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Abstract Based on the six months data set of ARGO-YBJ experiment with analog read-out and its Monte
Carlo simulation, we study the difference between different primaries induced showers by using the space-time
information of the charged particles in Extensive Air Showers. With five parameters which can efficiently
pick out primary proton induced showers as inputs of an artificial neural network, the proton spectrum from

100 TeV to 10 PeV can be obtained.
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1 Introduction

The all-particle energy spectrum of cosmic rays
shows a distinctive feature around several PeV,
known as the “knee”, where the spectral index of the
power-law dependence changes from —2.7 to approx-
imately —3.1%. Existence of this feature has been
well established experimentally, but there still remain
controversial arguments on its origin. To explain this
feature, several mechanisms have been proposed?. In
some of these theoretical models, it is believed that
the knee is an intrinsic property of the energy spec-
trum, related to the acceleration and propagation of
the cosmic ray. While in other models, the knee is
explained as a new type of interaction at very high
energy. All of these theoretical models are still under
discussion due to lack of detailed knowledge about
the chemical composition around the knee. Several
ground based experiments have measured the energy
spectrum of some components of the cosmic ray in the
knee region, but due to the limited ability of identi-
fying the primary particles and the limited statistics,
the experimental results are still inconsistent:the Ti-
bet AS-y experiment shows that the knee is caused
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by the steepening of heavy nuclei spectrum in this
region and proton spectrum should steepen at about
100 TeVE!. But according to the KASCADE experi-
mental result, it should be caused by light elements.
So a clear proton spectrum in the knee region is the
key to a definite conclusion of this problem and it can
also give a limitation for theoretical models.

To identify the individual components of the pri-
mary cosmic rays, the ground based experiments are
required to give sufficient information on the Exten-
sive Air Shower (EAS) produced by these high en-
ergy particles. The ARGO-YBJ experiment, located
at Yangbajing, Tibet (4370m.a.s.l), utilizes a full cov-
erage detector array to detect the EAS. Its good time
resolution and fine space granularity enable it to get
enough information on air showers, which can be used
to discriminate between different primaries. In addi-
tion, at the observation level of this experiment, the
EAS induced by cosmic ray particles with energies in
the knee region reaches a maximum development, ir-
respective of the primary mass, so the shower size is
less fluctuated and the energy determination is more
precise and less dependent upon the unknown com-
position.
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In this work we study the feasibility of identifying
the primary cosmic ray particles with energies in the
knee region by using the Monte Carlo generated data.
By inspecting the features of the lateral particle dis-
tribution in EAS produced by different primary parti-
cles, we find 5 characteristic parameters which could
be used to discriminate between different primaries.
With these parameters as inputs, multivariate analy-
sis is performed by using the artificial neural network
(ANN) method. The influence of hadronic interac-
tion model is estimated via a detailed comparison be-
tween the results of two hadronic interaction models:
QGSJET-IT and SIBYLL. Through these analyses, we
find that, with weak model dependence, the ANN
method can efficiently pick out the proton induced
events from others.

2 The ARGO-YBJ detector

The ARGO-YBJ detector!® is located in Tibet
(P.R. China) at the Yangbajing Cosmic Ray Ob-
servatory. It consists of a full coverage array of
dimension 74 mx78 m, realized with a single layer of
RPC (Resistive Plate Chamber), 280 cm x 125 cm
each. The area surrounding this central carpet, up
to 110 mx 100 m, will be partially instrumented with
RPCs (the guard ring). The RPCs are grouped
into clusters (Each cluster consists of 12 contiguous
RPCs). Each RPC is divided into 10 basic detec-
tion units (called PADs, each with 8 digital readout
strips). In order to extend the dynamic range, a
charge read-out layer has been implemented by in-
strumenting each RPC with two large size pads,
140 ¢cmx125 cm each (the so-called Big Pad). In
this paper, only the central carpet will be simulated
and this central carpet is artificially divided into two
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Fig. 1. ARGO-YBJ carpet detector. (one pane
represents one cluster. The 6 x 9 clusters in
the center(marked) are the internal detectors.
For details, see the text).

parts: the internal detectors (the 6 x 9 clusters in the
center) and the external detectors (the 76 clusters
around). See Fig. 1.

3 Monte Carlo simulation and data
selection

In order to estimate the influence of hadronic
interaction model, the CORSIKA code!® with
QGSJET-II and SIBYLL as the hadronic interaction
model is used to generate the EAS respectively. Fol-
lowing the result of Ref. [7], we have initiated the EAS
with high energy protons (P,1), helium (He,4), light
nuclei (CNO,7), median nuclei (Mg-Si,13) and iron
nuclei (Fe,56) with energies ranging from 100 TeV to
10 PeV. The incident zenith angles of primary par-
ticles are isotropically sampled within 20°. The sec-
ondary particles in the EAS are traced until their
energies are below 300 MeV for hadrons and 3 MeV
for electromagnetic particles. The energy spectrum
of each primary type is given by the Poly-gonato
model® with rigidity dependent on bending point
Z x4.49 PeV and constant difference 6, = 2.10 be-
tween the spectral indices below and above the knee.
From this model, the component fractions in the en-
ergy range of 100 TeV to 10 PeV are: P: 24.6%, He:
32.2%, CNO: 20.3%, Mg-Si: 9.8% and Fe: 13.1% re-
spectively. The number of each component is gener-
ated according to these fractions.

