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Abstract

The spectra of all Extensive Air Shower (EAS) observables can be described by
power laws over a wide range of primary energies. In the PeV region the spectra show
a small steepening, the so-called “knee”. This feature, known since more than 40
years, reflects the convolution of the steepening of all single mass spectra.

Despite large progresses in building new multi-component EAS experiments and
in the analysis techniques to infer energy spectra and chemical composition, the key
questions concerning the knee are still open. The main reason is that all the measure-
ments in the knee region are only of indirect kind, i.e., are based on the reconstruction
and interpretation of EAS observables.

One of the most important questions to be solved concerns the position of the pro-
ton knee. The knowledge of the primary proton spectrum is fundamental to understand
the cosmic rays acceleration mechanisms and the propagation processes in the Galaxy.

A careful measurement of the proton spectrum in the energy region from 1 TeV
to 100 PeV is one of the main tasks of future cosmic ray experiments. The need to
measure showers with energy as low as 1 TeV to calibrate EAS data with the direct
measurements imposes the construction of an unconventional air-shower array at high
altitude. An experiment which can meet this requirement is the ARGO-YBJ apparatus,
located at the YangBaling Cosmic Ray Laboratory (Tibet, 4300 m a.s.1.).

In this paper we review the present status of the knowledge in the cosmic ray
studies around the knee. We discuss the capability of the ARGO-YBJ experiment to
discriminate between different models of the primary cosmic ray composition in the
energy range 10 <- 500 TeV, exploiting the digital response of the detector. The ability
to select a high purity primary proton beam by operating a Jarge area muon detector is
also presented.
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1. Introduction

Cosmic rays are the most outstanding example of accelerated particles. Understanding their
origin and transport through the interstellar medium is a fundamental problem which has a
major impact on models of the structure and nature of the universe. The primary cosmic ray
energy spectrum extends up to about 10%° eV showing the following basic characteristics:

e a power-law behaviour ~ E~27 until the so-called “knee”, a small downwards bend
around few PeV;

e a power-law behaviour ~ E 31 beyond the knee, with a slight dip from ~ 3 - 1017
eV, sometimes referred to as the ”second knee”;

e a transition back to a power-law ~ F “27near 3- 1018 eV;
e uncertainty beyond 101° eV, either a small cutoff or a continuation.

The energy range between 10'* and 10!® eV has long been recognized as crucial to un-
derstand the cosmic ray acceleration at all energies, because the knee appears to mark a
transition from one acceleration process to another [1, 2]. Describing the processes by
which galactic cosmic rays achieve their enormous energies remains a fundamental goal of
astrophysics.

The most viable theory for the source of the bulk of cosmic rays is the shock acceleration
of particles in SuperNova blast waves, which can provide the necessary energy input and
naturally produce a power law energy spectrum with an index close to the value inferred
from the observations. This SuperNova Remnant (SNR) acceleration mechanism is limited
by the rate at which the particles can gain energy and by the lifetime of the shock. For a
typical SNR, in the Lagage and Cesarsky [3] calculation this limit corresponds, for a particle
of charge Z, to a total energy of ~ Z X 104 eV, ie., 10 eV for protons and ~ 3 - 1015
eV for an iron nucleus. However, other versions of the model suggest that protons could
be accelerated with little difficulty even up to ~ 10!® = 106 ¢V . On the other hand, the
knee could be attributed to propagation effects. In both cases, one would expect multiple
bends due to the different elements bending at fixed rigidity with the consequence that the
composition would become heavier above the knee.

A careful measurement of the single mass energy spectra in the knee region is of fun-
damental importance to discriminate between different interpretations. Due to the steep
energy spectrum the direct measurement of the primary radiation can be performed, with
adequate statistics, only for energies up to ~ 10'% eV/nucleon.

The most recent results come from two balloon experiments, JACEE and RUNJOB
[4, 5]. JACEE has measured the proton and Helium spectra up to ~ 800 TeV without
observing any knee-like structure [6]. However, above 80 — 90 TeV the data does not have
enough statistics to either assess or reject a presence of a break [7]. JACEE claims for
a flatter He spectrum compared to the proton one, in agreement with the earlier SOKOL
result [8]. The differential spectral indexes reported are v, = (—2.80 = 0.04) and yg. =
(—2.68 4 0.06).

The RUNJOB experiment in 1995 observed a PeV proton: this was the first event which
confirmed by direct observation the existence of particles with energy per nucleon greater
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than 10'° eV [9]. The data suggests, unlike JACEE, that the spectra of proton and helium
nuclei are almost parallel, with slopes ~ —2.80 for both, and an uncertainty between 10
and 20% [10]. From the beginning of this experiment, He flux is lower than that of most
other experiments by about 40%. Even after the statistics is increased, this tendency is not
changed [11]. JACEE data shows a gradual increase in the mass number at higher energies,
while RUNJOB results seem to be almost constant over the wide energy range 20 — 1000
TeV/particle [12].

All the experimental evidences for a knee feature in the primary cosmic ray spectrum are
of indirect kind, i.e., are based on the reconstruction and interpretation of EAS observables.
Because of the reduced resolution in the measurement of the primary mass, the air shower
arrays typically separate events as “proton-like” or “iron-like”, with results which critically
depend on MonteCarlo predictions. As a consequence, the results can be only displayed as
a function of the total energy per particle with the so-called “all-particle” spectrum, i.e., as
a function of the total energy per nucleus, and not per nucleon.

Despite large progresses in building new multi-component EAS experiments and in the
analysis techniques to infer energy spectra and chemical composition, the key questions
concerning the origin of the knee are still open. In particular, one of the most impor-
tant questions to be solved concerns the position of the proton knee. In fact, the existing
experimental data is in substantial disagreement: the proton spectrum measured by the
TIBET-AS+y experiment shows a knee-like structure around 200 TeV, while the KASCADE
data suggests a steepening at few PeV. Direct measurements carried out by RUNJOB and
JACEE, as discussed above, do not exhibit any spectral break up to the highest measured
energy (~ 800 TeV). The knowledge of the primary proton spectrum is fundamental to
understand the cosmic rays acceleration mechanisms and the propagation processes in the
Galaxy. A careful measurement of the proton spectrum in the energy region from 1 TeV to
100 PeV is one of the main tasks of the future cosmic ray experiments.

The problem of the knee, still not resolved after more than 40 years, can be traced back
to the solution with an unconventional air shower array operated at high altitude ( > 4000
m a.s.l.) able to separately sample the electromagnetic, muonic and hadronic components.
At high altitude: (1) the shower fluctuations are reduced since the detector approaches the
depth of the maximum longitudinal development; (2) the average shower size in the knee
region is almost the same for both proton and iron primaries, providing a composition inde-
pendent estimator of the energy; (3) the reduced attenuation in the atmospheric overburden
allows one to observe EAS primaries with low energy (~ TeV), thus approaching the direct
measurements.

The ARGO-YBJ experiment, located at the YangBaling (YBJ) Cosmic Ray Laboratory
(Tibet, 4300 m a.s.l.), can provide a unique opportunity to study the cosmic rays in the
knee region. In the actual set-up the detector, thanks to the low energy threshold and the
high granularity sampling, can study the cosmic ray phenomena by (a) detecting the ~-ray
emission from SNR in the energy range 0.2 — 20 TeV and (b) discriminating between the
different models of the primary cosmic ray composition in the energy range 10 =+ 500 TeV.

In this paper we review the main experimental results of cosmic ray measurements in
the knee region made with ground-earth based detectors and discuss the data analysis prob-
lems with particular attention to the open questions in the MonteCarlo code development.
Then, we present the capability of the ARGO-YBIJ experiment to discriminate between dif-
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ferent models of the primary cosmic ray composition in the energy range 10 < 500 TeV,
exploiting the digital response of the detector. The ability to select a high purity primary
proton beam by providing the array with a large area muon detector is also discussed. Fi-
nally, suggestions about the opportunity of study the EAS cores at high-altitude by means
of a hadron calorimeter are presented.

2. EAS Experiments

Cosmic rays are measured with a variety of techniques from different locations: in space,
high in the atmosphere, at the Earth surface, underground. The location and the techniques
depend on the intensity of the radiation and on the observables. Around the knee of the
spectrum one expects about 1 particle/m?- day. As a consequence, to study the cosmic rays
in the very high-energy region many detectors distributed over large areas are needed.
Modern air shower arrays are designed to measure simultaneously different quantities.
An example of multi-component apparatus operating at mountain altitude is the EAS-TOP
experiment (Campo Imperatore, 2000 m a.s.l., 810 g/cm? atmospheric depth, INFN Gran
Sasso National Laboratories) [13], which has been operated until the year 2000 to detect:

o clectromagnetic (e. m.) component, by means of 35 scintillator modules (10 m? each)
distributed over an area of ~ 10° m?;

e muonic component (E, > 1 GeV), by means of a 140 m? detector consisting of 9
active planes separated by 13 cm thick iron absorbers. Each plane is made of two
layers of streamer tubes for the muon tracking and one layer of proportional tubes for
hadron calorimetry. In addition, the effective muon sensitive area is increased by 10
m? scintillator detectors positioned below 13 e.m. modules, each shielded by 30 cm

of iron;

e hadronic component, via the 140 m? muon tracking structure which operates as
a calorimeter by means of the active layers made of tubes operating in “quasi-
proportional” mode;

o atmospheric Cherenkov light, by means of 8 telescopes positioned at ~ 100 m one
from the other. Each of them houses three mirrors, 90 cm diameter and 67 em focal
length. Two of them where seen by arrays of 7 photomultipliers for a full field of
view of 5 - 102 sr, for measurements of the total Cherenkov light signal, and a wide
acceptance for operating in coincidence with the e.m. and muon detectors;

o EAS radio emission, via 3 antennas 15 m high, located on different sides of the array,
at distances of 200 m, 400 m and 550 m from each other, operating in two wave
bands: 350 — 500 kHz and 1.8 — 5 MHz.

