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a b s t r a c t 

The ARGO-YBJ experiment, a full coverage extensive air shower (EAS) detector located at high altitude 

(4300 m a.s.l.) in Tibet, China, has smoothly taken data, with very high stability, since November 2007 

to the beginning of 2013. The array consisted of a carpet of about 70 0 0 m 

2 Resistive Plate Chambers 

(RPCs) operated in streamer mode and equipped with both digital and analog readout, providing the 

measurement of particle densities up to few particles per cm 

2 . The unique detector features (full cov- 

erage, readout granularity, wide dynamic range, ..) and location (very high altitude) allowed a detailed 

study of the lateral density profile of charged particles at ground very close to the shower axis and its 

description by a proper lateral distribution function (LDF). In particular, the information collected in the 

first 10 m from the shower axis have been shown to provide a very effective tool for the determination 
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. Introduction 

The energy spectrum and composition in the so-called knee re-

ion (10 14 -10 16 eV) could be crucial to understand the origin and

cceleration mechanism of the very high energy cosmic ray (CR)

ux, which are among the main open problems in particle astro-

hysics. The detailed study of several features (longitudinal struc-

ure, lateral distribution of charged component at detection level,

ize, etc.) of extensive air showers (EAS), produced by these par-

icles in our atmosphere and detected by surface apparata using

ifferent techniques, is the primary tool for obtaining information

bout CR primaries when direct measurements are prevented by

he too low fluxes. 

The shower development stage in the atmosphere, is expressed

y the so-called longitudinal age , which essentially reflects the

eight of the shower maximum with respect to the observation

evel. When measured at a fixed altitude (the detection one), it

epends on the energy of the interacting primary particle, while,

or fixed energy, it depends on the primary nature. Indeed, heavier

rimaries interact higher in the atmosphere and moreover, accord-

ng to the superposition principle, they act like a number (equal

o A, the nucleus mass number) of nucleons, each one generating

nd independent shower at the same height on average (since each

ucleon carries out the same fraction of the nucleus tottal energy).

he result is that heavy primary nuclei produce showers that, on

verage, reach their maximum size at a greater distance from the

etector than a lighter primary of the same energy. For this rea-

on, the combined use of shower energy and age estimations can

nsure the sensitivity to the primary nature. 

An EAS array by itself cannot measure directly the shower de-

elopment stage, through the determination of the depth of the

hower maximum, X max (as made for instance by fluorescence de-

ectors). It can only measure the particle density distribution at

round as a function of the core distance (described through a

ateral density function, LDF) and from the slope of this distri-

ution get information on the longitudinal shower development.

n fact, the detailed study of the lateral particle density profile

t ground is expected to provide information on the longitudi-

al profile of the showers in the atmosphere, that is to estimate

heir development stage, or age . The relation between the lateral

hape of the detected particle distribution and the shower age is

uickly explained. Showers starting high in the atmosphere show

 flat lateral particle distribution, mainly due to multiple scatter-

ng processes. Such showers, characterised by a large value of the

ge parameter, are called old . On the contrary, young showers have

tarted deeper in the atmosphere, thus having their maximum

loser to the observation level. This results in a steeper lateral par-

icle distribution, which corresponds to a smaller value of the age

arameter. Apart from fluctuations, the height of the shower maxi-

um depends on energy and mass of the initiating particle. There-

ore, the lateral shape parameter is also sensitive to the mass of the

R primary. 

Historically, it was shown that such lateral distribution (at least

f the e.m. part of the shower), as measured by a traditional sam-

ling EAS array at distances of the order of hundred meters from

he core, can be properly described by a LDF like the Nishimura-

amata-Greisen ( NKG ) structure function [1,2] , with parameters de-

ending on the shower size, the detection altitude and the shower

ge. The age parameter determined in this way is usually re-
ge (“age”) in the energy range 50 TeV - 10 PeV. The sensitivity of the age

ition of primary Cosmic Rays is also discussed. 

