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Abstract. This article summarizes contributions on high-
energy interaction and particle physics which were presented
in the High Energy Phenomena(HE) sessions 1.3, 1.5, and
3.1 through 3.6. The topics covered range from the theory of
air shower simulation over theoretical and experimental as-
pects of hadronic interactions to searches for proton decay or
exotic particles and phenomena.

1 Introduction

Modern cosmic ray experiments rely heavily on the accumu-
lated knowledge of particle physics, in particular high energy
physics. At the same time they contribute to our understand-
ing of particle physics. This is reflected in the increasing
number of conference contributions discussing high energy
and particle physics from the point of view of astrophysics
and vice versa.

More than 150 of the contributions presented at this con-
ference fall into the category of interaction and particle
physics. The large number of contributions and the wide
range of topics covered by them make it impossible to give
a comprehensive and balanced summary of all new and in-
teresting results in a single article. Therefore only a subset
of the presentations will be discussed in this summary and
the selection of them is unavoidably biased by the field of
interest and limitations in expertise of the author. Contribu-
tions not explicitly mentioned in the following should by no
means be considered less interesting or even less valuable. In
particular this summary article cannot be a substitute for the
numerous conference contributions. The reader is strongly
encouraged to read the original articles of his interest.

The contributions summarized here are from the sessions

– HE 1.3 and 1.5: Extensive air showers: theory and sim-
ulation,
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– HE 3.1 and 3.2: Nucleus-nucleus and nucleus-nucleon
interactions: accelerator and cosmic ray experiments,

– HE 3.3: Proton decay results,

– HE 3.4: Exotic particle searches: experiments and the-
ory, and

– HE 3.5: Dark matter.

The paper is organized as follows. Sec.2 gives an overview
of the contributions on theory and simulation of extensive air
showers (EAS). One of the important inputs to EAS calcu-
lations is the description of hadronic multiparticle produc-
tion at energies ranging from the particle production thresh-
old up to the energy of the primary particle. The progress in
understanding hadronic interactions relevant to air showers
and interactions in dense media (e.g. emulsion chambers) is
summarized in Sec.3. Methods for measuring energy and
mass/type of the primary particle in EAS are briefly dis-
cussed in Sec.4 and contributions on the physics of ultra-
high energy cosmic rays are reviewed in Sec.5. Finally in
Secs.6 and7 a summary of new results on exotic phenom-
ena and of various experiments searching for proton decay,
exotic particles, and dark matter is given.

2 Theory and simulation of EAS

2.1 Monte Carlo simulation of EAS

The key problem in understanding extensive air showers
(EAS) is the mapping of primary particle properties such as
energy, particle type and mass number, and angle of inci-
dence to quantities measured in EAS experiments. The latter
include secondary particle numbers at detector level, their
lateral and energy distributions and arrival times, and Che-
renkov light production. Various approaches for calculating
these distributions were discussed at the meeting, including
Monte Carlo simulations, hybrid methods, and analytical ap-
proximations and parametrizations.
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In many cases the analysis and interpretation of experi-
mental data requires the detailed Monte Carlo simulation of
extensive air showers. In general, such a simulation can be
split into the simulation of high- and low-energy hadronic
multiparticle production, electromagnetic processes in air
such as bremsstrahlung and pair production, and the cal-
culation of the corresponding detector response. Currently
most experiments use either CORSIKA (Heck et al., 1998)
or AIRES (Sciutto, 1999) for EAS simulation and GEANT
(Brun et al., 1993) for predicting the detector signal. How-
ever, many of the available primary cosmic ray composition
and all-particle flux measurements are still based on predic-
tions of the older MOCCA package (Hillas, 1997) or other
codes. A list of simulation packages and a short description
can be found in (Knapp, 1997).

The CORSIKA Monte Carlo package uses a modified ver-
sion of the EGS4 code (Nelson et al., 1985) for the simula-
tion of electromagnetic interactions. It implements an inter-
face to a number of high-energy interaction models: DPM-
JET (Ranft, 1995, 1999), HDPM (Capdevielle, 1989), neXus
(Drescher et al., 2000), QGSjet (Kalmykov et al., 1993,
1997), SIBYLL (Fletcher et al., 1994; Engel et al., 1999a),
and VENUS (Werner, 1993). Low-energy hadron production
is simulated with GHEISHA (Fesefeldt, 1985)

The AIRES system, initially designed on the basis of the
MOCCA code (Hillas, 1997), offers QGSjet and SIBYLL
as high-energy interaction models and simulates low-energy
interactions with an extended version of the very efficient
Hillas splitting algorithm (Hillas, 1981a). The treatment of
electromagnetic processes is integral part of AIRES.