Moreover, its location has been chosen to have the further possibility of running in coin-
cidence with the muon detectors MACRO and LVD operating inside the deep underground
Gran Sasso Laboratories. The sites are separated by Ah = 1000 m in altitude (correspond-
ingto ~ 3000 m w.e,, and £, > 1.4 TeV). The relative zenith angle is < § >~ 30°.
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The main experimental EAS observables sampled at the detection level to reconstruct
the properties of the primary cosmic ray at the knee energies are the following:

1) Charged particle component

This is the basic observable measured in all EAS experiments. The charged component
is dominated by electrons and positrons and is usually sampled by an array of detectors
distributed over a large area. The sensitive area is very small, < 1% of the instrumented
area, therefore this poor sampling is the source of an additional instrumental fluctuation
which adds to the intrinsic large fluctuations of the shower development. The majority of
EAS arrays do not distinguish between the charged particles, so that N, ~ N,. From the
measurement of the charged particles it is possible to determine the shower core position
and, via a Lateral Density Function (LDF), calculate the total number of electrons at the
observation level (size of the shower N, ), from which infer the energy of the primary
particle. In addition, by measuring the shower temporal profile the direction of the incident
particle can be reconstructed.

The LDF of charged particles is of phenomenological nature, determined via MC sim-
ulations for the particular experimental set-up. The most used LDF is adapted from the
Nishimura-Kamata-Greisen (NKG) function [14, 15]
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being r the distance from the shower core. Here V., is the total number of charged particles,
the parameter s describes the shape of the distribution and is related to the longitudinal
development stage (age parameter). The Moliere radius rjs is the distance within which
about 90% of the total EAS energy is contained (rp; ~ 80 m at the sea level, increasing
with altitude). The normalization constant is expressed in terms of the Gamma Function
I". We note that, from MC simulations, the charged particle lateral distribution in proton-
induced showers results considerably flatter than in the photon-induced ones. Therefore
the lateral containment parameter rp; must be smaller (typically by a factor of 2, see for
example [16]).

2) Muonic component

The muons sampled by air shower arrays are typically in the GeV energy range. In
fact, they are measured by shielded detectors (scintillators, streamer tubes, Geiger-Muller
counters) in order to absorb the electromagnetic component that reduces the muons iden-
tification efficiency because of the punch-through of hard ~-rays or electrons. The most
sophisticated detectors also exploit some tracking devices, to better identify the particles.

Since the muons do not multiply, but only slowly lose energy by ionization, the muon
content of an EAS after the maximum attenuates much slower than the electromagnetic one.
This flat shower longitudinal profile reduces the fiuctuations in reconstructing the primary
energy from the muon size. But the absence of multiplicative processes induced by muons
implies that their number is lower than that of electrons (in a typical shower N, /N, ~ 0.1)
with a much flatter lateral distribution. As a consequence, the muons are typically poorly
sampled, i.e., the sampling fluctuations cancel the advantage of reduced showers profile
fluctuations.
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The LDF of muons can be described by a Greisen-like formula [17] with parameters de-
pending on the particular experimental set-up. As an example, in the EAS-TOP experiment
the data (£, > 1 GeV) have been fitted by

pu(r) =C N, - (i>1'25 7075 (1 + L>2.5 2)

0 To

with 7o = 400 m [18]. To minimize the bias due to the extrapolation of the muon lateral
density function to unobserved large distances from the shower core, some experiments
represent the EAS muon content via the so-called “truncated muon number”

T2
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With an appropriate choice of ry and 7, IV, ff can be used as a mass independent energy
estimator [19].

The muon component is the most sensitive observable, in combination with the size N,
to discriminate mass groups. In fact, for a given observation level, N, is smaller for heavy
showers with respect to proton ones with the same energy, while N, is typically larger for
heavy primaries.

Finally, since the muons are produced in hadron decays, they are almost absent in
photon-induced showers. Hence, a muon content measurement allows one to improve the
signal to background ratio in gamma-ray astronomy.

3) Hadronic component

The spectrum of EAS hadrons retains important information about the primary cosmic
ray spectrum, which is dominated by the lightest component, i.e., the protons. In addition,
the study of the EAS hadronic cores is a useful tool to investigate the interaction models. In
fact, this observable is based on the energy retained by the incoming primary, and therefore
on different features (total cross section and inelasticity) of the high-energy hadronic pro-
cess. As will be discussed in the following, the hadron rate is an observable highly sensitive
to the non-diffractive inelastic cross-section and provides important information about the
dissipative mechanisms which occur in the nuclear interactions.

The hadronic component sampling has been performed at different atmospheric depths
using various experimental techniques, like calorimeters, emulsions chambers and magnetic
spectrometers. The most interesting information is:

a) the measurement of the total energy content in the EAS core (i.e., the energy not
transferred to the e.m. and muonic components as measured at large core distances)
and its absorption characteristics;

b) the measurement of the so-called “unaccompanied hadrons”;

c) the detection of peculiar events as, for example, the multi-structured events correlated
to large pr secondaries produced in hadron interactions.
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4) Underground muons

The EAS high energy muons originate essentially from the first interactions of the cos-
mic rays in the atmosphere, thus carrying information about the hadronic interactions and
the nature of the primary. Nevertheless, the measurement limitations due to the fluctuations
in the muon multiplicity or to the finite size of the detector make difficult the way back to the
primary characteristics. The uncertainties in the reconstruction of the corresponding EAS
energy can be reduced, in principle, if the measurement is correlated to a surface EAS ar-
ray. The most interesting results come from the correlated EAS-TOP/MACRO experiments
[20].

5) Cherenkov light

The EAS arrays observe the showers at a fixed atmospheric depth. The main tool for
removing this limitation is provided by the detection of optical emission in atmosphere
(fluorescence or Cherenkov light). Fluorescence light can be exploited at primary energies
> 1017 eV. At the knee energies Cherenkov light provides the information about the longi-
tudinal development of the shower, related to the rate of energy released in the atmosphere
and therefore to the primary composition.

Optical photons are little absorbed in the atmosphere, therefore the Cherenkov lateral
distribution is much broader than that of charged particles. In addition, their density is much
higher. As a consequence, it is possible to construct an array of Cherenkov telescopes to
perform high sensitivity measurements, with smaller area and wider spacing than necessary
for equivalent measurements of charged particles.

The amount of light received from each altitude of the shower by telescopes can be
reconstructed via simple geometry calculations once that the shower axis direction and
the core distance are known. The amount of Cherenkov light, strongly correlated with
the electron shower size, can be used to estimate N, as a function of atmospheric depth
from which the position of the shower maximum X,,,, can be calculated. This method 1s
essentially geometrical and is independent of MC simulations except for the reconstruction
of the angular distribution of Cherenkov light around the shower axis.

The Cherenkov intensity is proportional to the primary energy, while the slope of the
Cherenkov lateral distribution depends on the depth of the shower longitudinal maximum
Xmaz and hence on the mass of the primary. Therefore, the study of cosmic ray composi-
tion can be made sampling the lateral distribution, i.e., the Cherenkov photon density as a
function of the shower core distance.

The mean X, for a given primary type increases logarithmically with energy at an
elongation rate of about 80 g/cm? per decade, although this value depends on the hadronic
model used in the calculation. The expected X, value is similar for two primaries of
different mass but with the same energy per nucleon.

The observations of atmospheric EAS-Cherenkov light allow:

e a measurement proportional to the total e.m. energy deposit of the shower above the
observational level;

e areal “calorimetric” energy measurement, if the shower is completely absorbed,;

e the geometrical reconstruction of the development of the e.m. cascade in the atmo-
sphere, by means of the temporal or angular distribution of the light signal;
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¢ areduction of the primary energy threshold,;

e a good angular information on the arrival direction of the primary particle. The arrival
direction can be obtained by measuring the time of flight among different telescopes.

Combined with TeV muon underground observations such technique can provide:

e information complementary to the shower size N, and to the number of high-energy
muons relevant to the analysis of the primary composition and interactions;

e areduction of the EAS primary energy threshold of operation, with the possibility of
performing measurements at primary energies very close to the surface energies of
the muons reaching the underground level (Ey ~ few TeV), i.e., in an energy region
where only primary protons can contribute to the TeV muon flux.

Therefore the atmospheric Cherenkov light associated with the TeV muons provide
an interesting tool for calibrating the simulations and checking the cross section for pion
production in the forward region at energies E, ~ Eo/A with a known primary beam.

3. Analysis Techniques

The reconstruction of the primary cosmic ray spectrum from air showers measurements
is typically carried out by an array of detectors spread over an area of several thousands
of square meters sampling the charged particle lateral density. The difficulty of EAS ob-
servations is in the interpretation of the data, i.c., in the deduction of the primary particle
properties (energy, mass number and angle of incidence) from the quantities measured in
the experiments.

The general scheme of analysis in an indirect measurement of cosmic rays is the fol-
lowing:

1. From the experimental data, via some phenomenological functions determined by
MC simulations, the EAS observables of the particular detector ( Ne, Np, Ny, Xinaz,
lateral distribution ...) are reconstructed.

2. The distributions of such observables are compared with those extracted from a de-
tailed simulation of the EAS development in the atmosphere in which is made use of
a trial cosmic rays spectrum.

3. The input spectrum is changed in order to optimize the comparison between the re-
constructed and calculated distributions of EAS observables.