The detector response is simulated using a
GEANT3-based ARGO detector simulation program.
The effects of geometry and the material of the de-
tector are taken into account in the simulation. The
charged particles reaching the Big Pad are recorded,
and the lateral charged particle distribution is then
gotten for each EAS event. The shower core po-
sition is randomly selected in a sampling area of
100 m x 100 m, which is big enough for the follow-
ing data selection criteria. We get about 3.78 x 10°
QGSJET-II events and 3.78 x 10° SIBYLL events.

In order to get enough information around the
shower core and reduce the error caused by the shower
core reconstruction, only events with the core located
inside the internal detector are used for further anal-
ysis. These internal events are selected by using the
following 3 criteria:

(1) The particle density of the internal 54 clusters
is 1.11 times higher than the external 76 clusters;

(2) The module (consists of 3 RPCs) with largest
number of charged particles is internal,

(3) The reconstructed core is inside a fiducial area
of 50 m x 55 m around the center of the detector ar-
ray.

The efficiencies of internal event selection for pro-
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ton and iron nuclei induced showers are 97.7% and
92.3% respectively. We do a test simulation for those
showers with core located beyond 100 m x 100 m but
in 200 m x 200 m, after the selection, only 0.02% can
come through. So 100 m x 100 m is big enough for
the internal data selection.

4 Analysis and results

4.1 Identification of proton induced showers

After examining the behaviors of the lateral
charged particle distribution of the EAS induced by
different primaries, we found the following 5 parame-
ters can be used to characterize the difference between
proton and other nuclei induced showers:

1) Nuits: The total number of charged particles
recorded by the big pad.

2) (R): (=>_(N;xR;)/>_ N;) Mean lateral spread

radius of particle flow from the shower core position. |

N; is the number of charged particles detected by the
ith big pad. R; is the distance between the ¢th big
pad and the shower core.

3) Rgo: The radius of the minimum circle which
contains 80 percent of the total charged particles de-
tected by the central carpet.

4) Ston:: The slope of the conical shower time
front refers to the planar fit.

5) Ratiogy: The ratio of core region’s particle den-
sity to Rgp region’s. The core region is defined as a
circle area centered at the shower core with a radius of
2.5 meters. The shower image is divided into concen-
tric rings centered at the shower core with a width of
5 meters in radius. The ring with Rg in it is defined
as Rgg region.

The distributions of (R), Rgo, Ston: and Ratiogg
are shown in Fig. 2. From this figure we can see that
the proton induced events have relatively smaller (R)
and Rygg, larger Sg.on: and Ratiogg compared with the
events produced by other nuclei.
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Fig. 2.
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Parameters distribution. The solid line for proton induced events, the dash line for other nuclei induced

events. Up: The left is (R), the right is Rgo. Down: The left is Stont, the right is Ratioso.

To discriminate the proton induced showers from
those induced by other nuclei, multivariate analy-
sis was performed by using artificial neuron network
(ANN) method. Feed forward ANN is created with 3
perceptron layers. The input layers consist of 5 neu-
rons corresponding to the 5 parameters introduced
above. The hidden layer has 15 neurons and the out-
put layer has one neuron. The ANN is implemented
and optimized by using the TMVA toolkit!”. The se-
lected Monte Carlo event samples are divided into two
halves randomly: one for training the network and the

| other for testing the network. The target values for

protons and others are put as unity and zero, respec-
tively. After 700 epochs during the training process,
the network becomes very stable. Then this network
is used to select the proton induced events from the
other half data sample. For the purpose of check-
ing the influence of hadronic interaction model, two
ANN are trained and tested by QGSJET-II data and
SIBYLL data respectively, and the cross-examination
is also done (test the QGSJET-II ANN with SIBYLL
data and vice versa). The ANN outputs are shown in
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Fig. 3.

The cut value of ANN output is set to 0.75, it
means that the showers with ANN outputs greater
than 0.75 are considered to be proton events. The
ANN efficiency in this cut situation is shown in Ta-
ble 1. As seen in Table 1, the dependence of the ef-
ficiency on hadronic interaction models is weak, and
the primary proton events can be effectively identified
from other events by using the ANN method.
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Fig. 3. ANN output distribution. Up: The

result of the ANN trained and tested by
QGSJET-II data. Down: The result of the
ANN trained by SIBYLL data and tested by
QGSJET-II data. The solid line for proton
induced events(signal), the dash line for other
nuclei induced events(background).

