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Abstract: The peculiar features of the ARGO-YBJ detector, i.e. the full-coverage and charge readout
segmentation, together with the linearity range of the analog charge readout system, allow the analysis of
the detailed structure of the EAS particle density distribution (LDF) around its axis. Particle densities up to
∼ 104 m−2 can be measured without detector saturation. This allows detailed studies in a previously unexplored
range, thus giving new inputs to hadronic interaction models in the very forward region up to TeV center of
mass energy. Several LDF types are compared with measurements and detector simulation, showing that the best
performance in terms of data fitting, number of free parameters and relevant physics information is given by a
suitably modified Nishimura-Kamata-Greisen function. Furthermore, the lateral slope parameter is shown to be
related to the shower age by a universal behavior which is independent from the primary mass. This allows mass
composition and hadronic interaction studies in an energy region marked by the transition from direct to indirect
measurements, where new interesting features are now beingsuggested by last generation experiments.
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1 The ARGO-YBJ experiment
The ARGO-YBJ detector is a full coverage extensive air
shower (EAS) array made by a single layer of Resistive
Plate Chambers (RPCs) operated in streamer mode for
γ-astronomy and cosmic rays (CR) studies [1]. The array
is installed in the Cosmic Ray Laboratory of YanBaJing
(Tibet,China) at an altitude of 4300m above sea level
(corresponding to a vertical atmospheric depth of about
606g/cm2) and it ran in its full configuration since
November 2007 until February 2013. It is organized in
153 clusters of 12 RPCs each. Any single RPC is read out
by ten 62×56cm2 pads, which are further divided into 8
strips, thus providing a larger particle counting dynamic
range [2, 3]. The signals coming from all the strips of
a given pad are sent to the same channel of a multihit
TDC. The whole system provides a single hit (pad) time
resolution of 1.8 ns, which allows a complete and detailed
three-dimensional reconstruction of the shower front with
unprecedented space-time resolution. A system for the
RPC analog charge readout [4] from larger pads, each one
covering half a chamber (the so calledbig pads, BP), has
also been implemented and took data since January 2010.
This actually extended the detector sensitivity range from
about 100TeV up to few PeV for primary protons. The
analog readout system has been operated with different
gain scales (from G0 to G7, with increasing gains), which
determine the threshold and the maximum number of
particles that can be correctly measured on each BP.
The highest gain scale G7 allows low density values to
be measured down to few particles per m2, overlapping
its dynamic range with the detector operated indigital
mode, i.e. simply counting the number of fired strips, that
saturates at about 20/m2. The other scales have decreasing
gains (down to G0) and allow measuring ever increasing
densities up to 104/m2 [4]. These features allow the study

of the detailed structure of the particle density distribution
at the observation level even very close to the shower axis.

The study of the lateral density function (LDF)
at ground is expected to provide information on the
longitudinal profile of the showers in the atmosphere, that
is to estimate their development stage, orage, which is
related toXmax (g/cm2), the atmospheric depth at which
the cascade reaches its maximum size. This would imply
the possibility of selecting some intervals ofXmax or,
equivalently, of Xdm, the distance between the shower
maximum and the detector. The selection of showers
with Xdm in a given interval for different zenith angles
is an important point for the measurement of p-air cross
section using the method of flux attenuation [5]. This
would also allow the study of hadronic interactions and CR
composition (see [6] for further details).

2 Parametrizations of the LDF
The Nishimura-Kamata-Greisen (NKG) function [7]
describes fairly well the lateral distribution of charged
particles at the observation level. Its mathematical form is
given by

ρ1(r) = NeC(s)
( r

RM

)s−2(

1+
r

RM

)s−4.5
(1)

Here ρ1(r) is the particle density at a distancer from
the shower axis,Ne is total number of particles at the
observation depht,C(s) is given by

C(s) =
1

2πR2
M

×
Γ(4.5− s)

