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Abstract. This contribution describes the current progress

on the composition analysis of data recorded with Carpet D
EAS detector. The focus of the paper is on the methodologi-

cal side of analysis.
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1 Introduction < 30m

A study of the primary composition in the PeV region can
currently be carried out solely by means of extensive air
shower (EAS) measurements. These measurements rely on g ‘
the use of different particle interaction models describing the E—
development of EAS in the atmosphere and indicate that the
mass composition of primary spectrum change in the PeV re-
gion, as reviewed and discussedBijimer et al(2009. As
direct experiments measuring the primary particle spectrum
at and above the PeV region are not in the foreseeable future,
further ground based observations on the properties of EAS
with different detection and analysis techniques are needed.

Precision measurements of the lateral density functions
(LDFs) of charged particles in EAS have been performed
with the Carpet EAS array. This measurement can give furFig. 1. Carpet EAS array. %6 - remote stations; 7 - Carpet; 8 -
ther light on the composition of the primary cosmic-ray par- individual scintillation detector (31x 0.71n¥).
ticles in the knee region.

This contribution focuses on some of the aspects relevanb
to the development of the new methods of analysis of the

Carpet EAS data. The experimental LDFs, compared withgarsan Neutrino Observatory INR RAS hosts the “Carpet”
simulated ones (CORSIKA QGSJET 01d&sck etal, 1998,  gag array at the altitude of 1700 m a.s.| (atmospheric depth

are presented and further description is given on the progresg, glcn?, 4328° N, 4269 E). The parts of the array (see
of the development of analysis methods. Such developmentgiq 1y ysed in this study consists of a Central detector (400

are needed for analysis of new data and for analysis of the,jidual scintillation detectors.B m? each) and six outer
newly proposed Carpet-3 EAS array. stations (18 scintillator detectors in each). A more detailed
description of the detector is given elsewhere (Bebap-
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Table 1. The simulation statistics for proton-initiated CORSIKA air Table 2. The simulation statistics for iron-initiated CORSIKA air
showers used in the study of average LDFs. The simulation energghowers. See Caption of Table 1.

interval was divided into six intervalsyV; denotes the number of
simulated showers for each interval, denotes the spectral weight,
andnqy, ny;, andng; are the yields for each shower size interval
Ne € (15-2.0)-1C°, N, > 2.0-10° andN, > 8.0- 10°.

k  Energy PeV  N; Wy niy Ngx N3k

2 0316—-100 2000 1.00000 0 0 0
3 100-316 2000 0.14102 243 287 0
4 316-100 600 0.01995 9 588 118
5
6

k  Energy PeV N wy ny  Ngx N3k

1 0237-0.316 1600 0.73439 30 5 0

2 0316-100 1750 1.00000 127 116 0

3 100-3.16 1350 0.14102 197 936 88
4
5
6

100-316 100 0.00281 O 100 99
316-1000 20 0.00040 O 20 20

316-100 420 0.01995 0 420 300

The development of EAS in the Earth atmosphere has
100-316 % 000281 0O 9% 9 been simulated with the CORSIKA-package. QGSJET01C
316-1000 20 0.00040 O 20 20 and GHEISHA2002d were used as the high and low energy
hadronic interaction models. The low energy limit of particle

tracking was set to 1 MeV for electromagnetic particles and

The proposed extension of the array, Carpet-3 EAS array20 MeV for hadrons and muons. The multiprocessor com-

Szabelski et al(2009, is a multipurpose array, studying the Puters 'Kuusil’ and "Kuusi2’ of the University of Oulu were
EAS with at least six parameters. used to execute the time-consuming simulations.

The simulations have been done for primary protons and
iron nuclei. The shower arrival angles were distributed tak-

3 A study on lateral density density distributions ing into account the isotropy of the primary flux and a flat de-
tector geometryd N ~ sinf co¥d#) in the range of 6- 30°.
The average LDFs have been measuRsdkov et al(2009), The simulation energy range was fron2Q@o 100 PeV cor-