In the last few years more sophisticated analysis techniques have been exploited to infer
energy spectra and chemical composition (for a review see, for example, [21]). Neverthe-
less, because of the reduced resolution of the air shower arrays in the measurement of the
primary mass, the determination of the primary composition depends critically on Monte-
Carlo predictions and the so-called all-particle spectra are typically published. The most
recent multi-component EAS experiments enable the simultaneous determination of sev-
eral observables on an event-by-event basis. In this manner, in principle, the correlated
uncertainty on energy and mass can be disentangled [21].
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The connection between the nature of the primary particle and the actual experimental
results requires a detailed understanding of particle interactions at very high energies and at
very forward scattering angles. Since, as will be discussed in the next section, there is still
no information available from accelerators on this domain, we are faced with an intrinsic
ambiguity on the interpretation of cosmic ray data. The ambiguity is governed by our
poor understanding of two basic elements: (a) the behaviour of the inelasticity K, ie., the
fraction of the primary energy carried away by the secondary particles; (b) the composition
of the primary cosmic ray spectrum, i.e., the mass number A of the primary particles. This
problem has been referred to as the “inelasticity- K -mass-number- A uncertainty”, or KAU
problem [22].

3.1. Hadronic Interactions and Cosmic Rays

To build a MC simulation of the EAS development in the atmosphere, the knowledge of
particle production in high-energy hadronic interactions (cross sections, multiplicity, rapid-
ity and pr distributions, inelasticity of the multi-particle production) is required. In contrast
to electromagnetic processes, we are still not able to calculate hadronic cross sections and
multi-particle production from first principles. In addition to our limited understanding of
QCD the main sources of uncertainties in the description of hadronic interactions are:

e incomplete knowledge of particle production at current collider energies (only part
of the phase space is measured);

e extrapolation to energies well beyond the current experimental data.

Up to now, the highest energy has been reached at Fermilab’s Tevatron Collider (CDF
and DO detectors) and corresponds to a ~ 2000 TeV proton collision with a stationary
proton. Brookhaven’s Relativistic Heavy lon Collider (RHIC) provides energies of > 100
GeV per nucleon in nucleus-nucleus collisions. As an example, a N-N collision at RHIC is
equivalenttoa ~ 5-10!% eV cosmic ray N—air interaction [23]. The LHC Collider when in
operation at CERN will extend this energy up to ~ 10'7 eV equivalent cosmic ray primary
energy.

Although the future experiments will cover most of the EAS knee region energy, this is
not true for the angular (or rapidity) range coverage. In fact, most detectors do not cover
angles within one or two degrees off the beamline. In the upper plot of Fig.1 the multiplicity
distributions of secondary particles in pp collisions (in the energy range 10 — 107 GeV) is
shown as a function of the rapidity [24]. Vertical bands show the angular acceptance of the
two collider experiments with the largest rapidity range coverage. From the plot it results
that most of the secondary particles are detected. However, as can be seen from the lower
part of the Fig.1, where the energy distribution of the secondary particles is shown, only a
small fraction of the primary energy is measured by these detectors. In addition this fraction
decreases with the increasing of the primary energy. In the Tevatron Collider about 80% of
the final-state energy flow is estimated to be missing, while for LHC this quantity will be
95% [23].

In the cosmic ray coordinate system the target nucleon is at rest, then the effect is even
more evident. If a 2 PeV proton collides with an air nucleus and continues with half its
initial energy, acquiring 200 MeV/c transverse momentum in the collision, it makes an
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Figure 1. Particle (upper plot) and energy (lower plot) flow in pp interactions of different
energies.
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Figure 2. Inelastic p-air cross-sections from measurements and models [33]. Upper panel:
Situation in 1997. Lower panel: Situation in 2001.
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angle of only 0.2 prad with its initial direction. The equivalent Tevatron process is a TeV
proton colliding with a p and scattering by an angle of about 0.4 urad, well within the
cone that is unobserved by detectors [23]. Since the EAS development is dominated by this
missing forward region, we lose the most important information for the simulation.

In addition, the extrapolations to higher energies are often based on inconsistent data.
As an example, at /s = 1.8 TeV (Ej, ~ 1.7 PeV) the measured pp cross sections are
72.8 + 3.1 mb (E710 [25]), 80.03 4 2.24 mb (CDF [26]) and 71.71 £ 2.02 mb (E811
[27]). The probability that these values are consistent with each other is only 1.6% [27].
The effect of a systematic uncertainty of about 5 — 10% on the EAS development can be
relevant. In fact, an increase of o;,q(p-air) by 10% implies a reduction of the high-energy
(> 100 GeV) hadrons number by up to 50% and of the electrons number (> 3 MeV) by
~ 15% at sea level, in the case of 10 eV vertical proton-induced showers [28].

As a consequence, one of the principal reasons for the large differences between the
experiments is the degree of freedom in the various hadronic models. As an example, the
reanalysis of the Haverah Park data, based on the CORSIKA code [29] with QGSJet [30]
as the high energy interaction model, predicts a shower energy of ~ 30% smaller than the
initial interpretation [31]. With this new energy determination all the highest-energy events
from Haverah Park have an energy < 10?0 eV, and the estimated mass composition shifts
towards heavier primaries.

Nevertheless, in the last few years large progress has been attained in EAS simulations.
In fact, now most experiments use the same MC codes in order to reproduce the EAS
development (CORSIKA code) and study the detector response (GEANT code [32]). In
addition, the evolution of the models shows a clear convergence in their predictions up to
106 GeV.

The inelastic hadronic cross sections as well as the inelasticity of interactions are the
main quantities which determine the elongation (slow aging) or the shortening (fast aging)
of the EAS development. Lower cross section elongates, while higher ones shorten the
longitudinal development. A highly inelastic interaction of a high-energy cosmic-ray proton
could produce ground-level observables indistinguishable from those of a low inelasticity
first interaction of a heavier primary nucleus with the same energy. In Fig.2 we show
the inelastic p-air cross sections calculated in years 1997 and 2001, compared with some
experimental data and theoretical models [33]. The cross section discrepancies between the
models have reduced from 80 mb to about 20 mb in the few PeV region.

The inelasticity of hadronic interactions can be studied calculating the Feynman-x dis-
tribution . The range 0.1 < zr < 0.4 corresponds to a moderate energy transfer to
secondary particles, while in the diffractive region zz > 0.85 the projectile loses only a
small energy fraction and the largest portion is transported deeper in the atmosphere with
the projectile remainder. Hence, the diffractive processes are the most important for the
energy transport within an EAS. From the theoretical point of view there are some degrees
of freedom in the diffractive description: the differences between the models exceed even
by a factor of 3 [34].

A correct description of the diffractive phenomena, and of the inelastic cross-sections,
is essential for the understanding of the observed hadron rates. A detailed study of muon
and hadron rates has been carried out by the KASCADE Coilaboration asking for triggers
released by either high-energy hadrons ( Fj, > 90 GeV) or a minimum number of 9 muons
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Figure 3. Trigger rate vs hadron rate in the KASCADE central detector. Upper panel: Data
compared with different hadronic interaction models. Lower panel: Results obtained from
the QGSJET model with modified inelastic cross section and diffraction dissociation.
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(E,, > 0.50 GeV) in the central detector. Such energy cuts applied to hadrons automatically
select particles originating from the first high-energy interactions.

In the Fig.3 the trigger rate versus the hadron rate is plotted. As can be seen, none of the
predictions agrees with the KASCADE results [28]: all models overestimate the hadron rate
considerably, up to a factor of 3. Furthermore, there are also large discrepancies among the
models. In order to study the sensitivity of the data to the details of the interaction models,
several modifications have been applied to the QGSJet model. The results concerning their
influence on the predicted trigger rates are shown in the lower panel of Fig.3. Increasing
the inelastic p-air cross-sections by 5% (10%) reduces the predicted hadron rate by ~ 27%
(~ 54%). Similar results arise from lowering the diffractive probability by up to 10%
of the inelastic cross-section. Since the total inelastic cross-section is the better known
quantity, is reasonable to presume that the uncertainty arises mostly from the diffractive
processes. Hence, the KASCADE group attributed the overestimation of the hadron rate
to an underestimate of the non-diffractive inelastic cross-section for nucleon-air collisions.
In order to match data with hadronic models, the contribution of diffraction dissociation
should be reduced by about 5 — 7% of the inelastic cross-section, i.e., to about half of the
original contribution [34].

In Fig.4 the differential energy spectrum of hadrons measured at Mt. Chacaltaya (5200
m, 540 g/cm?) is compared with the expectations from simulations implemented with dif-
ferent models of hadronic interactions [35], for air showers of size N, = 5 X 108 ~ 107.
The hadrons energy is in the range 0.1 ~ 1 TeV. From the figure it results: (1) the energy
spectrum of hadrons in EAS, predicted by the simulations, agree with one another both in
the number and in the power index; (2) the data, instead, is not consistent with the simula-
tion results in the number, while it is consistent in the power index. The number of hadrons
by the experiment is smaller than those by the simulations, in agreement with the discussed
results of the KASCADE experiment.

This tendency is consistent with the relationship between the families and the accompa-
nied air showers reported by the same experiment [36]. That is, the number of high-energy
~v-ray (> 2 TeV) in the family is smaller than that simulated. Therefore, at least either of the
assumptions in the simulations, the energy distribution of produced particles or the primary
composition, should be modified into the one of stronger energy subdivision. The following
hypotheses are possible [35]:

1. The Feynman scaling law is violated in the forward region more strongly than as-
sumed in the models.

2. The composition becomes heavier or the fraction of irons becomes larger than the
one in low energy region to subdivide the energy between nucleons of heavy nuclei.