© 2017 Elsevier B.V. All rights reserved.

erred to as lateral age [3,4] , since it is obtained from the LDF. It,

n principle, coincides with the longitudinal age in particular for

urely e.m. showers, but they can in fact differ, since most show-

rs come from hadrons and the two quantities are measured with

ompletely different techniques. However, they are expected to be

trongly related. Moreover, as experimentally observed, the NKG

unction with a single lateral age parameter is frequently inade-

uate to properly describe the lateral density distribution of EAS

harged particles at all distances. This implies that such parame-

er changes with the radial distance and, for this reason, the con-

ept of local shower age parameter was introduced [5] to denote

ssentially the lateral age at each point. As a consequence, any use

f the lateral age parameter in order to infer the shower develop-

ent stage in the atmosphere has necessarily to face that problem.

o this aim, a full MC simulation of both the shower transportation

n the atmosphere and the detailed detector response is needed. 

In this paper we show how the peculiar features of the ARGO-

BJ detector can be exploited to study the distribution of charged

articles in the region around the shower axis by describing its lat-

ral profile by means of a proper LDF, thus obtaining an estimation

f the shower development stage through the local age parameter.

e also demonstrate and discuss the sensitivity of such age pa-

ameter to the masses of the shower initiating primaries. 

. The ARGO-YBJ experiment 

The ARGO-YBJ detector was 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 observations

ith ∼ 100 GeV energy threshold, search of Gamma Ray Bursts

n the full GeV/TeV energy range and CR studies in the energy

ange (1-10 4 ) TeV [6] . For these purposes, the array was installed

n the Cosmic Ray Observatory of YanBaJing (Tibet, China), at an

ltitude of 4300 m above sea level (corresponding to a vertical at-

ospheric depth of about 606 g/cm 

2 ), and ran in its full config-

ration since November 2007 until February 2013. It was orga-

ized in 153 clusters of 12 RPCs each. Any single RPC was read

ut by ten 62 × 56 cm 

2 pads, which were further divided into

 strips, thus providing a larger particle counting dynamic range

7,8] . The signals coming from all the strips of a given pad were

ent to the same channel of a multi-hit TDC. The whole system

rovided a single hit (pad) time resolution of ∼ 1.8 ns, which,

oined to the full coverage feature, allowed a complete and de-

ailed three-dimensional reconstruction of the shower front with

nprecedented space-time resolution. A system for the RPC ana-

og charge readout [9] from larger pads, each one covering half a

hamber (the so called big pads , BP), has also been implemented

nd took data since January 2010. This actually extended the de-

ector sensitivity range from about 10 14 eV up to about 10 16 eV of

he primary energy. The analog readout system has been operated

ith different gain scales (from G0 to G7, with increasing gains),

hich determined the threshold and the maximum number of par-

icles that could be reliably measured by each BP. The highest gain

cale G7 allowed low density values to be measured down to few

articles per m 

2 , overlapping its dynamic range with the detec-

or operated in ‘digital mode’, i.e. simply counting the number of

red strips, that saturates at about 20/m 

2 . The data collected by

his scale were mainly used for calibration purposes, following the

rocedure described in [9] . The other scales had decreasing gains
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Fig. 1. An example of a typical very high energy EAS event recorded by the detector running with the G1 gain scale of the analog system (see text). The hit map at 

ground is given on the left, the color code representing the strip multiplicity of each fired pad, evidently saturated on a large portion of the detector. The analog RPC signal 

( N part / BigPad ) vs the position on the detector is shown on the right: the core and the lateral particle distribution of the shower in the first few meters from it are clearly 

visible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Angular resolution of incoming direction reconstruction for showers trigger- 

ing the analog system, as a function of log 10 ( N part ), the logarithm of particle mul- 

tiplicity on the whole central detector. The angular resolution is here defined as 

ψ 70 /1.58, where ψ 70 is the space angle including the 70% of reconstructed direc- 

tions with respect to the true one. 
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(down to G0) and allowed measuring ever increasing densities up

to several 10 4 /m 

2 [9] . In Fig. 1 , the three-dimensional histogram

of a EAS event imaged through the analog readout is shown and

compared to the one obtained by the digital readout; the core is

clearly identified and the shower front structure in the first few

meters can be resolved. These features allowed to study, for the

first time, the detailed profile of the particle density distribution

at the observation level even very close to the shower axis. 

The possibility of a detailed investigation of the distribution of

particles detected in the first few meters from the shower axis pro-

vides a new and efficient way of selecting events initiated by light

mass primaries (see last Section), without relying on the muon sig-

nal. On the other hand, such a study could give new inputs, in the

very forward kinematic region, to the hadronic interaction models

currently used for the investigation of the cosmic ray flux and ori-

gin at the highest energies. 

