
Vol. 33 (2002) ACTA PHYSICA POLONICA B No 1
MUON ARRIVAL TIME DISTRIBUTIONSOF SIMULATED EXTENSIVE AIR SHOWERSIN VIEW OF MASS DISCRIMINATION�I.M. Branusa, H. Rebelb, M. Dumaa, A.F. Badeaa;bC. Aiftimieia and J. OehlshlaegerbaIFIN-HH Buharest, P.O. Box MG-6, 76900, Romaniab Forshungszentrum Karlsruhe, Postfah 3640, 76021 Karlsruhe, Germany(Reeived Deember 4, 2001)By extensive Monte Carlo simulations of Extensive Air Showers (EAS),using the EAS simulation ode CORSIKA, arrival time distributions of theEAS muon have been generated for iron, oxygen and proton indued airshowers using di�erent hadroni interation models as Monte Carlo genera-tors. The muon time pro�les up to distanes of 310 m from the ore positionhave been obtained for di�erent primaries. Applying non-parametri sta-tistial inferene methods it is shown that a reliable determination of theshower age, orrelated with the time parameters would lead to a relativelygood disrimination of showers of di�erent primary mass.PACS numbers: 96.40.Pq 1. IntrodutionThe temporal struture of the muon omponent of EAS is of great in-terest for detailed understanding of the EAS struture, sine it re�ets thelongitudinal EAS development [1-3℄. Introduing the travel distane l� ofthe muon from the height of prodution by the hadroni ollisions, a simpletriangulation proedure (Fig. 1) displays the relation between the height ofprodution of the muon and its time-of-�ight or its angle-of-inidene.Thus, for two muons produed at di�erent heights and registered at thesame distane from the shower ore, a smaller travel time results for thehigher height as muons produed by iron, with a small interation length inthe atmosphere. In the ase of two muons produed at the same height, themuon deteted at larger distane have a longer travel time.� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001. (323)
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Muon arrival time:τµ=f(E ,0 Eµ,Rµ ,Θµ )
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Fig. 1. Geometri desription of muon travel from its prodution from the deay ofa hadron to the detetion plae R�.The relative muon arrival times �1�, �2� ; : : : at a radial distane R� referto a de�ned zero-time, usually the arrival time �0 of the shower ore, alled�global quantities� ��n� glob = �n� (R�)� � :When the arrival time � is di�ult to determine with su�ient experimentalpreision, �loal� times are onsidered, whih refer to the foremost muon�1�(R�), loally registered by the detetor��n lo� = �n� (R�)� �1�(R�) ;(with omitting further the label �lo�).The single relative arrival time distributions an be haraterised by themean values ��mean, and by the quartiles ��q, like the median ��0:50, the�rst quartile ��0:25 and the third quartile ��0:75 [4℄. Measurements of muonarrival time distributions are a subjet of the urrent investigations of theKASCADE experiment [4,5℄. Using advaned statistial tehniques [7℄, theanalysis performed in this paper is based on previous studies [6℄ of simulatedshowers for ideal ases, negleting in�uenes of the detetion system.



Muon Arrival Time Distributions of : : : 3252. Time pro�les of the EAS muon omponentThe EAS development has been simulated by the Monte Carlo pro-gram CORSIKA [8℄, invoking di�erent models for the hadroni interation:QGSJET [9℄, VENUS [10℄ and SIBYLL [11℄ for 500 proton and iron induedEAS of the primary energy of 1015 eV.Fig. 2 shows the median arrival time distributions for proton and ironinitiated showers at di�erent distanes from the shower ores, the radialdependene of their mean values the muon shower pro�le.

