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Study of the composition around the knee through the
electromagnetic and muon detectors data at EAS-TOP

B. Alessandro for THE EAS-TOP COLLABORATION
I.N.F.N. Torino, Italy

Abstract. The cosmic ray primary composition is studied on the CORSIKA/QGSJET code (Heck D. et al. 1998).
around the kneeH, ~ 3 - 10'° eV) of the primary energy
spectrum with the EAS-TOP array. The fluctuations in the
number of muons recorded=at200 m from the core innar- 2 The detectors and the data
row intervals of shower sizes are compared with the expec-
tations obtained from simulations performed with the COR-The EAS-TOP e.m. array consists of 35 modulésn? each
SIKA/QGSJET code. From the analysis of vertical showersof plastic scintillators distributed over an areal6f m?2. In
an increase in the average primary mass in the energy rangée present work, events with at least six neighboring mod-
Ey = 2-10% — 8-10' eV is deduced. A preliminary ules fired, and the largest number of particles recorded by a
analysis in more inclined directions is consistent with suchmodule internal to the edges of the array (“internal events”)
result. are selected. The core locatioX {, Y.), the shower size
N, and the slope of the lateral distribution functioare ob-
tained fitting the recorded number of particles in each module
with the Nishimura-Kamata-Greisen (NKG) expression (Ka-
mata K. et al. 1958). The resolutions of such measurements
The study of the relation between the electron and muonhave bee_n calculated by_ar_1a|yzmg S|mula_ted events in which
d . . . . all experimental uncertainties have been included. Compar-
numbers in Extensive Air Showers (EAS), their fluctuations . ) .
. - . X ing generated events with reconstructed ones for shower sizes

and relative variations still represent one of the main tech- - . - .

: . . . . N, > 2-10° where the detection efficiency és~ 100%
nigues to obtain information on the cosmic ray primary com- O i )

" . 15 L we obtain oy, /N, ~ 0.1, 0x, = oy, 2 5m; o, ~0.1.

position at energies abou®' eV, and it is therefore a key The sh el € | di t'( e dqf the ti
to the understanding of the physical origin of the knee. Such ¢ i ehs ower ar;]lvad_ﬁlrec ion |sdn":easu¥; roml € m;nes
studies are performed by means of the electromagnetic (e.m, '9 It among the " ereng g‘oo ules. e resolution for
and GeV muon detectors of EAS-TOP (Aglietta M. et al. Ihternal trigger events sy ~ - )
1993) located at Campo Imperatore, National Gran Sasso The mu_on-hadron detector_ln these measurements is used
Laboratories, 200& a.s.l., 82Q: - cm—2 atmospheric depth. a5 @ tracking module of 9 active planes. Each pla2ne has two

At previous ICRCs we presented results of the behaviout@Y€rs Of streamer tubed2 m length, 3 x 3 cm” sec-
of the average values of the muon numbat,f vs shower

1 Introduction

tion) for muon tracking, one layer of proportional tubes for

size (V,) (Eas-Top Collaboration 1997) and (Chiavassa A. h:;]\dron cl;srt]lo'rirrr:et?lshcm of air and13 cm of ri1r0n s?ield.'
et al. 1999). The anomalous increase\of with respect to The total height of the detector 280 cm and the surface is

2 . ) S S
the expectations from a constant composition supports an in}2 % 12 m”. The X coordinate of the crossing particle is
crease of the average cosmic ray massi >) with primary measured from the signals of the anode wires, the Y one from

energy in the region of the knee. the induced signals oh cm width strips located orthogonal

In this paper we present an analysis of the fluctuations 0110 the wires, the Z one from the height of the layer. A muon

the number of muons at fixed core distandg, ., measured track is defined from the alignment of at least 6 fired wires
by the muon-hadron detector), in different ngrrow intervalsin different streamer tube Iaye_rs. The detection efficier_lcy is
of shower size Iy, measured by the e.m. array). The exper- 97% up to 10 particles crossing the detector decreasing to

imental data are interpreted by means of simulations base83% for 20 particles. The tracker efficiency becomes signif-
icantly worse when more than 40 muons cross the detector.