3. Monte Carlo simulations and event selection 

For the analysis presented here, several air shower samples in-

duced by proton, He, CNO elemental group and Fe primaries have

been simulated, for a total amount of several millions of events in

the (10 12 -10 16 ) eV energy range. The simulated showers were pro-

duced by using the CORSIKA code [10] , with QGSJET-II.03 [11] as

hadronic interaction model, while FLUKA code [12,13] has been

used at lower energies. The showers were generated in the zenith

angle range θ < 45 °, according to a spectral index -1 and sub-

sequently weighted in such a way to follow the flux normaliza-

tions and spectra as given in [14] . Throughout the whole paper, if

not differently specified, we adopted the Hörandel model to ob-

tain a mixed sample of the above cited elements. With cores ran-

domly sampled in a larger area (about ten times) than the detec-

tor surface, such showers have been given in input to a GEANT

[16] based program fully simulating the detector structure and re-

sponse (including the effects of time resolution, trigger logic, elec-

tronics noise, readout system, etc.). The Monte Carlo (MC) events

triggering the analog system readout ( ≥ 73 fired pads in a clus-

ter) have then been processed by the same reconstruction program

used for real data. 

The shower core was determined through the Maximum Likeli-

hood method applied to the lateral density distribution of the de-

tected particles, which was fitted to a modified NKG function (see,

e.g., [15] ). The algorithm ensured an accuracy of the order of 1 m
r less. Concerning the reconstruction of incoming direction, the

ront of each detected shower was fitted by a conical shape, with

ertex in the core position and aperture as a free parameter of

he fit. The resulting angular resolution is found to be much better

han 1 ° for all events triggering the analog system, with a gradual

nd constant improvement up to the highest hit multiplicities, as

hown in Fig. 2 . The events were subsequently selected by requir-

ng the core position to be in a fiducial area of 64 × 64 m 

2 around

he detector center. This work was also restricted to events with

econstructed zenith angle θ zenith < 15 °. 
The study of the MC events (see [17] ) allowed to identify the

runcated size N p 8 , defined as the number of particles detected

ithin a distance of 8 m from the shower axis, as a suitable,

lthough mass dependent, estimator of the primary CR energy

 Fig. 3 ), since well correlated to the total shower energy, not biased

y effects due to the finite detector size, nor dominated by shower

o shower fluctuations. As a consequence, in order to select event

amples in given, sufficiently narrow, intervals of energy, specific

ins of such observable have been extensively used all over this

nalysis. 
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Fig. 3. Average primary energy for p, He, CNO group and Fe initiated MC showers, 

reconstructed in the zenith angle range θ zenith < 15 °, for various intervals of N p 8 , 

the number of detected particles within 8 m from the shower axis. 

Fig. 4. Lateral density distribution of particles around the shower axis for MC pro- 

ton, helium and iron initiated showers, with 10 3.7 < N p 8 < 10 4.0 and θ zenith < 15 °. 
The distributions are normalized to the density at 11 m of distance from the shower 

axis. 
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Concerning the experimental dataset, the G1 and G4 gain scale

amples were used for this analysis, apart the G7 one used for cal-

bration pourposes. This led to define a specific cut for the maxi-

um particle number (hereafter N max ) on a single big pad in each

vent, in the G4 and G1 samples separately, in order to select

howers with a lateral particle density distribution well above the

hreshold set by the analog system: log 10 (N max ) > 1 . 7 for G4 and

og 10 (N max ) > 2 . 7 for G1 scale (being N max the maximum particle

umber measured by a single big pad in the event). Moreover, a

ut on N p 8 ensured to avoid possible saturation effects on each of

he two gain scales: 3 < log 10 ( N p 8 ) < 5 for G4 and log 10 ( N p 8 ) > 4

or G1. The same fiducial cuts used for real data were finally ap-

lied to the simulated samples. 