The accurate simulation of air showers is very important
for ensuring the correct and reliable measurement of primary
particle properties. For example, Fig.1 illustrates the pre-
conference status of the EAS measurements of the logarith-
mic mean cosmic ray mass number. The situation is con-
fused since different experiments use different air shower
simulation codes and also measure different air shower com-
ponents (shower size at detector level, position of shower
size maximum, Cherenkov light, muon densities). For ex-
ample, the CASA-MIA, BLANCA, DICE, and SPASE data
are based on MOCCA simulations utilizing the hadronic
interaction program SIBYLL. BLANCA, DICE, HEGRA,
HiRes, and KASCADE results were obtained with COR-
SIKA and mainly QGSjet as hadronic interaction model, and
the AIRES/QGSjet combination was used for the derivation
of the shown Haverah Park data. The Fly’s Eye and initially
the Haverah Park measurements were analyzed with other,
proprietary programs (Hillas, 1971; Bird et al., 1993).

It seems that the main reason for the large differences be-
tween the experiments is the use of different simulation pro-
grams. Based on CORSIKA with QGSjet as high-energy
interaction model, the re-analysis of the Haverah Park data
leads to a significant change in the relation between the Che-
renkov density at 600 m from the core and the primary parti-
cle energy (Ave et al., 2001a). The new simulations predict a
shower energy of about30% smaller than the initial interpre-
tation. With the new energy assignment all highest-energy
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Fig. 1. Summary of EAS-based composition measurements (from
Hoerandel(2001), modified). Shown is the mean logarithmic mass
〈lnA〉. Some of the data are derived from published measurements
of the mean depth of the shower maximum using the QGSjet pre-
dictions for p and Fe showers.

events from Haverah Park have an energy smaller than1020

eV. In addition the estimated mass composition shifts to-
wards heavier primaries (Ave et al., 2001b).

Similarly, the systematic studies performed by the KAS-
CADE group reveal a strong model dependence (Roth et al.,
2001). Measuring the electromagnetic, muonic, and hadronic
components of air showers in the knee energy region, it was
found that the results for both the all-particle flux and the
mean mass number depend on the EAS components used in
the analysis. The analysis relying on the number of elec-
trons and muons observed in the KASCADE array leads to
〈lnA〉 ≈ 2.1 whereas the results based on muon and hadron
numbers favour〈lnA〉 ≈ 2.8.

New versions of CORSIKA and AIRES were presented at
this meeting.

The new release of CORSIKA (Heck et al., 2001) employs
several new versions of high-energy interaction codes: DPM-
JET II.5 (Ranft, 1999), neXus 2.0 (Drescher et al., 2000),
QGSjet01 (Heck et al., 2001), and SIBYLL 2.1 (Engel et al.,
1999a).

Similar to the CORSIKA package, the AIRES system
(Sciutto, 2001) is continuously developed, tested and im-
proved. Recent work focussed on the revision of the the
low-energy interaction model (extended Hillas splitting al-
gorithm, EHSA), and the introduction of muon radiative pro-
cesses and experimental low-energy cross sections (Cillis &
Sciutto, 2001).

Particularly interesting is the comparison of the predic-
tions of both EAS codes using the same high-energy model,
QGSjet (Sciutto et al., 2001). Good agreement is found for
the longitudinal shower profiles of the electromagnetic com-
ponent. The number of photons predicted by AIRES is sys-
tematically larger than in CORSIKA. The main reason for
this difference seems to be the different treatment of up-
ward going photons. Upward going photons are discarded
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in CORSIKA but are fully taken into account in AIRES.
The comparative study of both EAS codes also confirmed

the importance of the hadronic low-energy model for muons
with energies below 10 GeV. In contrast to the electromag-
netic component, both muon number and lateral distribution
depend significantly on the description of hadron production
at low energy. Differences in muon numbers of up to 40%
were found. These discrepancies are now largely reduced
due to newly tuned parameters used in the Hillas splitting
algorithm in the new version of AIRES.
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Fig. 2. Energy distribution of hadrons which initiate hadron-air in-
teractions that lead directly to muon production via pion or kaon
decay. The distributions are shown separately for mesons and nu-
cleons and for two cut-off energies applied to the muons at sea level
(Engel et al., 1999b).

With the muon number being one of the most often used
observables for distinguishing between light and heavy pri-
maries, it is worthwhile to discuss muon production in EAS
in more detail. For example, let’s consider vertical, proton
initiated EAS withE = 1015 eV. Fig. 2 shows the energy
distribution of hadronsh1 initiating the “last” interaction
that produces a hadronh2 which subsequently decays into
a muon which reaches the ground at a depth of 1030 g/cm2,

h1 + air −→ h2 +X; h2 → µ± +X ′ .

As expected, the majority of muons is produced in meson-air
interactions and, depending on the muon energy, a large frac-
tion of muons stems from low-energy interactions. It is ap-
parent from these distributions that both the low-energy part
of the high energy model (such as QGSjet or SIBYLL) as
well as the low-energy model itself (for example, GHEISHA
or EHSA) play a crucial role in determining the absolute
number of muons predicted at ground level in air shower sim-
ulations. Using an energy cut of about 100 GeV to separate
the energy ranges of the low- and high-energy models leads
to almost equal numbers of GeV-muons produced in low- and
high-energy interactions. Hence an insufficient simulation of

low-energy interactions could easily lead to wrong conclu-
sions not only on the primary composition but also on pre-
dictions of high-energy hadronic interaction models.
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Fig. 3. Average number of secondaries and fraction of pions pro-
duced in inelastic proton-air collisions as predicted by GHEISHA
and QGSjet (Sciutto, 2001).