Γ(s)Γ(4.5−2s)

whereΓ(x) is the gamma function, whileRM is the Molière
radius at ground, ands the age parameter.
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Fig. 1: Reconstructed average LDF of the detected particles around the shower axis for simulated proton (left), helium
(center) and iron (right) initiated showers with 104.7 < Np8 < 105.0 and zenith angleθ < 15◦ (corresponding to about
500TeV, 700TeV, and 1.4PeV for primary p, He, and Fe, respectively [6]). The fits with Eq.2, Eq.3 withRM left as free
parameter, Eq.4, and Eq.5 are superimposed (see text).
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Fig. 2: Residuals for the fits of the average LDF of simulated proton, helium and iron initiated EAS as shown in Fig.1.

Various modifications of the NKG form have been
proposed in order to optimize the function for reproducing
the data of various experiments that measured particle
densities at ground. This can be done by introducing the
concept of local ages= s(r) [8], or suitably modifying
the original form given in Eq.1. As an example, the
KASCADE experiment [9] used aNKG-like function able
to describe the measured lateral distribution for showers
with energies up to 1017 eV and for core distances up to
200 m:

ρ2(r) = NeC(s)
( r

r0

)s−α(
1+

r
r0

)s−β
(2)

where

C(s) =
1

2πr2
0

×
Γ(β − s)

Γ(s−α +2)Γ(α +β −2s−2)

In this case some parameters have been optimized with
Monte Carlo data, withα = 1.5, β = 3.6 andr0 = 40m
being used as radial scale factor. Another example is
given by the AGASA group [10] which used a generalized
NKG function with an additional term to take into account
density measurement at very large distances, inspired by a
function suggested by Linsley [11]:
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where C, η and δ are free parameters. This function
describes well lateral distribution of charged particle up
to distances of several km from the shower core. Theη
parameter is related to the LDF slope and depends on the
zenith angle. A different approach is the so calledscaling
formalism[12]. In this case
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whereC= 0.28,α = 1.2, β = 4.53,δ = 0.6, whiler0 here
becomes a free parameter that is shown to be correlated
with the shower age. It has to be noticed that this function
describes well particle densities measured far from the
core, like in the AGASA experiment [13].

3 Simulated and experimental data analysis
We have simulated air shower samples induced by proton,
He and Fe primaries for a total amount of several millions
events in the (1-3000)TeV energy range following the
spectra as given in [14], with a zenith angleθ < 45◦,
produced by using the CORSIKA code [15] with QGSJET-
II.03 [16] as hadronic interaction model. Simulated
showers randomly sampled in a large area have been
given in input to a GEANT [17] based program fully
simulating the detector response (including the effects of
time resolution, trigger logic, electronics noise, readout
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system, etc.). MC events triggering the analog system
have been processed by the same reconstruction program
used for real data. Events were subsequently selected by
requiring the core position, which is reconstructed with an
accuracy of the order of 1 m or less, to be in a fiducial area
of 64× 64 m2 around the detector center. This work was
also restricted to events with reconstructed zenith angle
θ < 15◦. The study of these events (see [6]) has shown that
the truncated sizeNp8, defined as the number of particles
detected within a distance of 8 m from the shower axis,
is well correlated with the primary energy, without being
biased by effects due to finite detector size, nor dominated
by shower to shower fluctuations.

The average particle distributions around the shower
axis have been studied for eachNp8 bin and, in the case
of simulations, primary type. Simulated and real data have
been fitted with the LDF parametrizations given in Sec.2
The fit with the original NKG formula (Eq.1) did not give
good results unless usingRM values much lower than the
actual Molière radius at the experimental site. It was then
decided to test a simplified, NKG-like, LDF defined as

ρ5(r) = A×
( r

r0

)s′−2(

1+
r
r0

)s′−4.5
(5)

whereA is a normalization factor,s′ is theshape parameter
that plays the role of thelateral age[18, 19], andr0 is a
constantscale radius, as in the case of Eq.2. Comparison
with both simulated and real data suggested the value
r0 = 30 m. Finally, the so calledexponentialLDF was also
used

ρ6(r) =
Ne

2πr2
0

10A+BX+CX2+DX3
(6)

where X = Log
(

r
r0

)

and r0, A, B, C, D are all free

parameters that must be interpreted by the use of
MC simulations (see for instance [20, 21]). This LDF
parametrization gave good results for both data and
simulation but it was decided not to use it because of the
large number of free parameters.