for three shower size intervalsy, € (1.5—2.0)-10°, N, > responding to thev,-range of measurements. The spectral
2.0-10° andN, > 8.0-10°. Data were taken in the past (year index—2.7 was used and due to steeply falling spectrum the
1976) with total live time of 1800 h. Air showers with recon- simulations were divided into several primary energy inter-
structed axes inside the central detector of Carpet and witlvals. The simulation statistics are given in Taklesnd?2. It
reconstructed zenith angles30° were selected for analysis. was estimated that air showers with energies below the lower
In total this data set consists of 831 recorded showers (166gnergy limit can contribute: 0.3% to the number of showers
665 and 100 in respective shower size bins). in the lowest shower size interval. The expected number of
The shower sizes of these showers were reconstructed bgAS with energies above the upper energy limikig.
fitting the NKG-function to the measured densities over the In this exercise, the average LDFs were reconstructed as

distance range of 2050 m. The NKG-function reads follows. First, the simulated shower particle densities were
tabulated in the shower plane. Second, the shower size was
INKG(riNe,s) = (Ne/REy) x (r/Ryp) 2 estimated by fitting the NKG-function to particle densities in
x(1+r/RM)(“4-5) x C(s), (1) the distance range of 2050 m. The shower axis was at a

fixed location and the uncertainties of shower direction and
where N, is the reconstructed shower size (total number ofshower axis reconstruction were assumed to be negligible.
charged particles in the shower)s the shower age (hese= As with measurements,= 1.0 and Ry; = 94 m were used
1.0 was fixed),Ry is the Moliere radius (her&); =94 m),  as the parameters of the NKG-function. Such a simplifica-

r is the distance from shower axis and tion (namely keeping = 1.0 fixed) in shower size estima-
tion (see Chapter 4) can be done. Third, the average LDF
C(s) =T(45-+5)/(2rT(4.5=25)['(s)) () for each shower size intervas, (r), was constructed as the

is a normalization factor. The measured particle densitiesWeighteOI average inndividual shower densities contributing
have been corrected for transition effects originating as theto the shawer size interval, namely by

shower particles propagate through the roof of the detector Wik x %leklpijk

hall and in the scintillators. The shower axis positions of airp; (r) = S VJV 3)
showers were taken to be the coordinates of the detector with k¥ jk

the highest recorded particle density. A study has been madeherep; ;. (r) is the particle density of showey in shower
in order to compare the measured LDFs with a CORSIKAsize intervalj, and energy intervak; n;, the number of

simulation expectation. showers contributing to shower size interyafrom energy
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Fig. 2. The average lateral density distribution of charged particlesgiy 3 The average lateral density distribution of charged particles

compared with s_lmulatlon results._ Da_lta are shown (points with e”c_’rcompared with simulation results. See caption of BigHere spec-
pars) for thrge different shower size |ntervals: Thg errors are statiSg 5| index wag = —2.7forE <3PeVand, = —3.1for E > 3PeV.

tical only. Lines below N, € (1.5—2.0)- 10P, lines in the middle

- N.>2.0-10°, and lines on top N, > 8.0-10°. Red lines - pure

proton spectrum, Blue dashed lines - pure iron spectrum; Spectrdiion methods. For the analysis of the cosmic-ray composi-
indexy =—2.7. tion there is a need to accommodate more aspects of detec-
tor responses into the simulation procedures. Development
of the procedures includes studies on different fit methods,

dthe array geometry, uncertainties in the reconstruction of the
shower arrival direction and shower axis position as well as

L ; ", ; Monte Carlo generator for the detector response. These as-
reweighting of shower particle densities with energy depen- . : .
gning P gy dep pects can be studied with CORSIKA air showers and spe-

dent factor ¢ E27/E31) was used. .
¢ /E™) cially developed tools.

The results of th imulations ar mpared with mea- . . .
e results of these simulations are compared wit ca We have studied different methods to estimate shower

surements in FigR and3. The simulated proton curve fol- . . . .
lows close by the data points in the case of the lowest showe izes.  CORSIKA air showers, with a given energy and

1 true 1 i
size interval. However, for the higher shower size intervals,fﬁggzuslziéy ghoz/ilg\rl?/\:eelssrl:encl:)lﬁ;??u?t;%iet(h)e\/v?t?]o(\jl\i/firzlﬁte of
the simulation results deviate from the data. This may be L
due to several systematical effects, not taken into accoun?;ethOds' . Usga”y ‘,Qe methods rely on the ml.n|m|zat|20n of
in the study. The shower reconstruction has been done in fhe quantityy® = 2,2, w(r) X (p(r) = [Nk G (r; Ne, ),
simplified scenario and the uncertainties of shower axis re_wh_ere,o(r) are the particle densitiesy(r) an assomat_ed
construction are not incorporated in the simulated LDFs (seewe'ght’ an.drmi” andriyqx denote the lower anql upper lim-
Chapter 4). This may lead to an overestimate of the sim—ItS .Of the fit range. The shower agecan be either a frge
ulated curve compared with the measured one at short dis\f"’Irlable or_ﬁxed to a values(= 1.0), the range O.f the fit
tances. Also the transition effects, which were taken into ac-gznagggvnagfgi f(fiizﬁgyr?( (S)r 0_1 /Sfo m(); (arr?;jvths (\;\:eu'i:‘; can