Figure 3 shows representative predictions of the low-
energy model used in CORSIKA together with the low-
energy extrapolation of QGSjet. It is clear that more work
will be needed to resolve the current ambiguities and differ-
ences between the models. As a first step alternative low-
energy event generators such as UrQMD (Bleicher et al.,
1999) and DPMJET were studied in CORSIKA (Wentz et
al., 2001).

Monte Carlo simulations of EAS at high energy suffer
from the problem of having to treat an enormous number of
particles. The number of charged particles at shower maxi-
mum scales approximately linearly with the energy and is of
the order of1011 atE = 1020 eV. The method of weighted
sampling (statistical thinning,Hillas (1981b)) reduces the
particle numbers by treating only a small, representative set
of secondary particles and discarding all others. Nevertheless
at high energy the simulations become very slow and the re-
sults, in terms of particles, increasingly difficult to handle. In
addition the large statistical weight of the particles at ground
introduces significant artificial fluctuations. The method of
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optimum thinning, by which the maximum weight of parti-
cles is restricted, and averaging procedures help to reduce
these fluctuations (Risse et al., 2001). However, for certain
applications the alternative approach of hybrid simulation is
far more efficient.

2.2 Hybrid simulation methods
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Fig. 4. Muon number distribution at sea level for vertical, proton
induced showers withE = 1015 eV. The solid line is the result of
the hybrid calculation and the dotted line represents the full Monte
Carlo simulation (Alvarez-Mũniz et al., 2001).

Hybrid calculations are particularly well-suited for simu-
lations of longitudinal shower profiles but also lateral distri-
butions and arrival times can be calculated with this method.
The key idea of hybrid simulations is that mainly the first
few interactions determine the fluctuations of the entire EAS.
The fluctuations of low-energy sub-showers average out due
to their large number. Typically particle production inter-
actions are simulated by Monte Carlo for energies above
E/100 whereE is the energy per nucleon of the primary
cosmic ray. Particles falling below this energy threshold are
then replaced by shower parametrizations which depend on
the interaction height and the energy of the secondary (Gais-
ser et al., 1997), or are propagated to the ground with trans-
port equations (Dedenko, 1968).

The HiRes collaboration presented a fast hybrid calcula-
tion using a Gaisser-Hillas parametrization (Gaisser, 1990)
for longitudinal profile of the low-energy sub-showers (Song
et al., 2001). The method ofAlvarez-Mũniz et al.(2001) ex-
tends this scheme by also parametrizing the fluctuations in
the sub-showers and adding muon production. Fig.4 shows
the muon multiplicity distribution at sea level expected from
proton showers withE = 1015 eV. The predictions from the
hybrid method agree very well with the results of the full
Monte Carlo calculation.

Hybrid calculations based on transport equations for the
electromagnetic and partially also the hadronic parts of the
EAS were applied in many calculations presented at the con-
ferences (Kalmykov et al., 2001; Antonov et al., 2001; De-
denko et al., 2001; Raikin et al., 2001a). They allow the com-
putation of observables at detector level with good statistics
even for showers with very high energy. Another important
advantage, employed in a study of the LPM effect in EAS
(Konishi et al., 2001), is the realistic description of fluctua-
tions.

2.3 Analytical methods and parametrizations

Analytical methods for solving cascade equations have the
advantage of making the physics of the various process
transparent. They also serve as input for other calculations
and give guidelines for finding efficient parametrizations for
shower variables. Under certain approximations closed ex-
pressions can be found for electromagnetic cascades (Gaisser
(1990) and Refs. therein).

The analytical treatment of multiple Coulomb scattering,
improved to account for ionization loss, was discussed by
Nakatsuka(2001) andNakatsuka & Nishimura(2001), cal-
culating Molìere angular distributions. Using Kamata-Nishi-
mura constants an economic and accurate description of mul-
tiple scattering in mixed or compound materials was derived.

Many new analytic parametrizations for EAS observables
were proposed and studied at the meeting. For example, the
HiRes Collaboration compared their measured longitudinal
shower profiles to the Gaisser-Hillas parametrization and a
Gaussian in shower age (Song et al., 2001). Capdevielle
et al. (2001a) studied a generalized form of the Nishimura-
Kamata-Greisen (NKG) function for the lateral distribution
function, finding good agreement with CORSIKA simula-
tions for protons atE = 1020 eV.