. Parametrizations of the LDF 

As stated in the Section 1 , the basic idea is to get informa-

ion on the shower development stage from the lateral density

istribution structure around the shower axis. Thus, the average

article distributions starting from the reconstructed core have

een studied in detail for each N p 8 bin and, in the case of sim-

lations, for different primary types. As an example, the Fig. 4

hows the average lateral distribution of particles obtained for a

ample of simulated proton induced shower events in the inter-
al �N p 8 = 10 3 . 7 − 10 4 . 0 , corresponding to an average energy E p �
0 TeV, together with the average LDFs. Moreover, the analogous

istributions for He and Fe primaries in the same �N p 8 inter-

al (corresponding to an average energy E He � 100 TeV and E Fe �
00 TeV, respectively) are also shown in the same plot. 

The above cited NKG function, which describes fairly well the

ateral distribution of charged particles, especially over distancies

f hundreds meters at the observation level, has the following

athematical form: 

1 (r) = N e C(s ) 
(

r 

R M 

)s −2 (
1 + 

r 

R M 

)s −4 . 5 

(1)

Here ρ1 ( r ) is the particle density at a distance r from the

hower axis, N e is total number of particles at the observation

epth, C ( s ) is given by 

(s ) = 

1 

2 πR 

2 
M 

× �(4 . 5 − s ) 

�( s )�( 4 . 5 − 2 s ) 

eing �( x ) the gamma function, R M 

the Molière radius at ground,

 the lateral age parameter. 

Several modifications of the NKG form were proposed as LDFs

n order to better reproduce the data of various experiments that

easured particle densities at ground. This could be done by in-

roducing the concept of local age s = s (r) [18] , or suitably modify-

ng the original form given in Eq. 1 . As an example, the KASCADE

xperiment [19] used a NKG-like function able to describe the mea-

ured lateral distribution for showers with energies up to 10 17 eV

nd for core distances up to 200 m: 

2 (r) = N e C(s ) 
(

r 

r 0 

)s −α(
1 + 

r 

r 0 

)s −β

(2)

here 

(s ) = 

1 

2 π r 2 
0 

× �(β − s ) 

�(s − α + 2)�(α + β − 2 s − 2) 

n this case some parameters have been optimized with Monte

arlo data, with α = 1 . 5 , β = 3 . 6 and r 0 = 40 m being used as ra-

ial scale factor. Another example is given by the AGASA group

20] which used a generalized NKG function with an additional

erm to take into account density measurement at very large dis-

ances, inspired by a function suggested by Linsley [21] : 

3 (r) = C 

(
r 

R M 

)−1 . 2 (
1 + 

r 

R M 

)−(η−1 . 2) 
[

1 . 0 + 

(
r 

10 0 0 m 

)2 
]−δ

(3) 

here C , η and δ are free parameters. This function describes well

ateral distribution of charged particle up to distances of several

m from the shower core. The η parameter is related to the LDF

lope and depends on the zenith angle. A different approach is the

o called scaling formalism [22] . In this case 

4 (r ) = 

N e 

r 2 
0 

C 

(
r 

r 0 

)−α(
1 + 

r 

r 0 

)−(β−α) 
[

1 + 

(
r 

10 r 0 

)2 
]−δ

(4) 

here C = 0 . 28 , α = 1 . 2 , β = 4 . 53 , δ = 0 . 6 , while r 0 here becomes

 free parameter that is shown to be correlated with the shower

ge. It has to be noticed that this function describes well particle

ensities measured far from the core, like in the AGASA experi-

ent [23] . 

For ARGO-YBJ data, the lateral particle distributions were firstly

tted with each of the different parametrizations above reported

 Fig. 5 and 6 ). Such a systematic study showed that no one of those

unctions was able to fit ARGO-YBJ data in a satisfactory way. In

articular, the fit with the original NKG formula ( Eq. 1 ) did not give

ood results unless using R M 

values much lower than the actual

olière radius at the experimental site. 

The best performance in describing both simulated and experi-

ental data, with the minimum number of parameters and for all
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Fig. 5. Reconstructed average density distribution of the detected particles around the shower axis for simulated proton, helium and iron initiated showers (as indicated in 

the label on top of each plot), with zenith angle θ < 15 ° and 10 4.7 < N p 8 < 10 5.0 (corresponding to about 500 TeV, 700 TeV, and 1.4 PeV for primary p, He, and Fe, respectively 

[17] ). The fits with LDFs in Eq. 2, Eq. 3 with R M left as free parameter, Eq. 4 , and Eq. 5 are superimposed (see text). 
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N p 8 bins, was achieved by the use of a simplified, NKG-like , LDF

defined as: 

ρ(r) = A 

(
r 

r 0 

)s ′ −2 (
1 + 

r 

r 0 

)s ′ −4 . 5 

(5)

where A is a normalization factor, s ′ is the shape parameter that

plays the role of the lateral age , and r 0 is a constant scale radius .