Table 1. The ANN efficiency.
data for data for fraction of rejection ratio of
train test picked proton other nuclei
QGSJET-II QGSJET-II 41.1% 93.5%
SIBYLL 40.3% 89.8%
SIBYLL QGSJET-II 39.3% 95.6%
SIBYLL 39.8% 93.1%

4.2 Primary energy reconstruction

The number of charged particles recorded by the
charge read-out layer (Ny;s) can be used to estimate
the primary energy of each EAS event. Fig. 4. shows
the scatter plots of the primary energy FE, versus
Nyits. The relationship between Ny and Ejy can be
represented by the following equation:

log,,(Fo) =1.28+0.8810g, o ( Nuits) - (1)

The uncertainty in primary energy estimation us-
ing this equation is about 27%.

7.0
6.5
6.0
55 =
50 s

4.5
4.0

log,,(energy)/GeV

35 40 45 50 55 60 65 70
log,,(total hits)

mean  0.04363

RMS 0.2747

constant 723+6.0
mean  0.0485+0.0021
sigma  0.2482+0.0012

—0.8 —0.4 0 0.4 0.8
(Eree—Eo)/Eo
Fig. 4. Up: The relationship between primary
energy and the number of total charged parti-
cles. The solid line is a fit using equation (1).
Down: The energy resolution. (FEyec is recon-
structed energy, and Fjy is primary energy.).
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4.3 The estimation of proton energy spec-
trum

After estimating the showers’ energy, we can get
the integral flux between F, and F, with this formula:

events / (Teff QAeff) .

Nevents 18 the number of events with the energy be-
tween F; and F, and comes through the effective area
A.g within the solid angle {2 during the effective time
T.s. In this work T4 is six months,and we can get
the effective area A.g with this formula:

JEl*Ez =

A _ ]VinternalA
eff — g
Nall

A, is the sampling area of 100 m x 100 m, N,y is the
total number of events with the shower core located in
the sampling area, Niternar is the number of internal
events which are selected by the criteria mentioned
in Section 3. The effective area is calculated by us-
ing 1.35x 10°> Monte Carlo simulation data at several
fixed energies. The result is shown in Fig. 5.
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Fig. 5. The effective area as a function of energy.
After counting the ANN efficiency in selecting

proton, energy reconstruction and effective collect-

ing area, the spectra of proton in knee region can
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be obtained and the result is shown in Fig. 6. In
this work, two ANNSs trained by QGSJET-II data and
SIBYLL data are used to pick out the proton events
in QGSJET-II data sample respectively. Good agree-
ment between the assumed and two estimated pro-
ton energy spectra is seen in the energy region from
100 TeV to 10 PeV. Fitting with two spectral index
combination: Below the “knee”, the spectral index of
the power-law dependence in simulation is —2.74, and
the estimated spectral index is —2.7440.013. Above
the “knee”, the spectral index of the power-law de-
pendence in simulation is —4.84, and the estimated
spectral index is —4.98+0.72, and x?/ndf = 33.41/8;
Fitting with one spectral index: the estimated spec-
tral index is —2.81+0.012, and x?/ndf =57.68/8. So
we fit the spectrum by using the former method (with
two spectral index combination).
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Fig. 6. Comparison between the assumed and

two estimated spectra of proton. The solid
line for assumed spectrum, the hollow squares
for spectrum estimated by QGSJET-IT ANN,
the solid triangle for spectrum estimated by
SIBYLL ANN.
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5 Summary and discussion

ARGO-YBJ experiment with analog read-out can
give detailed measurement of the lateral charged par-
ticle distributions in EAS induced by primary par-
ticles with the energy in the knee region. This ex-
perimental information can be used to separate the
proton induced showers from nuclei induced ones.
Through careful study of the behavior of the lateral
distribution of the secondary particles, we get five pa-
rameters which can be used to characterize the differ-
ence between proton induced showers and the others.
A multivariate analysis is done by using ANN method
and the influence of hadronic interaction model is es-
timated. Via the ANN method, proton induced show-
ers can be effectively selected and a good agreement
between the assumed and estimated proton energy
spectrum is seen in the energy region from 100 TeV
to 10 PeV. Below the “knee”, the spectral index of
the power-law dependence in simulation is —2.74, and
the estimated spectral index is —2.74+0.013. Above
the “knee”, the spectral index of the power-law de-
pendence in simulation is —4.84, and the estimated
spectral index is —4.984+0.72. In principle, the spec-
trum of other nuclei in the knee region, such as iron
and helium, could be obtained with this method.

There are still a lot of factors which need to be
taken into account while measuring the proton energy
spectrum in the knee region, such as more practical
simulations for big pad, more models in the simu-
lation of hadronic interaction and more assumptions
of mixed composition of cosmic ray in knee region.
Checking out these factors’ effect is our future plan.
Every situation needs a lot of simulations. There is
still a long way to go.
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