Here lies the source of the ambiguity, and from the knowledge available up to now, we
have no clue for deciding in favor of one of these possibilities. This is the essence of the
KAU problem [22].
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4. Cosmic Ray Measurements

In Fig.5 a compilation of energy spectra obtained by various recent experiments is shown
[37]. As can be seen, significant discrepancies exist among the different measurements
concerning the position and the sharpness of the knee. It is still a matter of debate how much
of these differences is due to experimental systematic errors and how much to uncertainties
in the modelling of the shower development.
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Figure 5. Recent measurements of the cosmic ray spectrum in the knee region.

The most recent results of EAS experiments will be summarized in the following (more
comprehensive reviews can be found, for example, in [21, 34, 38, 39, 40]).

4.1. EAS-TOP Experiment

The multi-component EAS-TOP experiment has allowed the study of the primary cosmic
ray spectrum by means of a lot of EAS observables.

In Fig.6 the differential shower size spectra at different zenith angles are shown. The
knee is clearly visible and the corresponding size shifts towards lower values at increasing
atmospheric depths, as expected for a knee at given primary energy. The attenuation length
is Ay = (222 £ 3) g/cm?. The knee is observed at N, = 105! in the vertical direction,
Er = (2 —4) - 10%5 eV. The knee is quite sharp, the change in slope occurring in a limited
range of size (Alog(Ne) ~ 0.1). The power indexes obtained for the energy spectrum are:
~v1 = 2.76 £ 0.03 and 5 = 3.19 &£ 0.06 respectively below and above the knee [41].

The knee is also visible in the GeV muon size spectra, all zenith angles investigated
(Fig.7). In this case the break is softened by the poissonian fluctuation of the number of
detected muons. The knee, around N "f ~ 1095, is independent of the number of detected
muons, being visible at any core distance [42].

An interesting result comes from the relation between the electron and muon size slopes,
which can be written as N, oc N& with o ~ 0.75 in all angular bins: no change in the
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Figure 6. Differential shower size spectra measured by EAS-TOP at different zenith angles.
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secondary production when crossing the knee region is seen, thus showing that, at least
from this point of view, no new hadronic effects is necessary to explain the knee [43].

The hadron flux has been measured over a wide energy range (30 GeV — 30 TeV) with
the hadron calorimeter at the atmospheric depth of 820 g/cm? [44]. The spectrum is well
described by a single power law over the whole range (units: m~2s 1sr~1GeV ~1):

E (~2.79+£0.05)
h ) . a

. sYs -7
S(Ep) = (2.25 £ 0.21 £ 0.34%°) x 10 (wmooc;ev

Taking into account the contamination from heavier nuclei, on the basis of direct mea-
surements, the primary proton spectrum between 0.5 and 50 TeV is obtained and is found
to be compatible with a single power law (units: m =25~ 1lsr~1GeV1):

E, ) (—2.800.06)

R sys =6 B D
S(Ep) = (9.8+£1.1+1.6%%)x 10 (1OOOG6V

&)

A systematic uncertainty of about 7% due to the helium flux is also included. The
proton spectrum obtained is shown in Fig.8 [44]. The full area includes the systematic
and statistical uncertainties of the measurement. The data matches very well with the direct
measurements over a wide energy range, usually not available to a single experiment, where

they become statistically poor. The data show no evidence for a structure in the spectrum
up to 100 TeV.
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The EAS-TOP collaboration studied the composition by analyzing the behaviour of <
Ny, > from vertical showers in narrow bins of N, corresponding to AN, /Ne = 12%. The
result is shown in Fig.9: data are compared with the results of a full simulation including
the detector response, where the 1 TeV composition with equal slope for all components
was used, thus assigning the same composition at all energies. The EAS-TOP data clearly
suggests a growth of the mean mass with energy, that is a heavier composition above the
knee [45].

The high energy muon multiplicity distribution observed deep underground by the
MACRO detector has been studied in different intervals of shower sizes sampled by EAS-
TOP. Within each size bin the muon multiplicity distribution has been fitted with a super-
position of pure p and Fe components, or light (L) and heavy (H) admixtures containing
equal fractions of p and He or Mg and Fe respectively. All spectra in the simulation have a
slope v = 2.62. As an example, the muon multiplicity distributions for two different size
bins, below and above the knee are shown in Fig.10 [46]. The resulting energy spectra for
p and Fe components are reported in Fig.11 together with their sum [47]. The data explains
the observed knee as due to the steepening of the spectrum of the light component (p, He) at
Er ~ 4x10% eV, of Ay =0.740.4[48]. In agreement with the GeV muon data, this anal-
ysis points to a primary composition becoming heavier around the knee. The high energy
muons used pertain to a rapidity region (zx > 0.1 = 0.2) which is different from the one
explored with GeV muons (the central one): a good consistency of the CORSIKA/QGS]Jet
model in describing the yield of secondaries in a wide rapidity region is thus obtained.

The proton, helium and CNO fluxes in the 20 = 300 TeV energy range have been studied
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through the simultaneous detections of the high energy muons and the lateral distribution
of Cherenkov light (C.1.) in EAS by the EAS-TOP and MACRO detectors. The EAS are
selected via the muons detected deep underground by MACRO. Due to the shower selection
through the high energy muon (E,, > 1.3 TeV, i.e. primary energy E, > 1.3 TeV/nucleon),
in the energy range 10 TeV < E, < 40 TeV (10 TeV being the Cherenkov telescopes
threshold energy) the selected primaries are mainly protons, for 40 TeV < E, < 100 TeV
they include both p and « particles, while for E, > 100 TeV the CNO also contribute
[49]. The “p+He” flux at E = 80 TeV and the “p+He+CNO” one at E = 250 TeV are
thus obtained. Frequencies are selected from the rates obtained by introducing inside the
simulation the primary spectra according to the JACEE [6] and RUNJOB [9] data. As can
be seen from Fig.12, the data matches very well with the simulated points according to the
JACEE proton and helium spectra, showing both the adequacy of the CORSIKA/QGS]Jet
code in describing the cascades in this energy range and of the JACEE flux in the 20 + 120
TeV region. The error on the z axis represents the uncertainty on the EAS core position,
while on the y axis statistical and systematic errors are summed up in quadrature. The
agreement is worse when frequencies are calculated using the RUNJOB data (Fig.13), the
difference being at 2 the s.d. level. The data supports a helium spectrum harder than the
proton one, v, ~ 2.8 vs. yge ~ 2.6 — 2.7 ~ yon0©,Fe, With the preponderance of the
helium primaries around the knee. In fact the ratio 7;;{%;(80 TeV) = 0.29 & 0.09 implies
that around 100 TeV the helium flux dominates over the proton one. By subtracting the
measured proton flux the ratios of p, He and CNO components at 250 TeV can be expressed
as: Jp : Jge : Jono = (0.20 £0.08) : (0.58 +0.19) : (0.22 £ 0.17) [50].
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Figure 12. Measured Cherenkov light lateral distributions compared with simulated ones
(290 < X < 630 nm) using the JACEE spectra.
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Figure 13. Same as Fig.12 but using the RUNJOB spectra.

4.2. KASCADE Experiment

The KASCADE experiment consists of a multi-detector set-up addressed to measure simul-
taneously the electromagnetic, muonic and hadronic components of air showers, providing
a large set of observables for each single event [51]. This allows one to infer the primary
mass and energy of primaries on an event-by-event basis using sophisticated multivariate
analysis methods [21].

The main observables are the total electron size N, the number of muons in the 40 - 200
m range from the shower core (the so-called “truncated muon size” fo), the local muon
densities measured for different thresholds, the number and energy sum of reconstructed
hadrons. The frequency spectra of all these observables show a clear knee-like structure at
same integral event rates. Since a same intensity of the flux corresponds to an equal primary
energy, this result is a strong hint for an astrophysical origin of the knee phenomenon.

The basic analysis performed by the KASCADE collaboration in order to extract the
primary energy and mass is to unfold the two-dimensional electron-muon size spectrum
into the energy spectra of five mass groups (p, He, C, Si, Fe). The size spectra are in fact
the convolution of the energy spectrum with a kernel function describing the probability of
a given primary to produce a shower with a given size. This method leads to the all-particle
energy spectrum as a superposition of the spectra of light and heavier particles.

In Fig.14 the results of the unfolding method are shown for two different hadronic
interaction models (QGSJet and SIBYLL) embedded in the CORSIKA code [52, 53].

Despite large differences in the relative abundances of the mass groups, the all-particle
energy spectrum is similar for both models. In both calculations the knee at about 5-6 PeV
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Figure 14. Cosmic ray spectra reconstructed by means of the KASCADE unfolding pro-

cedure. Left side: analysis based on the QGSJet hadronic model; right side: based on the
SYBILL one.

is due to the decreasing flux of light primaries. For the light particle (proton and helium)
spectra a knee-like structure is clearly visible. In the carbon spectrum there is only a small
hint for a knee around log(E) ~ 7.3, while for the heavier particle (A > 20) component a
knee is missing between 1 and 10 PeV, thus suggesting an increase of the mass above the
knee. The results using different unfolding methods show the same behaviour.

The ratio Y = log N )f / log N, provides an interesting parameter to estimate the pri-
mary mass, which is found to be gaussian distributed at fixed A [54]. An example is pre-
sented in Fig.15. Clearly, a superposition of different particle types (represented by the
lines) is required to account for the experimental distribution. It is noteworthy that its left
and right are nicely described by the proton and iron simulations, respectively. Performing
such an analysis for different bins of shower sizes yields confirm of an increasingly heavier
composition for energies above the knee.

counts

0.85 0 95
log(N{)/log(Np)

065 075

Figure 15. Event-by-event distribution of the muon/electron ratio measured by KASCADE

for a primary energy of E ~ 3 - 10'° eV. The lines show the results of CORSIKA/QGSJet
model.
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The KASCADE data suggests that the light component is responsible for the knee Eg ~
4 - 105 eV, while for the iron nuclei a rigidity cut-off at E,f ¢ ~ 26 - EY, is possible [55].

