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Abstract

The HEGRA scintillatar andCererkov light countes (AlROBICC) allow to determire the enegy and coarse
chemic& compositio of charged cosmct raysin the enegy range betweenl0'* eV and10'6 eV. The measured
guantities at grourd level can be useal to estimae the primary enggy eithe by a primary mas dependenor
independenmethod Here we preseihand compae the enagy specta obtainel with both methods.

1 Introduction

In generathe enegy spectrun of chaged cosmt rays iswell describé by a power law over severd decades
of enagy before ard after the so called knee where the slope changes The study of the specift shag of the
enaggy spectrun as well as the estimatia of the chemic& composition (O0G.1.2.®@ / Rohring et al., 1999 are
of importane for the understandig of the origin and the propagatia of the chaged cosmt rays.

The enagy spectrun obtainel from the dat of the HEGRA experimen presentd here is determined
from a measuremdrof the electromagneti (em) part of an extendel air shower (EAS) initiated by a primary
cosmc ray particle Monte Carlo (MC) basel studies with the CORSIKA progran packag (Knapp et al.,
1998 show tha both the densiy of Cererkov photonsLgy, a 90 mete distane from the shower core and
the numbe of particlesV, .. a the shower maximum position are goad estimatos for the enagy of the em
patt of an EAS. The primaly enagy is then obtainal from the electromagneti one by using a primary mass
dependen(Arguercs et al., 1999 as well as an independenmetha (Lindner, 1998) In this contribution we
concentrag on the estimatorV, ,,,, and compae the resuls obtaine with thee methods With respet to
recenty publisheal resuls (Arquercs et al., 1999 the statistics of the data sé was increasd by 30%.

2 The Experimental Setyp and Event Reconstruction

The HEGRA experimert islocated on the Canay Islard LaPalmaat aheight of 2200 metes albove sealevel.
For the analyss presentd here the matrix of 243 scintillatar countes ard the AIROBICC array of 49 open
photomultiplies (wide angleCererkov countes (Karle et al., 1995) placed on an area of 180 - 180 m? were
used The measurd particle densiy in the scintillatar countes is fitted by the NKG formula Two parameters
are detived, the shower size Ny and the age paramete Due to the lead coverage of the scintillatar huts the
true shower size N, is nat obseved As the simulatian of the lead coverag is included in the Monte Carlo
N, can be usel for the analysis The lateral Cererkov light densiy distribution can be well describel by an
exponenti& function of the distance- to the shower core betwe@ 20 mand 100 m: L(r) = Lg-exp(r- slope).
The sha parameteriope is inferred from this fit and allows to determire the heightd,,,.. oOf the shower
maximum ard thus the penetratio deph in a primairy particle independenway.

To ensue a goad quality of the dat severd cuts on the obtainel parametes are introduced The com-
parisa of parametes (core position direction etc) determine independenyl with the scintillatar counters
ard the AIROBICC array allows to tag badl reconstructd events The data se usel for this analyss was
recordel betwea July 19% ard Octobe 1997 Only periods without technicé problens and with good
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Figure 2: The correlation between the depth of the
shower maximunX,,,, and E/A. The vertical
lines indicate the rms width of the depth distribu-
tions. The line shows a fit to the points.

Figure 1: The fraction of the electromagnetic en-
ergy (v Nemaz) @S a function of the energy per
nucleonE/ A for different primary particles.

weather conditions were taken into account. The data set comprises a total ontime of 271 hours, correspond-
ing to 225 000 events which fulfill the cuts (e.g. zenith argle: 15°), resp. 83 000 events above 300 TeV.

3 Monte Carlo Simulations

EAS events were simulated using the CORSIKA code (5.20) with the QGSJET/GHEISHA option. Complex
nuclei were treated with the "complete fragmentation” ansatz. Proton, helium, oxygen and iron induced
showers were generated in two samples with discrete energies between 300 TeV and 10 PeV (4400 independen
showers) and continously distributed in energy between 50 TeV and 13 PeV (7720 showers) with zenith angles
of 6° and12° . Each event was used 10 times with core positions inside and outside the HEGRA area to take
into account the detector related fluctuations of observables and to check the event selection criteria.

4 The Energy Reconstruction Methods

Several methods were developed to reconstruct the energy of cosmic ray primary particles from the HEGRA
data ((Arqueros et al., 1999), (Cortina et al., 1997), (Lindner, 1998)). In this analysis we concentrate on results
using the number of particle¥., ,,., at the position of the shower maximum, wherely,,,,, is obtained in

a primary mass independent way from the number of parti§leat ground level and th&ope parameter of

the Cerenkov light density distribution. In order to obtain the primary energy from the electromagnetic energy,
primary mass dependent and independent methods will be applied and compared in the following. In order
to obtain the differential flux spectra the finite energy resolution is taken into account by correction factors
obtained from the MC simulations.

4.1 Primary Energy from Mass Dependent Methods The total primary energy can be directly re-
constructed from themone under the assumption that all primary particles are proton or iron nuclei. As these
extreme assumptions lead to a bias on the determined cosmic ray flux, correction factors have to be calculated
from the MC set using the measured mass composition (Arqueros et al., 1999). In the MC simulations also
assumptions concerning the true energy spectrum have to be introduced to calculate these correction factors
The factors used in this work are derived with a MC generated differential energy spectrum described by two
power laws with a knee position at 4.0 PeV and a spectral index of -2.68 below and -3.18 above the knee.
By varying these parameters within reasonable limits it has been verified that the influence of this choice is
negligible compared to the uncertainty of the correction factors due to the limited MC statistics. Finally the



factors were fitted as a function of energy to obtain a smooth correction function. The methods starting with
the extreme assumptions will be denoted WithV;),, and E(Nj) . as in (Arqueros et al., 1999).