Fig. 2. Distributions of muon arrival times, ��0:25, ��0:50 and ��0:75, originatingfrom p and Fe indued showers.Fig. 3 displays time pro�les for ��0:50 and ��0:50=��(R�) distributionsfor two di�erent primaries (p, Fe) of the energy 1015 eV and omparing threedi�erent hadroni interation models. Using the ��0:50=��(R�) results in animprovement of the mass disrimination, espeially of the disrimination ofdi�erent models. This e�et is due to the lateral muon density distribution.
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Fig. 3. Simulated muon pro�les for ��0:50 and ��0:50=�� distributions and theirstandard deviations of the median values for two primaries p and Fe.3. Correlated distributionsSpeial interest is foused to the orrelation with the so-alled showerage, whih indiates the status of the EAS development. The use of NKGapproximation [12℄ does not desribe the realisti situation of the eletromag-neti omponent development, so that full Monte Carlo simulations of theeletromagneti omponent (using the option EGS in the CORSIKA ode)have been also performed [13℄. 250 EAS have been simulated, initiated byproton and iron primaries with two di�erent inident energies 1015 eV and1016 eV, respetively, using two hadroni interation models: QGSJET andVENUS and applying the NKG-approximation and the full Monte Carlo(EGS) simulations.
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Fig. 4. Correlation of ��0:50=�� for proton and iron indued EAS with the showerage alulated in EGS approximations for two radial distanes: 100m< R� < 110mand 180 m < R� < 190 m.Fig. 4 ompares the orrelation of the age with h��0:50(R�)=��(R�)i attwo di�erent distanes R� from the shower ore, for p and Fe showers withenergies in the range (1.78�3.16) �1016 eV. An improvement of the massdisrimination is observed at larger distanes from the shower entre.4. Non-parametri statistial analysisNon-parametri statistial methods enable the study of multidimensionalobservable-distributions assoiating the single observed events to di�erentlasses (in our ase to p, O and Fe primaries) by omparing the observedevents with the model distributions based on Bayesian deision [7℄. For eahlass of primaries 200 showers with energies in the range (1.0�1.78)�1015 eV,100 showers with energies in the range (1.0�1.78)�1016 eV and 50 showerswith energies in the range (1.78�3.16)�1016 eV of vertial inidene havebeen generated for QGSJET and VENUS models, and the multidimensionaldistributions of various EAS observables have been analysed.



328 I.M. Branus et al.Results about the lassi�ation and mislassi�ation probabilities aregiven in Table I and Fig. 5 and show an improved mass disrimination athigher energies, in partiular when orrelated with the shower age.TABLE IThe lassi�ation and mislassi�ation probabilities by orrelating age ���0:50=�� at 90m � R� < 100m for di�erent energies 1: (1.0 � 1.78) �1015 eV;2: (1.0 � 1.78) �1016 eV; 3: (1.78 � 3.16)�1016 eVMode P # O # Fe # errorP O Fe P O Fe P O Fe1 0.70 0.28 0.01 0.14 0.56 0.30 0.00 0.19 0.81 0.312 0.73 0.25 0.02 0.09 0.71 0.20 0.00 0.21 0.79 0.263 0.73 0.24 0.03 0.06 0.72 0.22 0.00 0.07 0.93 0.21
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Fig. 5. The lassi�ation and mislassi�ation probabilities from muon arrival timedistributions orrelated with shower age, Ne and N tr� .



Muon Arrival Time Distributions of : : : 3295. ConlusionsAdvaned non-parametrial statistial methods based on Bayesian dei-sion rules have been applied in view of features disriminating the mass of theosmi primary and di�erent hadroni interation models. The orrelationsof the loal muon arrival time variables with the loal muon density im-proves the true lassi�ation rate and disrimination features. The lassi-�ation gets improved for higher inident energies and by the orrelationwith the shower age, and with the shower size Ne and N tr� . Correlatingthe observation of ��q=�� for larger radial distanes, the mass disrimina-tion of the primaries is slightly improved. Comparing the lassi�ation ratesfor di�erent muon arrival time quantities, both onsidered models QGSJETand VENUS lead to similar orresponding results. The presented resultspredits an enhanement of the disriminative features by the extension ofKASCADE detetor array to a larger area in KASCADE GRANDE exper-iment [14℄. REFERENCES[1℄ J. Linsley et al., Phys. Rev. 92, 485 (1961).[2℄ T.V. Danilova et al., J. Phys. G 20, 961 (1995).[3℄ H. Rebel et al., J. Phys. G 21, 451 (1995).[4℄ I.M. Branus et al., Pro. ICRC, Salt Lake City, USA, Aug. 1999, eds. D. Kiedaet al., vol. 1, 1999, p. 345.[5℄ T. Antoni et al., Astr. Part. Phys. 15, 149 (2001).[6℄ I.M. Branus, Internal Report KASCADE-09/2000-02.[7℄ A.A. Chilingarian, Comput. Phys. Commun. 54, 381 (1989); A.A. Chilingar-ian, ANI Referene Manual, 1999.[8℄ D. Hek et al., FZKA-Report, p. 6019, Forshungszentrum, Karlsruhe 1998.[9℄ N.N. Kalmykov et al., Nul. Phys. B. Pro. Suppl. 52, 17 (1997).[10℄ K. Werner, Phys. Rep. 232, 87 (1993).[11℄ R.S. Flether et al., Phys. Rev. D50, 5710 (1994).[12℄ K. Greisen, Ann. Rev. Nul. Si. 10, 63 (1960).[13℄ T. Antoni et al., Astr. Part. Phys. 14, 245 (2001).[14℄ M. Bertaina et al., Pro. 27th ICRC Hamburg, Germany, 2001, p. 792.