Both simulated and real data suggested the value r 0 = 30 m as that

giving the best χ2 values for the fit by the previous function in

the different N p 8 bins. As a check, different values of r 0 were also

used in Eq. 5 when fitting the particle distributions both from data

and MC samples. For instance, a higher value of r 0 , like r 0 = 50 m,

also reproduces in a satisfactory way the density lateral profiles,

although with systematically lower values of the parameter s ′ with

respect to the r 0 = 30 m case. This in fact is expected if r 0 is ac-

tually correlated to the Molière radius, since higher altitudes (i.e.

greater r 0 values) imply the observation of younger showers (i.e.

smaller s ′ values). This indeed was observed both for data and MC

events. 

Some of the results obtained using the LDF in Eq. 5 (with

r 0 = 30 m) are outlined for simulated data (from p, He and Fe ini-

tiated showers), in a given N p 8 bin, in Fig. 5 and Fig. 6 , where

the fits to the average lateral density profiles and their fractional

residuals are shown, respectively. The fits with the different LDFs

given in Eq. 2, Eq. 3 and Eq. 4 , together with the related frac-
ional residuals, are also shown for comparison (the results from

he fit with the LDF given in Eq. 1 are not shown for the sake of

larity). 

The plot with residuals is also reported in Fig. 7 for experimen-

al data, in the same N p 8 bin ( 10 4 . 7 − 10 5 . 0 ) and angular range ( θ <

5 °) already used for MC samples. Similar results are obtained in

he other N p 8 bins. As can be seen, the use of the LDF parametriza-

ion as given in Eq. 5 is expected to give the best result for exper-

mental data too. 

Just to give a specific example, the average lateral density dis-

ribution for real events in the interval 10 4.7 < N p 8 < 10 5.0 is re-

orted in Fig. 8 and compared with the corresponding MC dis-

ributions, from a p-primary event sample (typical proton energy

 p ∼ 500 TeV) and from an iron-primary event sample ( E Fe ∼
.4 PeV). As clearly shown, the lateral particle density profile from

ata is properly fitted by the LDF of Eq. 5 , giving a slope parame-

er value s ′ = 1 . 35 , and lies between the two average distributions

rom pure proton and iron induced showers. The fits to the lat-

ral distributions from simulated data, by the same NKG-like func-

ion in Eq. 5 , give respectively: s ′ = 1 . 17 for the proton sample and

 

′ = 1 . 44 for the iron sample. This indeed is what would be ex-

ected, provided that s ′ reflects the developing stage of the shower,

eing a detected p-induced shower on average younger (which im-

lies a smaller s ′ value) than a shower induced by an iron nucleus

nd generating a detected event in the same N p 8 interval. In their

urn, the real data events in the same N p 8 interval certainly are
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Fig. 6. Residuals for the fits of the average LDF of simulated proton, helium and iron initiated extensive air showers as shown in Fig. 5 . 

Fig. 7. Residuals from the fits with the LDF functions in Eq. 2, Eq. 3 with R M left as 

free parameter, Eq. 4 and Eq. 5 to the average lateral density distribution of particles 

around the shower axis, for the ARGO-YBJ data (G1 gain scale, see text), with 10 4.7 

< N p 8 < 10 5.0 and θ < 15 °. 

Fig. 8. Reconstructed lateral density distribution of the particles around the shower 

axis for ARGO-YBJ data with 10 4.7 < N p 8 < 10 5.0 and θ < 15 °. The superimposed fit 

with the NKG-like LDF in Eq. 5 is also shown (solid line). The experimental data 

distribution lies between the similar MC distributions (shown for comparison with 

dashed fit lines) from pure proton and iron induced showers. 
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Fig. 9. The s ′ parameter distribution in the multiplicity bin 10 3.4 < N p 8 < 10 3.7 . The 

filled areas are MC distributions of protons (red), Helium (green), CNO (cyan) and 

Fe (blue). Red dots are the s ′ distribution for ARGO-YBJ dataset (from G4 gain scale) 

in the same N p 8 bin. The Hörandel model [14] (black solid line) is used in weighting 

individual element distributions. The GST model [24] mixed distribution (magenta 

dashed line) is also shown in the plot for comparison. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

Fig. 10. The s ′ parameter distribution in the multiplicity bin 10 4.6 < N p 8 < 10 4.9 . 