The advantages of the Greisen-Il’ina-Linsley (GIL) for-
mula for longitudinal shower profiles were discussed (Lins-
ley, 2001) and underlined by a comparison with Monte Carlo
simulations over a wide energy range (Catalano et al., 2001).
The GIL formula is based on a synthesis of the Greisen pa-
rametrization (Rossi & Greisen, 1941) for em. showers and
Il’ina’s formula for primary nuclei (Il’ina, 1992). It gives a
simple and transparent parametrization of the shower evolu-
tion which explicitly incorporates the role of the hadronic
shower component by implementing superposition model
predictions.

Inclined air showers are of great interest for measuring
high-energy neutrino fluxes. The atmospheric depth tra-
versed by the shower particles rises from 1000 for vertical
showers to about 36 000 g/cm2 for horizontal ones. For in-
clined showers there are two main effects: (i) the lateral
distribution function at detector level is not axi-symmetric
and (ii) at large angles of incidence only muons, deflected
by the geomag. field, reach the ground.Dova & Mariazzi
(2001) addressed (i) by fitting analytical parametrizations,
transformed to take the angle of incidence into account, to
AIRES simulations. In (Ave et al., 2001c) a framework was
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developed to parametrize muon numbers and compute effi-
ciently their deflections in the geomagnetic field.
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Fig. 5. Evolution of model predictions: comparison with UA5 data
on the charged particle pseudorapidity density at 900 GeV c.m.s.
energy, corresponding to a lab. energy ofE ≈ 4.3× 1014 eV (from
Heck et al.(2001)).
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Fig. 6. Model predictions for the mean longitudinal shower profile
of vertical showers withE = 1015 eV (fromHeck et al.(2001)).

3 Hadronic interactions

In general the complete calculation of air showers involves
the description of hadronic multiparticle production at ener-
gies extending from the particle production threshold to the
energy of the incident primary particle. Similarly, the under-
standing of hadronic interactions is crucial for many experi-
ments which detect cosmic rays directly via emulsion stacks
or other detectors. Finally, the interpretation of the observed
inclusive particle flux of muons, neutrinos and other particles
in the atmosphere is impossible without detailed knowledge
of hadronic multiparticle production.

In contrast to electromagnetic processes, we are still not
able to calculate hadronic cross sections and multiparticle
production from first principles. Perturbation theory, being
the main tool for computing transition matrix elements in
QCD, cannot be applied to low-transverse momentum (low
p⊥) processes which dominate hadronic particle production.

3.1 High-energy multiparticle production

In addition to our limited understanding of QCD, there are
essentially two main sources of uncertainties in the descrip-
tion of hadronic multiparticle production:

– incomplete knowledge of particle production at current
accelerator energies (only parts of the phase space are
measured)

– extrapolation to energies beyond the reach of current
colliders

New versions of the Monte Carlo models DPMJET, QGS-
jet, and SIBYLL were introduced and the entirely new code
neXus, supposed to become the successor to VENUS and
QGSjet, is now available in CORSIKA.

DPMJET-III (Roesler et al., 2001) is a Monte Carlo code
system based on the two-component Dual Parton Model (Ca-
pella et al., 1994; Aurenche et al., 1992). The new version
combines all features of DTUNUC-2 (Roesler et al., 1998),
DPMJET-II (Ranft, 1995), and PHOJET (Engel & Ranft,
1996) and can be used for the simulation of hadron-hadron,
hadron-nucleus, nucleus-nucleus, photon-hadron, photon-
photon, and photon-nucleus collisions. The energy range of
applicability begins at a few GeV (for hadron-hadron col-
lisions at the particle production threshold) and extends to
the highest cosmic ray energies. DPMJET-III implements
a novel mechanism for enhanced baryon stopping (Ranft et
al., 2001) and a recursive scheme of triple pomeron graphs
to realize diffraction dissociation and double-pomeron scat-
tering, including diffractive jet production. One particular
strength of this model is its good description of low-energy
collisions in the multiple GeV energy range, accomplished
with the HADRIN model (Hänßgen & Ranft, 1986), and the
seamless transition to collider energies.

neXus (Drescher et al., 2000) is a new event generator
which offers even greater universality than DPMJET-III by
including also deep-inelastic scattering processes ande+e−
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annihilation. The underlying theory is an amalgamation of
the ideas of the Quark-Gluon String Model (Kaidalov & Ter-
Martirosyan, 1982; Kaidalov & Piskunova, 1986) and Gri-
bov’s Regge theory (Gribov, 1968), applied to partons. This
model implements for the first time full energy-momentum
conservation not only during event generation (as all other
models do) but also at the level of amplitude calculations
(Hladik et al., 2001). The new version presented at the
meeting incorporates a sophisticated treatment of diffrac-
tion based on enhanced pomeron graphs (Ostapchenko et al.,
2001), solving one of the shortcomings of version 2.0 which
is currently available in CORSIKA. NeXus 2.0 can be used
to simulate hadron-nucleus scattering in the energy range of
about 10 GeV to1017 eV.