The mean logarithmic primary mass (In A) as a function of the primary energy is re-
ported in Fig.16. The data are compared to theoretical calculations made by [56, 57, 58] and
to other experimental results from KASCADE [59]. In the energy range from about 1 PeV
to 4PeV the composition shows a weak decrease in the mean logarithmic mass by about
0.5 units. Similar trends have been observed also by Cherenkov air shower measurements
(see the discussion on BLANCA and DICE results in section 4.5).

By comparing different methods and sets of EAS observables, systematics can be re-
duced and the hadronic interaction models underlying the different analysis of energy and
composition checked. The SIBYLL and QGSJet models are able to describe the data at
lower and at higher energies, respectively, but none of these gives a satisfactory description
of the whole data set in a way consistent to obtain a final result on chemical composition
and energy spectrum [34, 53].

4.3. CASA-MIA Experiment

The CASA-MIA experiment is a ground-based array of 1089 surface particle detectors
(CASA) and 1024 underground muon detectors (MIA) [60]. In this experiment the conver-
sion of the size spectrum into the energy spectrum is obtained using the muon size infor-
mation. In fact, the size combination ¢ = log(N, + & - N,) was found to be linear vs the
primary energy E, and, most important, independent of the primary mass. This relation
is shown in Fig.17 for proton- and iron-induced showers [61]. The code used in the cal-
culation is the CORSIKA/QGSJet. The systematic discrepancies in energy assignment for
different primary masses are < 5%. The mean absolute values of the energy reconstruction
errors vary from ~ 25% at 1014 eV to ~ 16% for Eg > 1015 eV.

The energy spectrum thus derived is shown in Fig.18. As expected, the knee is located
at the same primary energy for any atmospheric depth. The change in the spectral index
does not appear to be sharp, but rather to undergo a transition over the range of energies
1015 — 10154 eV. The electron size spectrum, on the other hand, shows a sharper change
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Figure 18. Primary energy spectrum from CASA-MIA data.
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[61].

With this composition independent all-particle spectrum, the question of the sharpness
of the knee of the cosmic ray energy spectrum has been investigated by the CASA-MIA col-
laboration. The data favours a change from light to heavy composition over the knee energy
region. If the knee is a result of cosmic rays escaping the galaxy or is due to the upper limit
of SuperNova acceleration processes (proportional to the charge Z), then we expect that
the lighter nuclei exhibit the knee at lower energies with respect to the heavy ones. Since
at the observation level the heavier cosmic rays show smaller sizes than their equal energy
but lower mass counterparts, it is possible, in principle, that different spectral breaks from
several nuclear species are more close in measured size, showing a much sharper knee in
the size spectrum with respect that observed in the energy spectrum. As a consequence, the
sharpness of the size spectrum break observed by CASA-MIA is evidence that the similar
sharpness observed in other experiments, which derived the energy spectrum only using the
shower size, could have originated by a compositional change in the knee region [61].

The primary composition is studied by CASA-MIA using three parameters: the density
of surface particles, the slope of the lateral distribution near the core, and the density of
muons at large core distances. An experimental event is assigned to the “light primary” or
“heavy primary” class depending on the distance from the proton or iron simulated show-
ers in the plane of the adopted variables. In order to quantify the decision a discriminant
analysis based on the “K Nearest Neighbour” (KNN) test was exploited [62].

T Ty

Figure 19. Normalized proton resemblance plot. The open squares give the estimated
results for a JACEE-like composition.

The “proton resemblance”, defined as the average fraction of K nearest neighbours
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Figure 20. CASA-MIA events selected by the KNN tests as "light” or "heavy”, binned
following the reconstructed energy.

which are protons, is shown in Fig.19 for K = 5, normalized such that a pure proton com-
position would lay along the top of the plot and a pure iron along the bottom border. The
trend towards a heavier composition above the knee is evident.

The energy spectra from CASA-MIA data are plotted in Fig.20 separated in two compo-
sition groups: “light”, with more than half proton nearest neighbors and "heavy”, with less
than half. The spectra appear similar below 500 TeV, where the lighter component spectrum
steepens. The heavier component does not show such a knee-like feature at that energy; the
estimated spectral change is at about 10 times the energy corresponding to lighter com-
ponent knee [62]. The spectra are consistent with the idea of cutoffs proportional to the
particle rigidities.

4.4. TIBET-AS~ Experiment

The TIBET-AS~ experiment is a hybrid detector consisting of an EAS array operating at
high altitude (Yangbajing, Tibet, 4300 m a.s.L., 606 g/cm?) in correlation with an emulsion
chamber and a burst detector array. The emulsion chambers and the burst detectors are
exploited to detect high-energy air shower cores accompanying by EAS induced by cosmic
rays with energies above 104 eV. The shower size measurable by each burst detector ranges
from 10 to 3-10° particles, roughly corresponding to sub-showers with energies ranging
from several times 100 GeV to about 300 TeV.

The high altitude is particularly suitable for the measurements in the knee region since:
(1) air showers induced by primaries with energies in the range ~ 10'® - 1017 eV reach
their maximum development roughly in the 500 - 600 g/cm? atmospheric depth interval,
thus their size fluctuations are at minimum; (2) in this energy range the average shower size
is almost the same for both proton and iron primaries. These facts enable us to estimate
the primary energy with a reduced ambiguity by measuring only their shower size, almost
independently of the cosmic ray composition.

The overall primary energy spectrum shows a gradual steepening of the slope at en-
ergies between 101472 and 101585 eV, around 101525 ¢V [63]. This smooth shape of the

I
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energy spectrum in the knee region is similar to that found by the CASA-MIA experiment.
By means of a modest energy shift (20%, about the statistical uncertainty in energy assign-
ment due to shower fluctuations) the two independent TIBET-AS  and CASA-MIA spectra
agree quite well [61]. Both experiments have obtained the all-particle energy spectrum in a
way almost independent of the primary composition (only the size NN, at high altitude and
the linear combination of electronic and muonic sizes in CASA-MIA experiment at a lower
altitude). This result suggests that a method of examining the spectrum sensitive to the
primary mass reproduces a sharp break, while a smooth knee is obtained when a composi-
tion insensitive technique is exploited. As a consequence, composition factors, or detector
effects, may play a relevant and neglected role in several measurements.

In Fig.21 is shown the energy spectrum of primary protons reconstructed using data
obtained with the burst detectors and the air shower arrays and applying a neural network
analysis [65, 66].
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Figure 21. The proton spectrum obtained by the TIBET-AS~ hybrid experiment compared
with results from other experiments.

The spectral index above the knee is about -3, steeper than that obtained by direct mea-
surements at lower energies, suggesting that the proton spectrum should steepen around 200
TeV. Assuming that all single masses have their break point proportional to their atomic
number, the main component responsible of the knee structure in the all-particle spectrum
is the nuclei heavier than helium component [64, 65, 66].

In addition, the comparison with the KASCADE experiment [67] shows that their re-
sults strongly depend on the interaction models (Fig.22), probably because the low-energy
muons may not be a suitable parameter for separating the air showers into different primary
mass groups [66].
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Figure 22. Fraction of the primary cosmic rays heavier than helium nuclei. The Tibet results
are compared with those by KASCADE experiment.

4.5. The BLANCA and DICE Cherenkov Detectors

The BLANCA and DICE Cherenkov detectors has both operated at the same site of the
CASA-MIA experiment for which it provides the shower core position and the arrival di-
rection.

The BLANCA detector [68] consists of 144 angle-integrating Cherenkov light tele-
scopes which measure the lateral distribution of the Cherenkov photons. BLANCA uses the
CASA-MIA trigger which imposes an energy threshold of about 100 TeV on the Cherenkov
array. For each event, the data is converted to photon densities, producing a Cherenkov lat-
eral distribution which is fitted with an empirical function. This function is exponential in
the 30 - 120 m range from the shower core while for larger distances is a power law with
three parameters: a normalization factor C1g (i.e., the Cherenkov intensity 120 m from the
core), an exponential slope s and a power law index 3. The energy of each EAS is derived
using only the C1 and s parameters. The BLANCA energy resolution for a single air
shower is about 12% for a 200 TeV shower, improving to ~ 8% for energies above 5 PeV.

The differential all-particle cosmic ray spectrum measured by CASA-BLANCA is
shown in Fig.23, compared with the results reported by other experiments [68]. The dif-
ferent results are consistent given the 20% or more energy systematic error typical of air
shower measurements. As can be seen from the figure, the CASA-BLANCA data shows a
smooth change rather than a sharp break of the spectrum. The knee region is near 3 PeV
with a width of ~ 0.5 decades in primary energy.

The CASA-BLANCA measurement of X,,,,, is shown in Fig.24, compared with other
results up to the Fly’s Eye energies [68]. The “direct” point shows the X ,,,,, value expected
based on balloon direct measurements.
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Figure 23. The differential all-particle cosmic ray spectrum measured by CASA-BLANCA,
compared with other experiments. The diagonal bar shows the effect of a possible system-
atic energy shift of +£18%.
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The data is consistent with a mixed composition which is lighter approaching the knee
and heavier at higher energies. Furthermore, at low energies the results are consistent with
those expected from direct measurements and at high energies with the Fly’s Eye data. A
multi-component fit with four masses (p, He, N, Fe) suggests the same composition trends
exhibited by the mean quantities, i.e., an initially mixed composition that results lighter
between 1 and 3 PeV and then becomes heavier with increasing energies.