Correspondence td3. Alessandro (alessandro@to.infn.it)  The muon energy threshold Is ~ 1 GeV for vertical inci-
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dence.
A sample of experimental data corresponding to 150 days Ao [m Experimental data
) &30 r* Extrapolated LEC
of data taking has been used. S (o p
V 20V He At
N N At AHB.
A Fe Al
3 The simulation g Pl .",':V'I
8 aA a®, e°
. . g aA .:v' S
Events have been simulated with the CORSIKA code us- s st LIS
ing QGSJET as high energy hadronic interaction model and ar 4 .."..0“
the analytic treatment of the e.m. component given by the 57 ..i',.°’
NKG formula. The full response of the muon detector is in- 27 f,-" QGSIET
cluded by means of simulations based on the Geant code, 100<secf<1.05
and the measured experimental efficiencies of the streamer 1 -
tubes. The fluctuations in the number of particles and the 0 Ne

transition effects have been included in the response of the

e.m. modules through Geant simulations whose results havgig. 1. < N,,,, > vs N, relation in experimental data for vertical
been parametrized, including all experimental uncertaintiesshowers together with the expectations from single elements; the
The simulated events for both detectors have been treated ipig star shows the expectation from the extrapolated low energy

the same way as the experimental data. composition.
The primary spectra are simulated with power spectrum
index~ = 2.75 for all elements with a factor 3 of oversam- /\830 W Experimental data
pling. Due to the narrow intervals @f. used in this analysis, Z‘i o p ¥ N
small differences in the spectrum steepness do not affect the vV 21V He st .
results. The nuclear elements introduced in the simulations LR st .u::v
are: p, He, N, Mg, Fe for a number of events almost equal to gt JUCrS L ASE
the experimental ones. i N LA
The capability of the CORSIKA/QGSJET code for de- stoast _,!':.o-’
scribing the EAS properties has been extensively studied by 4 .’
the KASCADE group, mainly through the hadrons in EAS | *-':.-"
in the region around the knee (Kascade Collaboration 1999 2t e QGSIET
a), and through the EAS-TOP hadron and high energy muons LI0< 011
plus Cherenkov light data up to abdiix'* eV (Eas-Top Col- 1 o
laboration 2001). Ne

Fig. 2. Same as fig. 1 for inclined showers {0 < secf < 1.15).
4 Analysis and results

The analysis is performed for vertical showersq secf <

1.05) in the range of sizé.4 < Log(N.) < 6.6, i.e. just tributions measured in ranges of shower size§g(N.) =
across the kneelpg(N,) ~ 6.13). The parameters used in 0.2) with the simulated ones, optimizing the relative weights.
the analysis are the shower si2& and the muon number As a first step it has been verified that single components
observed in the muon detector for core distan@s< r, < cannot fit the experimentaV,,,,, distributions. In table 1,
210 m (N,,,,). Such variablev,,, , reduces the statistics, for each element, the? values obtained after normalization
but such loss is compensated by the advantage of working iof the experimental and calculated distributions are given for
a narrow range of core distances, so that no use of the muothe six intervals ofLog(N,).

I.d.f. is required. The largey? values and the inadeguacy in the description
As a first information, the observed averayg,,, vs N, of the tails of the distributions (see fig. 3, for N primaries, in
relation is compared in fig. 1 with the expectations from the the bin corresponding to the knee) clearly indicate the impos-

single components. The same plot is given in fig. 2 for moresibility to explain the experimental distributions with a single
inclined events{.1 < sech < 1.15). The results are consis- element in the bins of shower size with sufficient statistics.
tent, showing that the experimental data drift, with increasing  As a second step the data have been fitted with a two com-
shower size, from the helium to the N (for CNO) simulated ponent composition: a first one (light’) as a mixtuse%
data. The lower point in both cases is in very good agreeproton and50% helium and a second one (‘heavy’) repre-
ment with the expectations from an extrapolated low energysented by iron. The introduction of the 'light' component
composition (Chiavassa A. et al. 1999). instead of proton and helium is due at the insensitivity in dis-
The evolution of the abundances of the individual compo-tinguish them from the experimental point of view, while a
nents has been studied by fitting the experimeMal,, dis-  50% abundance of each element seems reasonable at these
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Log(N.) | 5.4-5.6] 5.6-5.8] 5.8-6.0] 6.0-6.2| 6.2-6.4| 6.4-6.6
px° 78.8 46.9 61.7 25.3 11.3 5.0
He 2 20.5 8.7 9.2 5.5 4.5 2.8
N x? 104.4 37.4 17.9 8.6 2.9 1.0
Fe x? 567.3 | 389.8 | 146.1 46.9 24.4 6.8

p+ Hex? | 261 17.2 16.8 9.2 7.2 4.64

Table 1. x? values obtained by fitting th#,,,,, experimental distributions with a single component each time¥, Fe andp + He in
different ranges of shower sizes.