This systematic study showed that the best performance
in describing both simulated and experimental data, with
the minimum number of parameters, was achieved by the
use of the NKG-like LDF as given in Eq.5. Some of these
results are outlined in Fig.1 and Fig.2, for simulated data
in a givenNp8 bin, where the fits of the average LDF and
their fractional residuals are shown, respectively. The fits
with the LDFs given in Eq.1 and Eq.6 are not shown for
the sake of clarity. The same plot is given in Fig.3 for
experimental data, in the sameNp8 bin and angular range.
Similar results are obtained in the otherNp8 bins. As can
be seen, also for experimental data, the use of the LDF
parametrization as given in Eq.5 gives the best result. As
an exemple, the fit of the average LDF for experimental
data with 104.7 < Np8 < 105.0 is given in Fig.4.

Further details on the adopted fitting procedure need
to be discussed here. In this study we did not perform a
combined analysis of bothanalog and digital RPC data
in order to get the LDF of each single event (or event
sample) in the full range of distances from the shower axis
that can be accessed by ARGO-YBJ (i.e. up to∼50 m,
depending on EAS zenith angle and core position). This
is because simulation studies showed that the information
on EAS age and primary energy is essentially given by
the region very close to the shower core. Moreover, since
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Fig. 3: Residuals for the fit with Eq.2, Eq.3 withRM left
as free parameter, Eq.4, and Eq.5 of an average LDF for
ARGO-YBJ data with 104.7 < Np8 < 105.0 andθ < 15◦.
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Fig. 4: Reconstructed LDF of the detected particles around
the shower axis for ARGO-YBJ experimental data with
104.7 < Np8 < 105.0 and θ < 15◦. The superimposed fit
with the NKG-like function given in Eq.5 is also shown.

we are interested in high energy events, we decided to use
analogdata only, without going far from the shower axis,
where also the strip information might be used to measure
the tail of the LDF with very low particle densities (below
their saturation limit at about 20/m2). Our LDF study is
then limited within a given distance from the shower axis
rmax, which is determined by the sensitivity of eachanalog
data gain scale (see Tab.1 and [4]). The effect on the fit of
the LDF of each single event can be clearly seen in Fig.5,
where the distribution of the reducedχ2 is shown both for
the cases ofrmax set to 15mor to the values given in Tab.1.
The prescription of a suitablermaxdepending on theanalog
setupsensitivity, then on the usedNp8 bin, gives a much
better result. We then decided to use this approach and to
further analyze events with reducedχ2 < 2 (about 90%
of the sample). The same criteria were used for simulated
data.

∆Log(Np8) 〈Ep〉 (TeV) Gain scale ρmin (particles/m2) rmax (m)

3.4−3.7 40 G4 10 10
3.7−4.0 70 G4 10 10
4.3−4.6 200 G1 80 6
4.7−5.0 500 G1 80 8

> 5.0 1000 G1 80 10

Table 1: Maximum distances from the shower axis used
in fitting the LDFs in differentNp8 bins (see text). The
average energies (for protons), the gain scales and their
sensitivities are also shown.
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Fig. 5: ARGO-YBJ data: reducedχ2 distributions for
the fit with the NKG-like function in Eq.5. The two
distributions refer tormax= 15 m and tormax as given in
Tab.1 (red and blue histograms respectively).
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Fig. 6: Reconstructed average LDF for simulated proton
and iron showers with 104.7 < Np8 < 105.0 andθ < 15◦.
The fits with Eq.5 are also shown.