Whereas the Monte Carlo programs described above are
multi-purpose codes, QGSjet (Kalmykov et al., 1993, 1997)
and SIBYLL (Fletcher et al., 1994; Engel at al., 1992; Engel
et al., 1999a) are dedicated air shower event generators. Em-
phasis is put on the economic and efficient implementation
of processes important for EAS.

The QGSjet model was updated to improve the treatment
of diffractive processes in hadron-nucleus collisions. The
fraction of diffractive events is now independent of the im-
pact parameter of the collision, resulting in a slightly higher
inelasticity at very high energy (Heck et al., 2001).

SIBYLL 2.1 is based on new parton density functions and
implements a new unitarization scheme. It was found that,
with our current understanding of the cross section for mini-
jet production, both the soft and the hard component in the

model have to contribute to the rise of the total cross sec-
tion to be compatible with data (Engel et al., 2001a). Similar
to DPMJET-III, an energy-dependent transverse momentum
cutoff is used to tame the rise of the minijet cross section
at extremely high energies. SIBYLL can be used to describe
hadron-air collisions in the energy range from about 200 GeV
up to ultra-high energies.

Although the latest versions of DPMJET and neXus are
not yet available in CORSIKA, Fig.5 is a good example for
illustrating the progress achieved in describing collider data
since the initial model comparison ofKnapp et al.(1996).
The converging predictions of the models translate directly
to a better agreement in EAS observables as shown in Fig.6.

However, there are still significant differences between the
model predictions. This can be clearly seen in Fig.7 show-
ing the mean position of the shower maximum for proton and
iron primaries. The low values forXmax of QGSjet at very
high energy are directly correlated with the high multiplic-
ity predicted by this model (elongation rate theorem,Linsley
(1977)). Indeed, the multiplicity extrapolations of the models
are strikingly different (Fig.8). Whereas in the energy range
of the knee all models are rather similar in their predictions,
they diverge when extrapolated to the highest energies. It is
also interesting to note that the predictions of SIBYLL 2.1
and neXus 2.0 forXmax are very similar but not their mul-
tiplicities. By the time this article was written an updated
version of DPMJET II was implemented in CORSIKA. Up
to e = 1018 eV, DPMJET II.55 predictsXmax values similar
to SIBYLL 2.1 (Heck, private communication).
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The high-energy extrapolations of the models are dom-
inated by the assumptions on the minijet cross section.
The measurements at the HERAep collider confirmed
(Abramowicz & Caldwell, 1999) a steep rise of the parton
densities in the proton at smallx (x being the momentum
fraction of the proton carried by the parton). This steep rise
of the parton densities translates directly into a very large
minijet cross section at high energy and makes it at the same
time very uncertain. Having a very high density of partons
in a nucleon will finally cause their wave functions to over-
lap and thus reduces the minijet cross section through gluon-
gluon fusion. The physics of such screening and saturation
processes is currently the focus of intense research (Mueller,
2001) but not understood so far.
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Fig. 8. Model predictions for the charged particle multiplicity in
π-N collisions (Heck et al., 2001). Pion-induced collisions are the
most important interactions in high-energy EAS.

Finally it should be mentioned that the high-precision,
multi-component measurements of the KASCADE Collab-
oration offer a unique testing ground for models (Milke et
al., 2001). Predictions for the electromagnetic, hadronic and
muonic components of EAS in the knee energy region can
be compared with data and model inconsistencies can be
found (Roth et al., 2001). However the complexity of the
required analyses makes straight-forward interpretations dif-
ficult. In agreement with the results ofTer-Antonyan & Bier-
mann(2001), the KASCADE Collaboration finds that QGS-
jet does give a very good, but not fully consistent (Roth et al.,
2001) description of their data.

3.2 Low-energy phenomenology and experiments

A large variety of low-energy hadron production studies
were presented at the conference, including measurements of
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Fig. 9. Expected secondary particle distribution for 15 GeV proton
primaries as a function of longitudinal (horizontal axis) and trans-
verse (vertical axis) momenta. The superimposed regions corre-
spond to different detector components used for pion/proton sepa-
ration (Barr et al., 2001).

ion fragmentation and Coulomb dissociation cross sections
and multiparticle production in nuclear interactions. Sev-
eral parametrizations of multiparticle distributions in hadron-
hadron, hadron-nucleus and nucleus-nucleus collisions were
proposed (Ohsawa et al., 2001; Hussein et al., 2001; Bhat-
tacharyya et al., 2001).

Korejwo et al.(2001) measured the isotopic cross sections
of 12C on hydrogen, being important for cosmic ray propaga-
tion calculations. Data on Li fragmentation in emulsion were
presented by (Sherif et al., 2001) and a number of groups
studied multiplicity distributions in ion fragmentation pro-
cesses (Kudzia et al., 2001; El-Nadi et al., 2001; El-Naghy et
al., 2001).