The filled areas are MC distributions of protons (red), Helium (green), CNO (cyan) 

and Fe (blue). Dark-blue dots are the s ′ distribution for ARGO-YBJ G1-dataset in the 

same N p 8 bin. The Hörandel model (black solid line) is used in weighting individ- 

ual element distributions. The GST model mixed distribution (magenta dashed line) 

is also shown in the plot for comparison. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this arti- 

cle.) 
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produced by a mixture of primary species, thus giving an interme-

diate s ′ parameter value at the detector level. 

An exhaustive study showed that the function in Eq. 5 is able

to properly fit the lateral particle distributions, both from experi-

mental and simulated data, in every N p 8 bin, up to ∼ 10 m , so this

value of maximum distance from the core was set for the subse-

quent single event particle distribution fits. 

By fitting the lateral particle distribution event by event with

the function in Eq. 5 , a distribution of the s ′ parameter is obtained

which reflects the dependence on both the energy and the mass

of the primary particles. In Fig. 9 , the s ′ distributions from the fit

of single events in proton, helium, CNO group and iron samples,

in the truncated size interval �N p8 = 10 3 . 4 − 10 3 . 7 , are reported. In

a similar way, the s ′ distributions from the fit of single events in

MC samples of different primaries are reportated in Fig. 10 , for the

truncated size interval of the G1 gain scale �N p8 = 10 4 . 6 − 10 4 . 9 .

The results from the mixed MC samples, obtained using the el-
mental spectra and composition of the Hörandel [14] and GST

24] models, respectively, are also shown in the two plots. In par-

icular, the Hörandel model is used in weighting individual ele-

ent distributions in both figures. 

In the same plots, the s ′ distribution obtained from the fit of

ingle events in ARGO-YBJ data-sets, from G4 and G1 gain scales,

espectively, in the previous N p 8 intervals, are also superimposed

or comparison. The two truncated size N p 8 bins have been chosen

n such a way that the first is included in the G4 gain scale range

nd the other one in the G1 scale range. 

A discrepancy can be observed in those distributions between

C and real data, which anyway seems to reduce when the N p 8 

alues increase and if the GST model is used in the simulated

ample instead of the Hörandel one. This discrepancy could arise

rom the elemental composition and spectra used in the simulation

odels, which may not reflect the real ones. The lowest N p 8 bin

 log 10 (N p8 ) = [3.4-3.7]) roughly corresponds to ∼ 50 TeV protons

nd ∼ 300 TeV iron nuclei. At these energies the uncertainties

n the measured fluxes and spectral indexes are indeed very large,

pecially for the heavy components. All things considered, the dis-

greement appears smaller in the case of the comparison with

he GST model, which indeed contains larger quantities of heavier

lements. Another possible contribution to the discrepancy could

ome from the hadronic interaction model adopted in the simula-

ion. In order to evaluate this possible effect, a simulated sample

f proton and Helium initiated showers produced by the SIBYLL-

.1 [25] interaction model implemented in the CORSIKA code was

lso used. The comparison of the s ′ distributions obtained from the

GSJET and the SIBYLL samples, both for G4 and G1 gain scale se-

ection, shows a difference within few percent between the two

odels. On the other hand, Figs. 9 and 10 are related to the very

orward kinematic region of the shower development. Thus part of

he disagreement could be due to a not perfect description of the

adronic interaction in that region. 

It is important here to underline that the above discussed dis-

greement does not compromise at all the results of the analysis

hich is carried out and discussed in the following sections. 

An accurate study was also performed on the possible depen-

ence of the age parameter s ′ on the radial distance from the core.

 slight variation was found in the considered range of distances

p to 10 m at maximum, thus allowing in a reliable way to take

he parameter value from the fit in the whole range as a sort of

verage local age. 