= NK » Ve, =

count only on the average (not shower by shower), may havei). Also, instead of minimizing the2-value, the shower

an effect on the shower fluctuations. On the other hand, the b db L2 log-likelihood f
simulation result of average LDFs is also model dependentgsg ES ;\?COI’]S_U’;;.:}WQM I)émPaX|m|zmg a OQZ'V' el Sv%ergnc-
as presented bileck (2008. Therefore a new data set with ( E’SN) e =Tmin 9P (p (I fNkG(riNe.s))
FLUKA as the low energy model has been simulated. Fur-P(N|u) = “—— is a Poisson probability. A few examples
ther simulation options include the use of EPOS as the highof the relative residuals of the different shower size estima-
energy interaction model. Thereafter we continue analysidions are shown in Figd. The biased estimator used in the
with studies on the model dependence and with light-heavystudy described in Sect. 3 (method 7 in F).was chosen
composition mixtures. due to lack of computing power in the past. More refined
methods (such as method 1 or 3) give better estimates and
are thus planned to be used for analysis of new data.
4 Studies on the shower reconstruction methods In another study, a realistic array geometry was imple-
mented into the shower simulations codes and the accuracy
Apart from the study of lateral density distributions, focus of shower axis reconstruction was studied. The shower axis
has also been on the development of new shower reconstrugosition was set to a given valug’(“¢) in the simulations

interval k and W, = wy *n jr /Ny is a weight which takes
into account both the steeply falling energy spectrum an
shower size distributions. To generate spectral ind8xt,

www.astrophys-space-sci-trans.net/7/307/2011/ Astrophys. Space Sci. Trans.,31,(3@D41



310 J. Sarkamo et al.: Developments in shower reconstruction and composition analysis for CARPET-3 EAS array

25

1 2
20 1 proton, (1) +——e—
15 (2) —a—
104 iron, (1) +~—e—
5 1.5 - (2) =i

-02-01 0 0.1 02

X E ;
25 - 25 - 25 - A 1 4
20 - 2 20 | 3 20 4 'Iv
15 4 15 4 15 4
10 10 10 4 _ E
5 4 5 4 5 054 ¢
— il — e — T o ba I
-02-01 0 0.1 02 -02-01 0 0.1 02 -02-01 0 0.1 02 o jg
X X X
25 546 2% 44 0 T ) T
2043 20 20 - 1 10
13 i 12 ] 12 1 Energy / PeV
5 4 5 4 5
ey e — Mﬂ Fig. 5. Simulation results of shower axis reconstruction accuracy
0201 ;2 o1 02 0201 )‘Z o1 02 0201 ; o1 02 for different energies and primary masses. Average shower axis

reconstruction accuracies<(R >= Ei’il\f’“ —x!r#e|/N) with

i Nirue_prec ) the standard errors are shown for energigsPEV, 316 PeV and
Fig. 4. Example ofX = — N;”“’e -distributions for simulated 10.0 PeV and for proton (red, open symbols) and iron (blue, filled
1PeV proton showers. Seven shower size reconstruction methodsymbols). ¥'"“¢ was distributed uniformly around the center [in
are compared (indicated by a label in the upper left corner of eachyrea of 071 m x 0.71m] of the central detector. Results of two

spectrum). 1 - maximum log likelihood fit, range-G0m, 2 - methods are shown: (1) method of maximum density (circles) and
w(r)=1/fngc(r), 20-50m,s =1.0, 3 -w(r) =1, 20—50m, (2) NKG-function fit (squares). The symbols have been slightly
s free, 4 -w(r) =1/fnkG(r), 20-50m, s free, 5 -w(r) =1,  shifted in horizontal direction for clarity.

0—-50m, s free, 6 -w(r)=1/fngg(r), 0—50m, s free, 7 -
w(r)=1, 20—50m,s = 1.0 fixed.
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