A new version of the TARGET (Gaisser et al., 1983) event
generator was presented and compared to data from fixed tar-
get experiments (Engel et al., 2001b). TARGET is an event
generator which is mainly used in the calculation of atmo-
spheric neutrino and muon fluxes by the Bartol group but
also in various other shower simulations. The new version
improves the description of pion and kaon production in the
energy range between 2 and 20 GeV which is particularly im-
portant for neutrino flux estimates in the GeV energy range.

The small number of measurements available in the energy
range from about 2 to 100 GeV severely limits the predic-
tive power of calculations of atmospheric muon and neutrino
fluxes. Considerable progress is expected in this field due to
the measurements of the HARP experiment at CERN which
is in the data-taking phase (Barr et al., 2001). The HARP
hadroproduction measurements will cover the projectile en-
ergy range from 2 to 15 GeV. Data are taken for protons, pi-
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ons and kaons as beam particles. The detector has nearly full
acceptance which makes it very interesting to cosmic ray ap-
plications. Fig.9 shows the expected particle distribution in
longitudinal and transverse momenta. The different detector
components allow pion/proton separation in almost all parts
of the phase space. The HARP experiment is one example
for a fruitful collaboration between cosmic ray and and high-
energy physics groups. More such common efforts would be
highly desirable (Jones, 2001).

Fig. 10. Direct and EAS Cherenkov light emitted from a 100 TeV
nucleus withZ = 26 and vertical trajectory (fromKieda et al.
(2001))

4 EAS energy and composition phenomenology

A large number of contributions to the HE sessions of this
conference focussed on various methods of measuring mass
and energy of primaries initiating EAS. Most of the ap-
proaches are based on the interpretation of size and lateral
distribution of muons and electrons at the detector level but
also the measurement and analysis of direct and EAS Che-
renkov light.

Traditional methods for composition studies in air shower
arrays correlate electron and muon densities. Heavy pri-
maries produce many low-energy muons and the electromag-
netic component of the shower develops higher in the atmo-
sphere. For example, the total electron and muon numbers
at detector level can be combined to find approximate ex-
pressions for the primary energy and mass (Matthews, 2001).
Many detailed Monte Carlo simulations of distributions ex-
pected for different primaries were presented (Capdevielle &

Sanosyan, 2001b; Capdevielle et al., 2001c; Brancus et al.,
2001; Daryan et al., 2001; Espinosa et al., 2001; Malinowski,
2001; Raikin et al., 2001b).

The analysis of the slope of the Cherenkov light from the
EAS is another well-established technique for measuring the
cosmic ray composition. Several applications to specific ex-
periments were discussed (Galkin, 2001a; Alexandrov et al.,
2001).

As shown byKnapp & Haungs(2001) the imaging capa-
bilities of gamma-ray Cherenkov telescopes can also be used
to measure the cosmic ray composition on the basis the frac-
tal structure of the Cherenkov light. A first application to data
from the 10 m-Whipple telescope confirmed a large fraction
of light primaries in the energy range from 10 to 100 TeV, as
expected from the extrapolation of direct measurements.

Fig. 11. Upper and lower thresholds for direct Cherenkov light de-
tection. The lower threshold is due to the photon emission thresh-
old. The upper limit is where the light density from secondary
particles in the EAS is equal to the direct Cherenkov signal (from
Wakely et al.(2001)).

Wakely et al.(2001) proposed a new high-resolution tech-
nique for measuring the charge of primary particles on an
event-by-event basis. The idea is to measure the direct Che-
renkov light emitted by a charged particle before it inter-
acts in the atmosphere. The direct Cherenkov light is dis-
tinguished from the signal due to secondary particles by cor-
relating the observed emission angle and arrival time. Fig.10
shows an example for the expected signal in case of an
100 TeV iron primary. The relative resolution of this method
was shown to be better than 10% for particles with charge
Z > 10. The range of applicability if limited by the Che-
renkov photon emission threshold at low energies and by the
Cherenkov light emission from the EAS at high energies (see
Fig. 11).

Another method for reconstruction of primary mass and
energy was proposed byBoos et al.(2001). Measuring
the size of an EAS above and below an absorber of about
100 g/cm2 is employed to find the slope of the longitudinal
shower profile. This slope together with the particle densities
is then used to infer the energy and mass of the primary.
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In multivariate studies as much information as available
from a detector is combined to obtain good estimates for the
energy and mass of the primary. The correspondingly com-
plex vector, characterizing a single event, is analyzed with
methods such as a principal component analysis (Medina-
Tanco & Sciutto, 2001; Farrar & Drescher, 2001) or neural
networks (Zhu et al., 2001). Multivariate techniques promise
good discrimination power on an event-by-event basis. How-
ever, the results depend sensitively on the EAS simulations
used to find the optimal subspace in the multi-dimensional
parameter space or for training the neural net. The complex-
ity of the analyses also leads to a lack of transparency.