. Shower age determination 

From Fig. 9 and Fig. 10 it can be seen that, for a fixed interval

f N p 8 , the s ′ distribution gradually moves towards higher values

s far as the primary mass increases, namely going from proton to

ron, as a consequence of a larger primary interaction cross section

ith atmosphere nuclei. Conversely, for a given primary, the fit pa-

ameter s ′ values decrease when N p 8 (i.e. the energy) increases,

hus suggesting the observation of deeper showers at larger ener-

ies. Furthermore, as expected [3] , the proton distribution appears

ider than those of heavier primaries. 

Such features are in agreement with the expectations, the slope

 

′ being correlated with the shower age, thus reflecting its develop-

ent stage. In other words, in this context the s ′ parameter plays

he role of lateral age . As a consequence, if we plot the fit s ′ val-

es, for each simulated primary type and several log 10 ( N p 8 ) inter-

als (namely: log 10 (N p8 ) = [3.4-3.7], [3.7-4.0], [4.0–4.3], [4.3–4.6],

4.6-4.9], [4.9-5.2]), as a function of the corresponding X max aver-

ge values, we obtain the correlation shown in Fig. 11 . The X max 

alue for each event is that provided by CORSIKA as a result of the

hower longitudinal profile fit by means of the Gaisser-Hillas func-

ion [26] . Each point in the plot represents a distribution, whose
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Fig. 11. The average lateral age parameter s ′ resulting from the fits of the lateral 

particle distributions in single events of simulated p, He, CNO group and Fe samples 

(in each N p 8 bin, see text) vs the corresponding X max average values. Only near- 

vertical showers ( θ < 15 °) are considered. 
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Fig. 12. Average longitudinal age s L vs the corresponding lateral age parameter s ′ 
resulting from the fits of the single event lateral particle distributions for simulated 

p, He, CNO group and Fe samples (in each N p 8 bin, see text), in the zenith angle 

range θ < 15 °. 
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ncertainty on the mean (which is very small) has been considered

or the graph, although large event by event fluctuations occur, so

he RMSs of the distributions are quite big. Anyway, here we are

nly interested to the behaviour of the average correlation. As can

e seen, the shape parameter s ′ depends only on the development

tage of the shower, independently from the nature of the primary

article and energy. That plot expresses an important ’universality

roperty’ of the detected shower development in the atmosphere,

n terms of the age parameter given by the LDF slope. This also im-

lies the possibility to select the most deeply penetrating showers

t different zenith angles, an important point for correlating the

xponential angular rate distribution with the interaction length of

he impinging particle [27] . 

Given its nature of lateral age, the parameter s ′ is also expected

o be strongly related to the longitudinal age ( s L ) of the shower.

uch correlation is made more explicit using the classical defini-

ion of s L as a function of the shower maximum depth X max : 

 L = 

3 h 0 · sec (θ ) 

h 0 · sec (θ ) + 2 X max 
(6) 

here h 0 is the detector vertical atmospheric depth, θ the shower

enith angle. Then, using the same average X max values reported in

ig. 11 , through the previous relation we obtain the plot of Fig. 12 ,

hich clearly demonstrates how the ’observed’ lateral age s ′ is

trictly related to the longitudinal age s L , and moreover a linear

ependence appears appropriate. Indeed, in the same plot a linear

t has been superimposed, which gives: 

 L = (0 . 389 ± 0 . 005) · s ′ + (0 . 678 ± 0 . 007) (7)

To notice that such relation between s ′ and s L , clearly stated

n the averages, is also valid on the single event basis, apart

mall fluctuations mainly introduced by the fit uncertainties (it

as found that s L can be obtained event-by-event by Eq. 7 with

 resolution of about 6 % independently of the mass). 

We can more deeply investigate the above described results and

et further consequences: the universality property expressed by

he plot in Fig. 11 allows to decouple the detected shower sig-

al from the primary nature thanks to the (linear) relation s ′ =
 

′ (X max ) , once the s ′ parameter value was obtained from the single

vent LDF fit. This in fact suggests the possibility to exploit such s ′ 
roperties in order to identify a mass independent primary energy

stimator. 