Log(N,) 5.4-5.6 5.6-5.8 5.8-6.0 6.0-6.2 6.2-6.4 6.4-6.6
p+He | 0.87+0.03 | 0.87+0.05 | 0.854+0.06 | 0.84+0.08 | 0.7+0.1 | 0.7=+0.1
Fe 0.13+0.02 | 0.15+0.03 | 0.20£0.03 | 0.23+0.04 | 0.40+0.08 | 0.7+0.1

x° 3.5 4.1 3.0 2.0 2.0 1.5

Table 2. Relative abundances of two primary mass componepts-:He, Fe in different ranges of shower sizes and relatievalues
obtained by fitting theV,.,,, experimental distribution. No condition of weight normalization is imposed in the fit.

Log(N,) 5.4-5.6 5.6-5.8 5.8-6.0 6.0-6.2 6.2-6.4 6.4-6.6
p+tHe | 0.80+0.05 | 0.73+0.06 | 0.61+0.06 | 0.56 +0.05 | 0.38 £0.04 | 0.25 £ 0.05
N 0.1240.06 | 0.20+0.07 | 0.30£0.07 | 0.35+0.06 | 0.49 4+ 0.06 | 0.61 + 0.08
Fe 0.09+0.03 | 0.09+0.03 | 0.11+0.03 | 0.11£0.02 | 0.16+0.03 | 0.23 +0.04
X2 3.0 3.3 1.8 0.9 0.6 0.5

Table 3. Relative abundances of three primary mass componepts He, N and Fe in different ranges of shower sizes and relatjye
values obtained by fitting th¥ ., experimental distribution

014
JD.12 L 6.0 <Log(N,) <6.2 [ 6.0<L og(N)<6.2
012 [
01 __ Experimental data [
... PureN t .
01l ___ Experimental data

0.08 -
Light + Heavy comp.

0.08

0.06 [
0.06 [

0.04

0.04 |

0.02

oL T T P T Pt = DO ) P Y B S T B == =TS TS
0 25 5 75 10 125 15 175 20 225 25 0 25 5 75 10 125 15 175 20 225 25
H200 NpZOO

Fig. 3. N, distribution of the data compared with the expectation Fig. 4. N,.,,, distribution of the experimental data together with
from a single component (N). The total experimental number ofthe expectation from a two component composition (light' and
events isN; = 2294. 'heavy’). (V: = 2294).

energies, for the present accurancies. The obtained relativiab. 3. Two examples oV, distributions in two bins of

abundances of 'light’ and 'heavy’ elements in each range ofshower sizes (below and above the knee) are shown in figs. 5

N, and they? values are given in table 2. The valuesydf  and 6 together with the contributions of each single compo-

still indicate that the experimental distribution is not fully de- nent. The description of the data is now quite satisfactory as

scribed by such two component model (a typical distribution,can be deduced also from tié values.

for the same size bin as before, is given in fig. 4). The relative abundances of the three elements in the six
A third component (N) is therefore introduced in the fits. ranges of shower sizes are given in fig. 7.

The obtained relative abundances aidalues are shown in By using the size to energy conversions for all primaries
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Fig. 7. Relative abundances of the three elements in different inter-
Fig. 5. N,.,,, distribution of the data and expectations with a three VaIs of shower sizes.
component composition in the ran§e8 < Log(N.) < 6.0 The
contribution of each element is also plotted;(= 5206)
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Fig. 6. Same as fig. 5, fo6.2 < Log(N.) < 6.4. (N, = 907)

the one reached in an analogais-muon data analysis by
obtained through the same simulation, and the relative abungkascade Collaboration 1999 b).
dances of fig. 7, such abundances can be expressed in termsWhile some features of the evolution of the primary com-
of primary energy (see fig. 8). position can depend on some technical choices in the analy-
sis, the main result, of a knee due to the bending of the spec-

_ trum of the "light” component, represents anyway a stable
5 Conclusions solution.

The analysis of the fluctuations of the muon numbers re-
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