5 Ultra-high energy cosmic rays

The limited statistics of ultra-high energy cosmic rays (UHE-
CRs) observed so far establishes their existence but is not
enough to give a clear picture of the UHECR arrival dis-
tribution and spectrum (for a review seeNagano & Watson
(2000)). On one hand the arrival distribution appears to be
isotropic although only weak deflection angles are expected
in case of nearby sources. On the other hand small-scale
clusters (doublets and triplets) are a prominent feature of the
AGASA data set (Hayashida et al., 2000). Furthermore, the
Greisen-Zatsepin-Kuzmin (GZK) cutoff excludes source dis-
tances larger than 50 Mpc in scenarios with protons or nu-
clei as UHERCs (Greisen, 1966; Zatsepin & Kuzmin, 1966).
Many models compete in the explanation of UHECRs. The
contributions presented in the HE sessions of this meeting fo-
cussed on UHECR propagation and related particle physics
aspects.

Recently the AGASA collaboration reported a∼ 4σ ex-
cess of EeV cosmic rays coming from the direction of the
Galactic center (Hayashida et al., 1999). To explain the
observed anisotropyMedina-Tanco & Watson(2001) and
Tkaczyk (2001) studied the expected anisotropy in cosmic
ray arrival distribution if there were a source near the Galac-
tic center which emits neutrons, thought to be produced in
photoproduction interactions or photodissociation of nuclei.
Due to the Lorentz dilation the decay length of EeV neu-
trons is comparable to the Galactocentric distance of the So-
lar System. However, the simulations predict an arrival dis-
tribution of EeV particles which is clearly not consistent with
the AGASA data (Medina-Tanco & Watson, 2001).

Another interesting question is that of the correlation of
the arrival direction of UHECRs with compact astrophysical
objects suspected of being capable of accelerating particles to
1020 eV. Tinyakov & Tkachev(2001) find a correlation with
BL Lacertae in2◦ and3−10◦ windows around the measured
arrival directions. Similarly,Uryson(2001) concludes that
BL Lac’s and Seyfert nuclei withz < 0.01 could be sources
of UHECRs. Finally,Smialkowski et al.(2001) argues that
luminous infrared galaxies are also viable candidates for the
sources of UHECRs.

In any model based on distant extragalactic sources there
is the problem of energy loss due to interaction with the cos-

mic microwave background (CMB,Grimani (2001)). This
obstacle can be overcome by invoking “messenger particles”.
For example, a light hadron containing a gluino could have a
photoproduction threshold high enough to explain UHECR
and, at the same time, be indistinguishable from a proton
in EAS measurements (Farrar, 1996). Simulating EAS with
a modified version of the QGSjet model,Berezinsky et al.
(2001) derived a new upper limit on the gluino-hadron mass
of 5 GeV. Other candidate particles for UHECRs are axions
and light sgoldstinos (Gorbunov et al., 2001).

Ultra-high energy neutrinos could also produce UHECRs
if they interact with gravitationally trapped relic neutrinos in
the halo of the Galaxy (Weiler, 1999). Fargion et al.(2001)
explored this scenario and suggested that it could possibly
also solve the infrared-TeV gamma ray paradox (Pohl, 2001).

Fig. 12.Sketch of the Pamir emulsion chamber layout (fromKempa
(1997)). The threshold for registering photons in the X-ray layers is
in the TeV energy range.

6 Exotic phenomena

A number of exotic phenomena have been reported in the
past by cosmic ray emulsion chamber experiments. They in-
clude

– aligned events in which particles or groups of particles
are aligned along a straight line,

– halo events characterized by an unusually large area of
darkness in the X-ray film, and

– Centauro events with an exceptionally small number of
photons.
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A good introduction to emulsion chamber experiments is
given in (Knapp, 1997), where Refs. to the corresponding
original articles can be found. The basic principle of mea-
surement is illustrated in Fig.12. Only high-energy em. cas-
cades can be registered in the X-ray films. The upper story of
the emulsion stack detects em. particles coming from above
the detector. The lower story of X-ray films is assumed to
be exposed only to em. cascades produced by hadrons which
can penetrate the first story and are converted in the carbon
layer.

Several experiments have reported searches for aligned
events.

Fig. 13. Simulated halo event for the Chacaltaya and Pamir emul-
sion chambers for a primary proton with energy of1.3 × 1017 eV
(from Krys & Oliskiewicz (2001)).

An analysis of RUNJOB data from 4 balloon flights be-
tween 1995 and 1996 finds a marginal excess if 3 clusters are
considered and is fully compatible with simulations if 4 clus-
ters are used (Galkin, 2001a). (The Pamir Collaboration re-
ported the most significant excess for 4 clusters.) The KAS-
CADE Collaboration compared the alignment of hadrons
measured in the calorimeter with CORSIKA/QGSjet simula-
tions. Jet production as predicted by perturbative QCD seems
to reproduce the observed elongated structures (Iwan et al.,
2001). The situation is confused by the different altitudes of
the experiments (RUNJOB: floating altitude; Pamir: 4300 m
a.s.l., KASCADE: 130 m a.s.l.). Similarly it is still contro-
versial whether these events can be explained by jet produc-
tion (Costa et al., 1995; Capdevielle et al., 2001d; Yuldash-
baev & Nuritdinov, 2001).