The DICE detector [69] consists of 2 imaging telescopes each with a 2 m diameter and
a focal plane made by 256 close packed photomultipliers. The Cherenkov light size and
the shower maximum development X, are the measured quantities. The Cherenkov size
is obtained by summing the total amount of light detected by each phototube cluster. The
location of X4, is determined by fitting the shape of the shower image in each photo-
multiplier cluster. An important difference between DICE and other detectors which fit
the lateral distribution of Cherenkov light is that this estimate of X .4, is based on simple
geometry and does not depend on MC simulations, except for calculations necessary to de-
termine the angular distribution of Cherenkov light around the shower axis. The primary
energy spectrum from DICE events in coincidence with CASA-MIA is shown in Fig.23.
The knee is at an energy around 3 PeV. The values measured for X,,,q. are shown in Fig.24
as a function of energy. The various experiments show a fair agreement, although the DICE
data suggests a lighter composition at higher energies.

5. Theoretical Models for the Knee

As discussed in the previous sections, due to the contradictory experimental results, the
reason for the steepening of the primary cosmic ray spectrum in the PeV region is still
unclear. The theories addressed to explain the origin of the knee are essentially of four
types [21, 52, 70, 71]:

1) Acceleration: there is a general agreement in believing that the bulk of cosmic
rays are produced in SuperNova Remnants. In fact, they can provide the power
(Ler ~ 5 - 10% erg/s) required to Justify the observed energy density of cosmic
rays (= 1 eV/cm?®). Charged particles in the interstellar medium surrounding the pre-
SuperNova star may get trapped in the highly supersonic shock wave generated by
the SN explosion. Repeated reflections on both sides of the shock front lead to an ac-
celeration via the so-called “first order Fermi mechanism”, which naturally produces
a power law energy spectrum with differential index ~ 2 at the source.

This acceleration process appears to have an upper limit which depends on the rate
at which the particles can gain energy and on the shock lifetime. Simple dimen-
sional estimates show that the maximum energy in a SNR is limited to F,, ~
Z x (Rsnr % B), where Z is the charge of the cosmic ray isotope and Rgyg, B
are the size and the magnetic field strength of the acceleration region. In the classi-
cal analysis performed by Lagage and Cesarsky [3] this limit corresponds to about
Z x 10 eV. A more recent examination of the astrophysical parameters suggests
an upper limit in acceleration of Ey,y &~ Z x 101°eV [57, 72]. In a model pro-

posed by Biermann et al. [73] the “normal” SuperNova explosions mainly accelerate
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2)

3)

4)

protons up to about 100 TeV, while more massive SuperNovae can accelerate heav-
ier particles up to ~ Z - 1015 eV. As a consequence, the knee composition becomes
heavy-dominated as the proton spectrum bends before.

Diffusion: the knee may reflect a change in the propagation of cosmic rays from their
sources to the solar system. Analysis of the B/C ratio shows that the "escape time”
of CRs from our Galaxy scales with energy according to Tesc o £ =3 with § ~ 0.6.
A simple extrapolation of 7es to higher energies breaks down at £ = 3 - 1015 eV,
because here cTes. ~ 300 pc which is the thickness of the Galactic disk [74]. The
value corresponds to just one crossing of the disk and would give rise to significant
anisotropies with respect to the Galactic plane when approaching this value. A com-
pilation of the anisotropy measurements is given in [75]. While the amplitude and
phase of anisotropy data below =~ 2 - 10V are consistent and statistically accurate
[76], the experimental results at higher energies are not compatible with expecta-
tions. This could mean that the diffusion model cannot be simply extrapolated to
these energies [77]. Similarly to acceleration at SNR shocks, the process of Galac-
tic confinement is closely related to magnetic field confinement, i.e. in addition to
anisotropies one again expects Fpax < Z.

Hadronic interactions : in this case the idea is that the interaction of primary particles
inside (or outside) the atmosphere can transfer energy to a component not observed
in the EAS experiments, through a new interaction channel [79, 80, 81]. This leads
to an underestimation of the reconstructed primary energy which mimics a break in
the spectrum. Differently from the astrophysical interpretations 1) and 2) of the knee,
one would now expect the knee energy of different primary particles being displaced
following their mass number A rather than their charge Z, since the nuclear reaction
mechanisms are governed by the energy per nucleon E /A of the incident particle.

Interaction with background particles inside the Galaxy : in this class of models the
origin of the knee is related to the interaction of cosmic rays with background photons
or neutrinos. Recently, Wigmans [78] suggested that inverse beta decay of protons
with massive relic neutrinos, p+7, — n+e™", could deplete them. Simple kinematics
shows that this channel is open for E, > 1.7 10%%V /m,,(eV). Thus, the knee energy
~ 3 PeV would correspond to an electron neutrino mass of ~ 0.5 eV/c?, a value at the
present time not excluded by any other observation or experiment. However, “eating”
sufficiently large amounts of protons by such a process requires extraordinarily high
local densities of relic neutrinos.

A picture related to interpretations 1) and 2) has been proposed by Erlykin and
Wolfendale[56]. They consider the knee as a superposition of a weakly energy dependent
galactic modulation with additional prominent structures in the flux spectrum caused by a
single near by object. This so-called ”single source model” assumes that a shock wave of
a recent supernova which exploded some 10,000 years ago at a distance of a few hundred
parsecs currently propagates, or has recently propagated, through the solar system causing
distinct peaks of element groups in the energy spectrum. However, there is some contro-
versy whether or not the statistics of presently existing data gives support to the model.
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Besides the position of the knee, the sharpness of the slope change is an important tool
for understanding its origin. This fact can be understood from Fig.25 (adapted from [82]).
The upper panel shows spectra of p, O and Fe as a function of energy. For each element
a knee at the same rigidity (= pc/Ze) is assumed. In the lower plot the spectra for O and
Fe are shifted to the right of the proton curve since showers induced by heavy nuclei are
sampled in a later stage with respect to the proton ones of the same energy. Hence, the
proton primaries dominate the size spectra, as compared to the energy spectrum, because
the heavier nuclei have smaller electron sizes at the observational level. The resulting sum
spectrum resembles more the proton size spectrum with its sharp knee.

As already discussed in sections 4.2 and 4.4, a composition insensitive method to es-
timate the primary energy is crucial in order to reconstruct an accurate energy spectrum.
That is, if the composition changes across the knee, then the relationship between the mea-
sured electron size and inferred energy will also vary. Without an independent technique
of assessing the composition, the energy spectrum can be subject to unknown systematic
shifts.

As a consequence, the knowledge of the shape of the spectrum as well as of the energy
spectra of different element groups across the knee region is of fundamental importance
for discriminating among various possibilities. At present, beyond the knee little is known
about CRs other than their all-particle energy spectrum since the indirect methods of de-
tection suffer a number of serious difficulties in the interpretation of the data and require
detailed modelling of the air shower development.

If protons are accelerated to PeV energies some of them should interact with the matter
surrounding the source producing 70 which decay into high-energy ~-rays in the TeV range.
A direct evidence that the nucleonic component of CRs is indeed produced in SNRs could
be obtained by the observation of ~y-rays.

In the last decade there has been a lot of progress in TeV gamma-ray astronomy [83, 84],
and indeed various SNRs, like RX J1713.7-3946, RX J0852-4622, Cas-A, were found
to be sources of TeV ~-rays. However, considering also the measurements at lower fre-
quency bands, in all cases the TeV ~-ray fluxes can be consistently explained with a “self-
synchrotron-inverse-Compton” model, i.e., with an electron acceleration without any con-
tribution from pion decays (Fig.26) [85]. No positive evidence for hadroproduction of TeV
~-rays has been found yet.

Recently Berezhko et al. [86] suggested a theoretical picture of a more efficient proton
acceleration inside the sources which could explain the measured spectra also with y-ray
hadroproduction and a smaller contribution from inverse Compton process. Measurements
of this kind provide interesting aspects in understanding the source of charged cosmic rays.

Although the great progresses in the cosmic ray research with the last generation of
EAS experiment there is no unambiguous experimental results to select the best model. In
fact, fundamental questions are still open:

e At which energy is the knee position?
e Is the shape of the knee sharp or smooth?

e What is the composition in the knee region? Does it change with energy?
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What is the energy spectrum of single masses? Do all primary masses show a knee
feature?

Where is the knee of the light nuclei?

e What is the dominant source for cosmic rays with energies below the knee?

What is the origin of cosmic rays beyond the knee?

Are the hadronic interactions at knee energies well understood?

Among different primary particles, the precise knowledge of the proton spectrum is the key
for understanding the particle acceleration mechanisms, providing the major constraints on
the model parameters.

6. Outlook for the Future: the Top-Game

One of the most important questions to be solved concerns the position of the proton knee.
The existing experimental data are in substantial disagreement: the proton spectrum mea-
sured by the TIBET-AS~ experiment exhibit a knee-like structure around 200 TeV, the
KASCADE data suggests a steepening at a few PeV, the CASA-MIA analysis show ev-
idence of a steepening of the lighter component around 500 TeV. Direct measurements
carried-out by RUNJOB and JACEE do not exhibit any spectral break up to about 800 TeV.

The knowledge of the primary proton spectrum is fundamental for the understanding
of the cosmic ray acceleration mechanisms and of the propagation processes in the Galaxy.
Moreover, the proton component is mainly responsible for the uncorrelated particle produc-
tion in the atmosphere: any uncertainty on its spectrum reflects on the secondary particle
fluxes (7 and K') and thus, for example, on calculations of atmospheric muons and neutri-
nos.

Accordingly, a careful measurement of the proton spectrum in the energy region from
1 TeV to 100 PeV is one of the main tasks of future cosmic ray experiments.

