy interactions [38, 39]. Hadronic interactions
at low energy are also of direct relevance to muon
and neutrino flux calculations [129, 5, 130] and
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Fig. 8. HARP data of positive pion production on a carbon target at 12 GeV beam energy [125, 126]. The error bars
indicate systematic and statistical errors added in quadrature. The data are compared with model predictions.

better understanding cosmic ray interactions. For
example, the CMS detector will be operated together with the CASTOR [147] and TOTEM [146]
detectors and a zero-degree calorimeter for neutral
particles, see [148].

nearly full acceptance for charged particles. Currently the detector is upgraded with a faster DAQ
to allow high-statistics measurements.
The LHC will be the new high energy frontier. The dedicated forward experiment LHCf
[143, 144, 145] will take data in the early lowluminosity phase of the collider and allow the
measurement of the distribution of π 0 and neutrons. The detectors are installed to both sides of
the interaction point of the ATLAS detector. The
TOTEM setup will allow the measurement of the
total and elastic cross sections and the slope of the
forward scattering amplitude [146]. The ATLAS
and CMS Collabs. have begun to prepare their detectors for forward physics studies also suited for

Simulation techniques and tools
Simulations fall into different categories, those
aimed at calculating mean quantities and those focused on the simulation of individual showers with
their physics fluctuations. For example, for the calculation of inclusive secondary particle fluxes, it is
sufficient to know the mean value of the observables with high precision. On the other hand, in

370

30 TH I NTERNATIONAL C OSMIC R AY C ONFERENCE

many air shower experiments, the simulation of individual showers with their fluctuations is of interest. One of the key problems here is the application
of thin sampling [149]. Only a representative subset of particles is explicitly followed in a shower
and, by assignment of statistical weights, the overall shower features are reconstructed. This procedure leads to an increase of non-statistical fluctuations on top of the necessary increase of the
statistical fluctuations due to the smaller number
of particles.
If only mean quantities are of interest, it is
very efficient to simulate many showers with rather
crude thinning. This method can be extended to
individual showers by simulating the high-energy
part of the shower only once and without thinning
and then apply thinning to many realizations of the
low-energy part of the same shower [150, 151].
The procedure makes use to the fact that most of
the shower-to-shower fluctuations are the result
of fluctuations of the high-energy interactions in
the early shower development stages.
Hybrid simulation codes apply the same idea
but replace the explicit Monte Carlo simulation of
low-energy interactions either by a library of showers [58] or a system of cascade equations that is
solved numerically for the given initial conditions
[152, 153].
One of the difficult tasks is the comparison of
the predictions of hybrid simulation programs with
that of classic Monte Carlo codes. The simulation
of many showers of very high energy with Monte
Carlo is not feasible in this case. To make sure
that the uncertainty of such a comparison is not
dominated by the small statistics of the showers
generated with the standard Monte Carlo simulation code, one can simply concentrate on a set of
selected high energy showers. For these showers
the high energy interactions are generated without
thinning and used later in both the Monte Carlo and
the hybrid simulation simulations [154]. This procedure minimizes the influence of physics fluctuations on the model comparison.
Finally it should be mentioned that the efficiency of very detailed simulations of ultrahigh energy showers is improved considerably by
simulating subshowers on individual nodes of parallel computing clusters [155]. By filling the longitudinal and lateral particle profiles in a database,

the simulated showers can be used later to obtain high accuracy simulations even at the highest
energies [156].

Simulation of radio signals from showers
The status and recent advances in the field of radio
detection of cosmic rays and neutrinos will not be
covered here. This subject is reviewed in a highlight talk and the corresponding proceedings contribution [157] and the part of relevance to neutrino
physics is summarized in [6].

Searches for phenomena beyond the
Standard Model
Cosmic ray detectors are often very well suited
to perform searches for exotic particles such as
monopoles or for annihilation products of dark
matter particles. In this sense, the contributions to
the sessions HE 3.3 - 3.5 covered only some particular aspects of the wide and very complex field of
particle searches. The interested reader is referred
to dedicated conferences for a comprehensive review of the status of the field.