4.2 Primary Energy from a Mass Independent Method To reconstruct the energy independently
of the primary particle type (following (Lindner, 1998)) an energy per nucleon dependent correction is intro-
duced which is related to the penetration depth. As illustrated in Fig. 1 MC simulations show that the fraction
of the primary energy which goes into tamcascade~ N, ,,,) depends on the energy per nucldGpA.

40 ¢ To determineFE /A first the distancel,,,, be-

S B tween the detector and the position of the shower
'5' 35 ?i maximum is reconstructed independently of the
= 30F* « . primary particle type. The deptiX,,,, of the
o i * shower maximum position in the atmosphere can
25 3 2 e be calculated usingd,,,., and the zenith angl®
20 of the incident particle. As can be seen in Fig. 2
i the measured\,,,,, can be used to estimate the
15 energy per nucleo#/A.
10 © Systematic effects on the reconstructed energy
rep mO due to the energy dependence of the shape of the

longitudinal shower development — as described
L e in (Lindner, 1998) — are found to be less than 4 %
103 104 and are neglected in this analysis. The primary in-
E. . [TeV] dependent method will be denoted Wi V).
MC . : .
The main advantage of the primary indepen-

Figure 3: The energy resolution (rms) as a function of thgnt method is that no assumption concerning the
MC generated energy. The symbols indicate the resghdss of the incident particle is necessary. How-
tion inferred with the method ( N;) for different primary ever, the introduction of the energy per nucleon
particles. The line correspond to the energy resolution E%rpendent correction results in a worse energy
the primary dependent methdd(N;), (Arqueros et al., resolution compared to the primary dependent
1999). methodsE(N;), and E(N;) .. The energy res-
olution (the rms value of the distribution of the ratio of reconstructed to generated energy) of the primary
independent methoH (N;) varies from 32 % to 15 % in the considered energy range (Fig. 3). Up to energies
of 2 PeV the energy resolution &f(N;) is 10 % worse compared to the primary dependent methgds, ),
and E(N;)s.. The good energy resolution of the primary dependent methods is achieved at the expense of
systematic uncertainties due to the necessary correction of the composition bias. Nevertheless, the comparison
of the results of these methods allows to test their reliability and to determine systematic errors.
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5 Results: The Differential Energy Spectrum

Fig. 4 presents the differential energy spectrum derived with the three energy reconstruction methods
described in section 4. All three meth-

2
ods show agreement in the general shdpe ethod m 72 ExneelPeV] | Xi.o.r.
and the absglute flux at 300 TeV withir? E(N,) —2-67f828§ —3-331L822i’ 3_43:% 20
the systematic errors. The spectra are fit-
ted between 300 TeV and 10 PeV withE(N;), | —2.64109% | —3.271033 3.0°73 8.5

two power laws connected at the posi-
tion of the knee and the integral of the fjt

function fixed to the number of detecte ble 1: C . fthe fit its: th wral indi
events. The obtained three fit paramete gbie 1. Lomparison ot the Tit results. the spectral indicas s

the spectral indices, and-, before and and the energy of the knee position (statistical errors only).

E(Ng)fe | —2.69730% | —3.27703 3.073 4.7




after the position of the knee and the position itself are listed in table 1 witlytheer degree of freedom
(XG.0.7.)- Thex,, ;. values of the two primary dependent methdglsV; ), and E(N;) s are rather bad, illus-
trating the fact that in both spectra some,
fine structures at energies below the knee
appear. In contrast, the shape of the spec%
trum of the primary independent method & 0.4
E(Nj) is smooth and the applied fit re- &

sults in a rather acceptabjé 7. 0f 2.0. &

Despite the difficulty to describe all three —.
spectra with one function, the fitted pa-~
rameters agree. With respect to the re
sults published in (Arqueros et al., 1999)g 02 | I

syst.
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the statistical error of the knee position & ® E(N)
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for the primary dependent methods is de- l TE (N
creased by a factor e 2. This decrease s’p
is due to a a knee position found at lower A E (Nge
energies, a stronger change of the spectral 01 L L
indices and the increased data statistics. ' 103 104

The comparison of the results of three

different energy reconstruction methods Energy [TeV]
using the same observables demonstrdrigure 4: The differential energy spectrum derived with 3 different

that small structures may appear in soffiethods. The line indicates a fit to the primary mass independent
reconstructed differential energy spectfaNs) spectrum. The star denotes the systematic error due to the
but not in others. uncertainty of the energy scale.

6 Summary and Outlook

Three different methods were presented to reconstruct the energy of cosmic ray primary particles from data
of the HEGRA scintillator counters and the AIROBICC array. The spectral indices and the knee position
obtained with these methods are in agreement within the statistical errors. For the primary independent method
E(N;) the spectral indices arg = —2.6710-03 andy, = —3.3310-}} and the knee position is found to be
3.4%)3 PeV (statistical errors only). Investigations concerning the application of primary independent energy

reconstruction methods using t&erenkov light density.q, are under way.
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