Another important open question is the sharpness of the knee region. Data from TIBET-
AS~ and CASA-MIA suggest a smooth change of slope, at variance with the results from
other experiments showing a sharp knee. The actual form of the knee contains important
information on its origin.

This complex situation is mainly due to the following reasons:

e All the EAS experiments (except the ones located at Chacaltaya and Tibet) sample
showers at altitudes lower than 3000 m a.s.l.. Hence, they analyze showers with very
large fluctuations in all the observables.

e The information about the characteristics of the primary particle (mass and energy)
are diluted in an aged shower and are difficult to disentangle.

In addition, up to now, EAS data never has been calibrated with the direct measure-
ments.

A way to reduce these problems is to perform multi-component EAS experiments at
very high altitude (> 4000 m a.s.1.). In this case:

it A
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e the reduced attenuation in the atmospheric overburden allows to observe EAS with
lower primary energy (~ TeV), thus approaching the direct measurements;

e the maximum longitudinal development for showers with the knee energies is closer
to observation level, so size fluctuations are reduced;

o the average shower size is almost the same for both proton and iron primaries, and
therefore is an energy estimator independent of composition;

e the energy flow in the core region of EAS is less attenuated and easier to observe. As
an example, at 4300 m a.s.l. for showers with the knee energies the energy flow of
the electromagnetic component within 1 m from the core is 30-40 times higher than
that at sea level [87].

The need to measure showers induced by cosmic rays with energies as low as 1 TeV
imposes the construction of an unconventional air-shower array at high altitude. In fact, at
these energies the shower particle content is too small to reconstruct the EAS observables
with a typical array made of several detectors spread over a large area sampling only about
1% of the shower size.

Only the exploitation of a full coverage approach can provide the required high gran-
ularity sampling of particle showers. An experiment which can meet these requirements
is the ARGO-YB]J apparatus, located at the YangBaling (YBJ) Cosmic Ray Laboratory
(Tibet, 4300 m a.s.l.).

6.1. The ARGO-YBJ Experiment

The ARGO-YB]J apparatus consists of a full coverage array of dimension ~ 74 x 78 m?
realized with a single layer of Resistive Plate Counters (RPCs), 280 x 125 cm? each. The
area surrounding the central detector core, up to ~ 100 x 100 m?, is partially (~ 50%)
instrumented with RPCs. This outer ring improves the apparatus performance, enlarging
the fiducial area for the detection of showers with the core outside the full coverage carpet.
A lead converter 0.5 cm thick will cover uniformly the RPCs plane. In this way the number
of charged particles is increased by conversion of shower photons, thus lowering the energy
threshold and reducing the particle time fluctuations on the shower front. The RPC signals
are picked up by means of strips 6.7 cm wide and 62 cm long. The strips (124800 in total in
the carpet) are the basic element which defines the space pattern of the shower. The fast-OR
signals of 8 strips are used for time measurements and trigger purposes. These OR-ed strips
define a logic PAD of 56 x 62 cm? (15600 in total in the carpet), which is the basic element
providing the time pattern of the shower. The basic detection unit will be the Cluster, a set
of 12 contiguous RPCs (see Fig.27). For a more detailed description of the experiment see
[88].

This experiment will image with high efficiency and sensitivity atmospheric showers
initiated by primaries of energies > 200 GeV, allowing to bridge the GeV and TeV energy
regions and to produce data on a wide range of fundamental issues in cosmic ray physics
and ~y-ray astronomy.
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Figure 28. Picture of an air shower event sampled by the ARGO-YBJ detector.

An example of the high-granularity sampling capability of the ARGO-YBJ carpet is
shown in Fig.28, where the picture of an air shower event recorded by the pad system is
displayed. As can be seen, the shower profile is sampled with an unprecedented accuracy.

Both single pad rate measurements (~ 400 H z) and expected event rates enables the
experiment to run with a relatively low multiplicity ( > 50 fired pads) triggers on the entire
carpet. MonteCarlo simulations show that a Crab-like y-ray source spectrum can be ex-
plored with threshold ~ 200 GeV and median energy ~ 500 GeV, by selecting the events
with a reconstructed shower core position inside the detector area. With such a multiplicity
threshold ARGO-YBJ can achieve a pointing accuracy better than 1° and a sensitivity to
such a point source of at least 10 o in 1 year of data taking (without considering any quality
factor coming from the y/hadron primary discrimination technique) [89].

In Fig.29 we show the average strip and pad sizes (/N5 and Ny,q) as a function of the
primary energy for proton-induced showers. For comparison, the total shower size N, and
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the so-called "truncated size” N7, i.e., the size sampled by the ARGO-YBJ carpet, are also
plotted. In the calculations only quasi-vertical (# < 15°) showers with reconstructed core
inside a small fiducial area (260 m? around the center of the carpet) have been used. An
average strip efficiency of 95% and an average strip multiplicity m = 1.2 have been taken
into account,

As can be seen from the figure, log(N) is a linear function of log(E) up to about 100
TeV and “saturates” above 1000 TeV. Accordingly, the digital response of the detector can
be used to study the primary spectrum up to energies of a few hundreds TeV. In order to
extend the dynamic range up to PeV energies, a charge read-out has been implemented by
instrumenting each RPC also with two large size pads of dimension 140 x 125 ¢cm? each
[90, 91].
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Figure 29. Average strip and pad sizes compared to the total and truncated sizes for proton-
induced air showers.

6.2. The Shower Size Distribution

The study of shower size distributions at the Yangbajing atmospheric depth has been per-
formed by means of the CORSIKA/QGSJet code in the energy range 500 GeV — 20 PeV.
The probability that a cosmic ray nucleus with mass A and energy E will produce a shower
with a size in the range from y to y + Ay at the YBJ observation level is gaussian in the
logarithm of the charged particle size y (y = log(N4))

1 i {y(A,E)—E(AyE)]rz
Pa(y, E)-Ay = LoeviAB Ay (6)

~ Var o (AE)

The optimal values of the different parameters are given in [92]. In Fig.30 some shower
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Figure 30. Shower size distributions for different nuclei at fixed primary energies.

size distributions are compared for different nuclei at fixed primary energies. From these
plots it results:

e at a given energy the shower size fluctuations and the mean shower size decrease as
the primary mass increases;

e increasing the primary energy the mean shower size converges to the same value for
all masses.

In Tab. 1 we compare the shower gaussian parameters at sea level and at YBJ atmo-
spheric depth. As expected, at high altitude, the size difference Ay = 7(p) — F(Fe) and
the fluctuations o, due to the cascade processes are significantly smaller. In fact, we have

Ay(YBJ) ~ = - Ay(s.l.)

ob(YBJ) = = -ol(s.l.)

N—= Wl— N~

afe(YBJ) R

. ofe(s.l.)
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Table 1. Shower parameters calculated at sea level (s.l.) and at YBJ atmospheric depth
(4300 m a.s.l.) for proton and iron primaries.

Shower 10 TeV 100 TeV 1000 TeV
parameters || s.l. | YBJ || sl. | YBJ | sl | YBJ
7(p) 2.52 1 343 | 3.89 | 4.65 || 5.05 | 5.74
7y(Fe) 1.96 | 3.15 || 3.50 | 4.32 || 4.64 | 5.53
oy(p) 0.54 | 0.21 |[ 038 [ 0.12 [ 0.28 [ 0.07
oy(Fe) 0.18 | 0.08 || 0.13 | 0.08 || 0.10 | 0.04

6.3. The Strip Size Spectrum

In order to check the sensitivity of a digital measurement to the primary spectrum, the strip
size spectrum has been obtained for different primary composition models by calculating
the flux
dN 2
= Juy) = Y ea®s)- [ Ja(E): Palys, E) - dE %)
Ys A min

and by selecting quasi-vertical events (6 < 15°) with shower core reconstructed inside a
small fiducial area Ay ~ 260 m? around the center of the carpet. In eq. (7) ¢ A(ys) rep-
resents the trigger and shower reconstruction efficiency, J4(FE) is the differential flux for
each simulated nuclear species (p, He, CNO, NeMgSi, Fe), and P4 (ys, F) is the probability
that a nucleus with mass A with energy E produces a strip size ys. To perform the calcula-
tions the following primary composition models have been used: RUNJOB [9], JACEE [6],
TIBET-AS~ [64] and the model proposed by Horandel to reproduce the KASCADE data
931

The reconstruction procedure is given in [94, 99, 96]. The efficiency &4 (ys) is shown
in Fig.31. The proton-induced showers are reconstructed with efficiency 1 when y, > 3.6
(i.e., E > 30 TeV), while the iron-induced ones when y; > 3.3 (i.e., E > 50 TeV).

The probabilities P4 (ys, E) for the selected events can be described by the gaussian
form (6) written for the logarithm of the strip size with the parameters given in [92].

The integration of eq. (7) has been performed numerically and the results are shown in
Fig.32 where, for each composition model investigated, the function

Fall(ys) = Jall(ys) : 101'5-% I Ays (8)

is plotted. This equation provides in a simple way the counting rate of collected events,
Cs(ys), integrated in the bin Ay, = 0.1 for an exposure I' = 108 m? - s - sr,

Fa S
Co(ys) = m’f—(ﬁ’y) ©

corresponding to about one month of data taking for quasi-vertical showers with the core

position reconstructed inside the fiducial area A;. The slope of the strip size spectrum

(Jau(Ns) oc Ny %) in the range ys, + ys, is given by

o 5 _ LoglFau(ys;)/Fau(ys,)]
Ysy — Ysy

Gg =

(10)
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Figure 31. Fraction of events triggered and reconstructed inside Ay for proton- and iron-
induced air showers.
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Figure 32. The strip size spectrum for the primary composition models investigated.
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From Fig.32 we can draw the following conclusions:

1. The strip size spectra pile up above y; ~ 4.2 (< E, >~ 100 TeV, < Ep. >~ 320
TeV), due to saturation of the digital read-out, and fall down below y; ~ 3 (< E) >~
10 TeV, < Er. >~ 40 TeV), owing to a substantial decrease of the trigger efficiency
(calys = 8) =~ 76%).