Dark Matter
Detecting secondary particles produced in the annihilation or decay of dark matter particles can
give clues of the mass, type and distribution of
the unknown dark matter particles. Often the neutralino, the lightest supersymmetric particle, is theoretically favored as candidate for dark matter, but
also many other hypotheses have been put forward [158]. Assuming that the dark matter particles can annihilate (or decay) to gamma-rays and
particle-antiparticle pairs, one can search for these
secondary particle fluxes. Promising secondary
particle channels are positrons, antiprotons, antideuterons (low background fluxes), gamma-rays,
and neutrinos (particles point back to the source).
General limits on the annihilation rate of dark
matter particles can be obtained over a wide
range of particle masses from the comparison of
the expected secondary fluxes with measured diffuse neutrino and gamma-ray fluxes [159, 160,
161, 162, 163].
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The new analysis of AMS01 data [176, 177]
is particularly interesting as it supports initial indications of an excess of the high energy positron
flux at the top of the atmosphere that was found
in TS93 and HEAT data [178, 179]. The standard positron identification with AMS01 was limited to energies below 3 GeV due to the large background from protons. Using positrons that emit
a bremsstrahlung photon that converts to a e+ e−
pair, the measurement of the positron flux can be
extended to 50 GeV. Fig. 9 shows the ratio of the
positron flux to the total electron and positron flux
in the energy range from 1 to 50 GeV. Data are
compared with a prediction based on secondary
positions without dark matter contributions.
Finally it should be mentioned that there is an
ongoing debate whether it is possible to interpret
EGRET gamma-ray data and measured antiproton
fluxes consistently with an annihilation signal from
∼ 70 GeV neutralinos [181]. Conventional cosmic
ray propagation models predict too high a p̄ flux
at Earth for this scenario [182]. In a model scenario with dark matter annihilation in small scale
clumps, this contradiction can be resolved due to
magnetic field irregularities and small scale confinement of cosmic rays [167].

To substantially improve these general limits,
theoretical assumptions and model predictions are
needed, in particular, on
• the dark matter distribution, including its
clumpiness [164, 165, 166],
• the type and mass of the particle, and
• the propagation of secondary particles to
Earth (if charged) [167, 168, 169]
For example, if the dark matter distribution is
clumpy, the annihilation rate in the clumps can
be much higher that expected for a smooth distribution [170, 164]. In general, the sensitivity
of a search can be increased by looking at objects with a very high dark matter density [171].
Results on such searches have been reported by
AMANDA (neutrinos from Sun and Earth) [172],
H.E.S.S. (gamma-rays from the Sagittarius dwarf
galaxy) [173], MAGIC (gamma-rays from dark
matter spikes around intermediate black holes and
from the Draco galaxy) [174, 175], and AMS01
(diffuse positron flux) [176].
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Fig. 9. Positron fraction in the total electron and positron
flux measured at the top of the atmosphere. Shown are
the results of the AMS01 analyses [177, 176], the early
TS93 results [178], and the combined e± and p̄ data
from HEAT [179]. The curve shows the expectation
for a model without an annihilation source for positrons
[180].
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The searches for exotic particles discussed at the
meeting cover a wide range from tachyons [183]
over magnetic [184, 185, 186, 187] monopoles to
Q-balls and strangelets [185, 188]. In the following we will consider only the results on magnetic
monopoles.
Magnetic monopoles were first introduced by
Dirac on the basis of topological arguments [189]
and later found in the particle spectrum of Grand
Unified Theories (GUT) [190, 191]. Their charge
is an integer multiple of e/2αem , where e is the
electromagnetic charge and αem is the fine structure constant, and their mass is of the order of
Λ/αem , with Λ being the GUT scale.
Depending on the detection method,
searches focus on sub-relativistic or relativistic monopoles (β ≥ 0.8). Relativistic monopoles
can be detected by Cherenkov light emission in
dense media. The expected signal is about 8300
stronger than that of a electrically charged particle.
Slow-moving, supermassive monopoles can be
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detected through the large number of leptons
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secondary particles of, for example, catalyzed
nucleon decay reactions [194, 184].
Fig. 10 shows the current limits on the flux
of relativistic monopoles. AMANDA II data presented at this meeting [186] are compared with the
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These limits can be improved considerably with
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2007, Id 0636.
[189] P. A. M. Dirac, Proc. Roy. Soc. Lond. A 133
(1931) 60.
[190] A. M. Polyakov, JETP Lett. 20 (1974) 194.
[191] G. ’t Hooft, Nucl. Phys. B 79 (1974) 276.
[192] V. Aynutdinov et al. (Baikal Collaboration),
Search for relativistic magnetic monopoles
with the Baikal neutrino telescope NT200,
arXiv:0507713[astro-ph]; Proceedings of
the 29th ICRC, Pune, India, 2005.
[193] M. Ambrosio et al. (MACRO Collabora-

[194]
[195]

[196]

[197]

[198]

[199]

[200]

[201]
[202]

378

tion), Eur. Phys. J. C25 (2002) 511, hepex/0207020.
V. A. Rubakov, Nucl. Phys. B 203 (1982)
311.
B. Christy et al. (ICECUBE Collaboration),
Proceedings of the 30th ICRC, Mérida,
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