. Sensitivity to primary mass 

In the previous sections, the main features of the shower age

arameter s ′ were discussed, sufficient to reveal its sensitivity to

he mass of primary particles. More explicitely, from the fit of the

ateral particle distribution of single events in the simulated sam-

les of each primary (p, He, CNO, Fe), it was found that the age

arameter s ′ value decreases when N p 8 (i.e. the energy) increases,

his being due to the observation of younger (deeper) showers at

arger energies. In the meantime, for a given range of N p 8 , the av-

rage s ′ increases going from hydrogen to iron, as a consequence of

 larger primary interaction cross section with atmosphere nuclei

roducing showers which on average have a flatter lateral profile

t the detection level. This is summarized in Fig. 13 , which shows

he average s ′ values obtained for the whole simulated samples of

ydrogen, helium, CNO group and iron nuclei. 

The straightforward implication of this is that s ′ from the LDF

t very close to the shower axis, together with the measurement

f the truncated size N p 8 , can give information on the nature of

he particle initiating the cascade, thus making possible the study

f CR primary mass composition. 

From the LDF fits of real data events with the function in Eq. 5 ,

n the same N p 8 intervals used for MC data, similar s ′ distributions

re obtained. The average s ′ values from ARGO-YBJ experimental

ata are reported in Fig. 14 , together with the corresponding fit

esults from MC simulations for protons and iron initiated showers

“extreme pure compositions”). Each point of course is the mean of

 distribution, whose width is quite large (the RMS varies between

.16 and 0.25) due to the shower by shower fluctuations, while the

rror on the mean is very small (such errors are associated to the

ots in the plot). The experimental data points nicely lie between

he expectations from extreme pure compositions, roughly indicat-

ng a mixed composition becoming gradually heavier when the pri-

ary energy increases. 
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Fig. 13. Average lateral age parameter s’ as resulting from the fits of lateral particle 

distributions of simulated p, He, CNO group and Fe induced showers, in several N p 8 
bins, using the infunction in Eq. 5 . The events are selected with the same cuts of 

real ARGO-YBJ data. The error on the mean is considered for each point in the plot. 

Fig. 14. Average lateral age parameter s ′ in several N p 8 bins, as resulting from the 

fits of lateral particle distributions of ARGO-YBJ data events (black dots). The s ′ be- 

haviours for simulated p (red solid line) and iron (blue dashed line) induced show- 

ers relying on the Hörandel model are also reported. The error on the mean is con- 

sidered for each point, while the related s ′ distribution is much wider ( RMS ∼ 0.2) 

due to the large fluctuations. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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7. Conclusions 

A detailed study of the lateral particle distribution around the

axis of the quasi-vertical extensive air showers detected by the

ARGO-YBJ experiment has been performed. The analysis of data

triggering the RPC charge readout system allowed to explore a

wide range of particle density, from few particles /m 

2 up to sev-

eral 10 4 /m 

2 very near to the core. A NKG-like function has been

identified as LDF, which is able to properly describe the parti-

cle distribution up to about 10 m from the core, both for sim-

ulated and experimental data. Applied to simulated data origi-

nated by different primaries, this study showed how the slope

of such LDF, given by a lateral age fit parameter s ′ , gives in-

formation on the longitudinal shower development. Moreover, it
emonstrated the existence of an important universality prop-

rty of the shower development stage features, when expressed

n terms of s ′ , with respect to the primary nature. Thus, the

t by a proper LDF to the lateral density profile of the events

s detected by an array like ARGO-YBJ, although limited to ∼
0 m around the axis, provides an effective tool to determine the

hower age. 

The sensitivity of the particle distribution shape, as mea-

ured by ARGO-YBJ within few meters around the core, to

he nature of the primary particle generating the shower, has

lso been demonstrated and discussed. This suggests the pos-

ibility of using the lateral age parameter s ′ , the slope of

he LDF which describes such lateral density profile, for the

tudy of the CR mass composition. In particular, that parame-

er could provide a new and efficient way of selecting samples

f events initiated by light mass primaries (i.e. protons and al-

ha particles), without relying on the muon signal, thus avoid-

ng sizeable systematic dependencies on the adopted hadronic

nteraction model. 

It is worthwhile to emphasize once again that the results

resented and discussed in this paper have been achieved

hank to the peculiar layout of the ARGO-YBJ detector as a

full-coverage carpet’, as well as to the implementation of the

PC analog charge readout system, which allowed to mea-

ure the particle density distribution very close to the detected

hower core. 
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