2. Inthe range y; = 3 + 4 the JACEE data and the KASCADE model predict the same
strip size spectrum with ;g ~ 2.35. This is mainly due to the fact that in these models
the spectra of the light components are quite similar.

3. The largest difference is found between the strip size spectra obtained using the
TIBET-AS~v and RUNJOB models. The spectral index is ~ 2.27 and ~ 2.37, re-
spectively, and the counting rate expected according to the TIBET-AS~y spectrum
is higher than that predicted by the RUNJOB data, the discrepancy increasing from
~ 30% at ys ~ 3to ~ 55% at ys ~ 4.

4. The number of events in each size bin is enough to make negligible the statistical
uncertainty. On the other hand, any systematic error § N5/N, in reconstructing the
strip size spectrum determines a shift

AFall/Fall — (6NS/NS + l)as_l — 1. (11)

Thus, a control of the detector performance at a level better than 10% is required in
order to reduce any systematic effect below 15%.

We conclude that the digital read-out of ARGO-YBJ should allow one to scan, in a
simple way, the energy range from ~ 10 to a few hundred TeV where direct and indirect
measurements partially overlap. A first measurement of the strip size spectrum with a
portion of the ARGO-YBJ detector (~ 1900 m?) has been compared with the expectations
according to RUNJOB and JACEE composition models showing a fair agreement with the
data of direct measurements (intensity and spectra slope) [98].

6.4. Primary Proton Selection with a Large Muon Detector

The ARGO-YBJ experiment will be upgraded by a large muon detector both to extend the
sensitivity to y-ray sources to energies greater than ~ 20 TeV and to perform a cosmic ray
primary composition study.

A ~ 2500 m? muon detector located around the central carpet inside the building which
hosts the detector has been envisaged to detect EAS muons with energy E,, > 1 GeV [97].
The shower primary energy reconstructed exploiting both charged particle and muon sizes
is better than 20% (14%) for 500 TeV proton (iron) induced showers [100].

Iron showers develop higher in the atmosphere so that they are expected to have a
slightly broader lateral distribution on the ground compared to proton showers of the same
energy. This feature provides some discriminatory power between showers from different
primaries but with the same ground-level size. In fact, if a proton and an iron shower have
the same size then the proton one will have on average higher particle densities near its
core.
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Figure 33. Distribution of proton and iron induced showers in the parameter space z—_.
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Figure 34. A multicore EAS sampled by the EAS-TOP calorimeter: the lateral distribution
and the core region are shown.
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As a consequence, in order to discriminate between proton and iron events the showers
can be classified in terms of the two following parameters: (1) 8 = pag/p10, i.€., the ratio
of charged particles mean densities at two distances from the reconstructed core position;
(2) x = log(NJ/N(}), i.e., the logarithm of the ratio of the muon and charged particle
truncated sizes.

The distribution of 50 TeV quasi-vertical (# < 15°) proton and iron induced showers
in the parameter space z—3 is shown in Fig.33. The different primaries are gathered in
clusters with a separation that increases with the primary energy. By allowing for a small
iron contamination it is possible to calculate a discrimination parameter, function of the
energy, such that the proton selection is carried out with high efficiency.

The following procedure has been checked to select proton showers:

1. for each reconstructed shower the primary energy E7¢¢ is calculated via the formula
log(E™®¢) ~ log(N% + & - fo);

2. the measured quantities x and 3 are used to classify the shower by comparing their
value with the distributions in the parameter space x—03 expected at the energy E"°.

By requiring an iron contamination < 10% the proton discrimination efficiency is better
than 95% for the investigated energies in the range 50 — 10% TeV. In order to improve
the energy resolution, the primary energy of “proton-like” events could be reevaluated by
means of a relation specialized to proton-induced showers. The results are encouraging and
show that the shower density profile and the muon content are a powerful mass and energy
identifiers and could enable the selection of a “good” sample of proton induced events. An
improvement of the analysis in order to take into account intermediate primary mass groups
is in progress.

6.5. Suggestions for a High Altitude Hadron Calorimeter

The opportunity of building an hadron calorimeter at high altitude has been discussed in
some papers, as for example [101]. In order to fully exploit the potential of a high alti-
tude experimental site and the unprecedented high-granularity sampling capability of the
ARGO-YBJ detector, an hadronic calorimeter should be installed in the central part of the
carpet. In fact, at high altitude the energy flow in the EAS core region is less attenuated and
easier to observe.

The aim of an hadron calorimeter is to study the hadron flux, uncorrelated and in EAS,
the energy content and absorption characteristics of the EAS cores, and the peculiar events
(such as the large pr ones). High energy air shower cores are sensitive to the composition
of the primary cosmic rays around the knee since they contain a large part of the primary
energy in the early stage of shower development.

As discussed in section 3.1, the results from KASCADE and Chacaltaya experiments,
which observe hadrons and ~-families intensities lower than expected, suggest that, in the
energy range 10° — 106 eV, a larger dissipative mechanism occurs in hadron interac-
tions compared to current models predictions. Consequently, a careful measurement of the
hadronic component is crucial to study the main features of high energy hadronic interac-
tions in the still unknown very forward region.




Towards a Solution of the Knee Problem with High Altitude Experiments 125

This kinematical region can be studied also by means of the so-called “multicore
events”, i.e., events with a multiple structure in their electromagnetic component near the
core. Interpreting them as due to jet production leads to a measurement of the cross section
(do/ de)gj\t,. In the case of multicore EAS, jets are essentially produced by the leading par-
ticle interactions with air target nuclei at intermediate altitudes in the atmosphere ( ~ 6 — 12
km a.s.l), for typical energies /s ~ 300 — 1000 GeV [103]. A typical multicore event
observed by the EAS-TOP hadron calorimeter is shown in Fig.34. The transverse momen-
tum for each subcore can be obtained using the expression pp = E%—E, where E is the
subcore primary energy, R the distance from the main shower core and h the production
height above the observation level.

In order to fully deal with all these items an hadron calorimeter should meet the follow-
ing requirements [101]:

(a) Adequate thickness to measure the energy of hadrons up to about 100 TeV (the EAS-
TOP calorimeter, able to measure hadrons in the range 30 GeV - 100 TeV, was 818
g/cm? thick, i.e. about 6.2 nuclear mean free paths).

(b) Large area to sample with significant statistics primaries in the knee region, i.e. at
least 100 m?. In fact, the primary cosmic ray integral flux for energies above 10 PeV
is about 1 particle/(m? - year).

(c) A high granularity sampling on the top to observe the multicore structure of the
shower electromagnetic component. The RPC counters operating in the ARGO-YBJ
carpet greatly meet this requirement.

(d) A tracking system to measure the arrival direction of particles and to discriminate
between hadrons and muons.

(e) A time-of-flight system to study the temporal profile near the shower core.

(f) Fine grain tracking detectors between its different layers, such as emulsion chambers
or scintillating fibers, to observe strange and exotic events like Centauros, chirons,
binocular and halo events [104].

At high altitude, however, the electromagnetic component in the core is mostly made by
the cascade products induced by high energy n%-decay y-rays. Therefore, this component
well reflects the behaviour of the whole hadronic component, keeping the sensitivity to
the primary composition. The observation of the high energy e.m. component has been
exploited by the TIBET-AS~y experiment by means of a burst detector, a single layer plastic
scintillator covered by lead plates, which measures the size of the local showers (the so-

called "bursts”) induced in the lead by the high energy electromagnetic component [87,
102].

7. Conclusions

The first indication for the so-called knee in the primary cosmic ray energy spectrum was
obtained more than 40 years ago. In spite of large progresses in building multi-component
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EAS experiments and in the analysis techniques, the origin of this phenomenon remains still
unsolved. There are significant discrepancies among the different measurements concerning
the position and the sharpness of the knee and the chemical composition of the primary
cosmic radiation. The main reason is that there are no direct measurements in the knee
region, so that all data comes from air shower arrays. The consequence is an intrinsic
ambiguity on the interpretation of cosmic ray data, since it is impossible to deduce both the
composition and the dynamics of particle interactions in the fragmentation region, basing
on a single measurement.

A way to bring towards solution the knee problem is to perform a multi-component EAS
experiment at very high altitude (> 4000 m a.s.l.). The ARGO-YBIJ experiment, located
at the YangBaling Cosmic Ray Laboratory (Tibet, 4300 m a.s.l.), can provide a unique
opportunity to study the cosmic radiation in the knee region. The low energy threshold
(~ 200 GeV) and the high granularity sampling allow the continuous monitoring of the
~-ray emission from SNRs, the most probable sources of cosmic rays. In addition, as
discussed in section 6.3, the digital read-out of ARGO-YBIJ should allow to scan, in a
simple way, the energy range from ~ 10 to a few hundred TeV, where direct and indirect
measurements partially overlap, discriminating between different models for the primary
cosmic ray composition. This range can be extended towards higher energies by means
of the RPC analog read-out. By equipping the experiment with a large muon detector, an
efficient selection of a primary proton beam could be achieved.

Finally, the opportunity of operating an hadron calorimeter at high altitude has been
presented. The detection of the energy flow in the EAS core region is expected to clarify
unknown features of the hadronic interactions in the very forward region, reducing the
uncertainties of the MC simulations used to interpret the cosmic ray data.
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