Several tests were made in order to study the sensitivity
of the adopted LDF parametrization to various physical
quantities, by using simulated data. The average LDFs
for each of the three considered primaries (p, He, Fe)
and for eachNp8 bin, were fitted with the function in
Eq.5 and the corresponding values of the shape parameter
s′ were obtained. As an example, the average LDFs of
simulated protons and iron induced showers, in one of the
Np8 bins are shown in Fig.6, together with the fit results.
As expected, proton induced showers have a higher peak
with respect to iron events that show a flatter LDF. Indeed,
from the analysis of the fit parameters for the whole
sample, we find that the shapes′, in each givenNp8 bin,
is increasing with primary mass. Moreover, for each fixed
primary particle,s′ decreases as the particle multiplicity
(e.g. shower energy) increases (see [6] for details). These
effects suggest the correlation ofs′ with the depth of the
shower maximum in the atmosphereXmax. This is clearly
pointed out in [6], where the measurements ofs′ andNp8
are shown to give important tools for the study of mass
composition and hadronic interactions.

4 Conclusions
The ARGO-YBJ features and layout allow the study of
the shower core region with unprecedented details. The
radial particle density distribution can be measured with
great accuracy even very close to the shower axis, without
suffering from detector saturation up to values of the
order of 104/m2. Several parametrizations of the LDF
have been tested on experimental and simulated data.
We found that the best performance, with the smallest
number of free parameters, is given by a suitably modified
NKG-like function, which ensures a good description of
both the average and the single event LDF. One of the
parameters, related to its shape (or slope), has been shown
to play the role oflateral age and is clearly correlated to
the longitudinal development stage of the shower in the
atmosphere. This parametrization of the shower front very
close to the core is able to give important tools for the
study of mass composition and hadronic interactions with
ARGO-YBJ data.

References
[1] I. De Mitri, J. Phys.: Conf. Ser. 375 052027 (2012).
[2] C. Bacci et al., Astropart. Phys., 17, 151 (2002)
[3] G. Aielli et al., NIM A, 562, 92 (2006)
[4] M. Iacovacci et al., Proc. 33nd ICRC, (2013), paper

id. 1035.
[5] G. Aielli et al., Phys. Rew. D 80, 092004 (2009)
[6] A. D’Amone et al., Proc. 33rd ICRC (2013), paper id.

779.
[7] K. Kamata, J. Nishimura, Prog. Theor. Phys.

Supplement No.6 (1958) pp. 93-155.
[8] J. N. Capdevielle, F. Cohen, J. Phys. G: Nucl. Part.

Phys. 31 (2005) 507-524.
[9] W.D. Apel et al., Astrop. Phys. 24 (2006) 467-483.
[10] M. Takeda et al., Astrop. Phys. 19 (2003) 447-462.
[11] J. Linsley et al., J. Phys. Soc. Japan 17 (1962) Suppl.

A-III 91.
[12] R.I. Raikin et al., Nucl. Phys. B (Proc. Suppl.)

175-176 (2008) 559-562.
[13] Yu.A. Fomin et al., Nucl. Phys. B (Proc. Suppl.)

175-176 (2008) 334-337.
[14] J.R. Hörandel, Astropart. Phys.,19, 193 (2003)
[15] D. Heck et al., Report FZKA 6019,

Forschungszentrum Karlshruhe (1998).
[16] S. Ostapchenko, Nucl. Phys. B,151, 143 (2006)
[17] GEANT - Detector Description and Simulation Tool,

CERN Program Library, W5013 (1993).
[18] R.K. Dey, A. Bhadra and J. N. Capdevielle, J. Phys.

G: Nucl. Part. Phys. 39 (2012) 0855201 .
[19] A D’Amone et al., ISVHECRI-2012 proceedings.
[20] M. Roth, Proc. 28th ICRC (2003), 333-336.
[21] R. Abbasi et al., Astrop. Phys. 44 (2013) 40-58.


	The ARGO-YBJ experiment
	Parametrizations of the LDF
	Simulated and experimental data analysis
	Conclusions