A new search for and analysis of Centauro events in the
data of the Brazil-Japan Chacaltaya Emulsion Chamber Ex-
periment was presented (Augusto et al., 2001). No new can-
didates were found.

Krys & Oliskiewicz (2001) discussed simulations of
events in emulsion chambers at Pamir and Mt. Chacaltaya
altitudes. Detailed approximations for the conversion of en-
ergy deposit to darkness (optical density) of X-ray film were
used. The shower evolution in the atmosphere was cal-
culated with CORSIKA and the particles were propagated
through the emulsion stack with the code EKAW (Krys &
Krys, 1999). The calculations show that about 90% of pro-

tons of energy5 × 1016 eV create halo-like events at Cha-
caltaya, whereas at Pamir level this fraction drops to 15%.
The events created by protons of this energy at Chacaltaya
have a common feature: a weak signal in the upper part of
the detector and a greater area and darkness in hadron block
than in gamma block (see Fig.13). In particular the simula-
tions show that the electromagnetic component of EAS can
produce a signal in the hadron block which is similar to that
of hadrons, indicating that certain exotic emulsion chamber
events such as Centauros could be misinterpretations in terms
of energy assignment and number of hadrons and photons.

Fig. 14.Compilation of limits on the magnetic monopole flux (Sitta
et al., 2001).

7 Searches

One of the outstanding problems in astrophysics is that of
dark matter. Prime candidates for dark matter are weakly
interacting massive particles (WIMPs).

The direct detection of WIMPS is very difficult because of
the background from other interactions, requiring a shielded
environment as found in mines. Several experiments re-
ported studies of detectors taking data or being currently un-
der construction (Kudryavtsev et al., 2001; Quenby et al.,
2001; Sumner et al., 2001). An indirect search for WIMPs
can be done by searching for secondary particles coming
from the annihilation of, for example, light supersymmetric
particles. The Super-Kamiokande and AMANDA collabora-
tions presented limits (Habig et al., 2001; de los Heros et al.,
2001) and others discussed related studies for various exper-
iments (Bailey et al., 2001; Morselli et al., 2001). Under the
assumption that neutralinos as lightest supersymmetric parti-
cle cluster in the galactic halo and disk, the lumpiness of their
distribution could be employed to even use high-precision
CMB experiments to search for annihilation signals (Olinto
et al., 2001).

Reports on many other searches for exotic particles (nucle-
arites, lightly-ionizing particles, cosmic strings, etc.) were
presented. Due to the large diversity of these contributions
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it is impossible to summarize the results without going too
much into detail. Below only two representative examples
are given.

Fig. 14shows a compilation of current monopole flux lim-
its, including the results from MACRO (Sitta et al., 2001)
and AMANDA (Niessen et al., 2001).
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Fig. 15. Compilation of current limits on the proton lifetime (from
Kobayashi et al.(2001)

In Fig. 15 the current world data on the nucleon lifetime
is shown. The SuperKamiokande (Kobayashi et al., 2001)
and Soudan (Chung, J., et al., 2001) Collaborations presented
new measurements with the latter one discussing one candi-
date event for a proton decay toµ+K0

sπ
0. The kinematics of

this candidate event, however, does not meet the experimen-
tal acceptance limits.

8 Summary

Over the last years substantial progress was made in devel-
oping and refining tools for EAS simulations.

Most of the remaining uncertainties in understanding EAS
come from the description of hadronic interactions. An over-
all convergence of the predictions of the high-energy interac-
tion models is apparent, stemming from the implementation
of refined models for multiparticle production and tuning to
collider data. However, the extrapolation to the highest ener-
gies is still unclear since minijet production is not understood
in this region.

The accurate simulation of hadronic interactions at low en-
ergy is very important because muon production in the GeV

energy range depends directly on the pion multiplicity in low
energyπ−air collisions. On the other hand the electromag-
netic component of EAS is rather insensitive to assumptions
on hadronic multiparticle production at low energy.

Not only the calculation of muon production in EAS but
also that of atmospheric neutrino and muon fluxes depend
very much on the details of hadron production in the energy
range from the particle production threshold up to several
hundred GeV. The limited data available in this energy range
will soon be complemented by the measurements of HARP,
a fixed target experiment with a full acceptance detector.

Multivariate methods are very promising in improving the
quality of composition and energy measurements in EAS ex-
periments. On the other hand, whatever method is applied
in such an analysis, it always relies heavily on the simula-
tion of EAS for the different primaries. This underlines the
importance of alternative methods such as the proposed mea-
surement of direct Cherenkov light or direct measurements.

Applying modern simulation techniques to emulsion stack
setups suggests that halo events can be explained by conven-
tional physics. The simulations also predict large fluctuations
and electromagnetic showers penetrating to the hadron block.

Improved limits on cross sections and fluxes of exotic par-
ticles were reported.
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