arXiv:astro-ph/0305325 v1 19 May 2003

The primary cosmic ray composition between 10^{15} and 10^{16} eV from Extensive Air Showers electromagnetic and TeV muon data

The EAS-TOP Collaboration:

M. Aglietta^{19}, B. Alessandro^{16}, P. Antonioli^2, F. Arneodo^7, L. Bergamasco^{16}, M. Bertaina^{16}, C. Castagnoli^{19}, A. Castellina^{19}, A. Chiavassa^{16}, G. Cini^{16}, B.

D’Ettorre Piazzoli^{12}, G. Di Sciascio^{12}, W. Fulgione^{16}, P. Galeotti^{16}, P.L. Ghia^{19}, M. Iacovacci^{12}, G. Mannocchi^{19}, C. Morello^{19}, G. Navarra^{16}, O.

Saavedra^{16}, A. Stamerra^{16}, G. C. Trinchero^{19}, S. Valchierotti^{16}, P. Vallania^{19}, S. Vernetto^{19}, and C. Vigorito^{16}

The MACRO Collaboration:

M. Ambrosio^{12}, R. Antolini^7, A. Baldini^{13}, G. C. Barbarino^{12}, B. C. Barish^4, G. Battistoni^{6,b}, R. Bellotti^1, C. Bemporad^{13}, P. Bernardini^{10}, H. Bilokon^6, C. Bloise^6, C. Bower^8, M. Brigida^1, F. Cafagna^1 , D. Campana^{12}, M. Carboni^6, S. Cecchini^{2,c}, F. Cei^{13}, B. C. Choudhary^4, S. Coutu^{11,h}, G. De Cataldo^1, H. Dekhissi^{2,17}, C. De Marzo^1, I. De Mitri^{10}, M. De Vincenzi^{18,q}, A. Di Credico^7, C. Forti^6, P. Fusco^1, G. Giacomelli^2, G. Giannini^{13,d}, N. Giglietto^1, M. Giorgini^2, M. Grassi^{13}, A. Grillo^7, C. Gustavino^7, A. Habig^{3,m}, K. Hanson^{11}, R. Heinz^8, E. Iarocci^{6,e} E. Katsavounidis^{4,n}, I. Katsavounidis^{4,o}, E. Kearns^3, H. Kim^4, S. Kyriazopoulou^4, E. Lamanna^{14,i}, C. Lane^5, D. S. Levin^{11}, P. Lipari^{14}, M. J. Longo^{11}, F. Loparco^1, F. Maaroufi^{2,17}, G. Mancarella^{10}, G. Mandrioli^2, A. Margiotta^2, A. Marini^6, D. Martello^{10}, A. Marzari-Chiesa^{16}, M. N. Mazziotta^1, D. G. Michael^4, P. Monacelli^9, T. Montaruli^1, M. Monteno^{16}, S. Mufson^8, J. Musser^8, D. Nicolò^{13}, R. Nolty^4, C. Orth^3, G. Osteria^{12}, O. Palamara^7, V. Patera^6, L. Patrizii^2, R. Pazzi^{13}, C. W. Peck^4, L. Perrone^{10}, S. Petrera^9, V. Popa^{2,f} , A. Rainò^1, J. Reynoldson^7, F. Ronga^6, C. Satriano^{14,a}, E. Scapparone^7, K. Scholberg^{3,n}, A. Sciubba^6, M. Sioli^2, M. Sitta^{16,l}, P. Spinelli^1, M. Spinetti^6, M. Spurio^2, R. Steinberg^5, J. L. Stone^3, L. R. Sulak^3, A. Surdo^{10}, G. Tarlè^{11}, V. Togo^2, M. Vakili^{15,p}, C. W. Walter^3 and R. Webb^{15}.

1. Dipartimento di Fisica dell’Università di Bari and INFN, 70126 Bari, Italy 2. Dipartimento di Fisica dell’Università di Bologna and INFN, 40126 Bologna, Italy 3. Physics Department, Boston University, Boston, MA 02215, USA 4. California Institute of Technology, Pasadena, CA 91125, USA 5. Department of Physics, Drexel University, Philadelphia, PA 19104, USA 6. Laboratori Nazionali di Frascati dell’INFN, 00044 Frascati (Roma), Italy 7. Laboratori Nazionali del Gran Sasso dell’INFN, 67010 Assergi (L’Aquila), Italy 8. Depts. of Physics and of Astronomy, Indiana University, Bloomington, IN 47405, USA 9. Dipartimento di Fisica dell’Università dell’Aquila and INFN, 67100 L’Aquila, Italy 10. Dipartimento di Fisica dell’Università di Lecce and INFN, 73100 Lecce, Italy 11. Department of Physics, University of Michigan, Ann Arbor, MI 48109, USA 12. Dipartimento di Fisica dell’Università di Napoli and INFN, 80125 Napoli, Italy 13. Dipartimento di Fisica dell’Università di Pisa and INFN, 56010 Pisa, Italy 14. Dipartimento di Fisica dell’Università di Roma ”La Sapienza” and INFN, 00185 Roma, Italy 15. Physics Department, Texas A&M University, College Station, TX 77843, USA 16. Dipartimento di Fisica Sperimentale dell’Università di Torino and INFN, 10125 Torino, Italy 17. L.P.T.P, Faculty of Sciences, University Mohamed I, B.P. 524 Oujda, Morocco 18. Dipartimento di Fisica dell’Università di Roma Tre and INFN Sezione Roma Tre, 00146 Roma, Italy 19. Istituto per lo Sudio dello Spazio Interplanetario del CNR, Sezione di Torino 10133 Torino, and INFN, 10125 Torino, Italy a Also Università della Basilicata, 85100 Potenza, Italy b Also INFN Milano, 20133 Milano, Italy c Also IASF/CNR, Sezione di Bologna, 40129 Bologna, Italy d Also Università di Trieste and INFN, 34100 Trieste, Italy e Also Dipartimento di Energetica, Università di Roma, 00185 Roma, Italy f Also Institute for Space Sciences, 76900 Bucharest, Romania g Macalester College, Dept. of Physics and Astr., St. Paul, MN 55105 h Also Department of Physics, Pennsylvania State University, University Park, PA 16801, USA i Also Dipartimento di Fisica dell’Università della Calabria, Rende (Cosenza), Italy l Also Dipartimento di Scienze e Tecnologie Avanzate, Università del Piemonte Orientale, Alessandria, Italy m Also U. Minn. Duluth Physics Dept., Duluth, MN 55812 n Also Dept. of Physics, MIT, Cambridge, MA 02139 o Also Intervideo Inc., Torrance CA 90505 USA p Also Resonance Photonics, Markham, Ontario, Canada q Also Dipartimento di Ingegneria dell’Innovazione dell’Universit‘a di Lecce and INFN, 73100 Lecce, Italy

Preprint submitted to Elsevier Preprint 19 May 2003

Abstract

The cosmic ray primary composition in the energy range between 10^{15} and 10^{16} eV, i.e., around the “knee” of the primary spectrum, has been studied through the combined measurements of the EAS-TOP air shower array (2005 m a.s.l., 10^5 m^2 collecting area) and the MACRO underground detector (963 m a.s.l., 3100 m w.e. of minimum rock overburden, 920 m^2 effective area) at the National Gran Sasso Laboratories. The used observables are the air shower size (N_e) measured by EAS-TOP and the muon number (N_μ) recorded by MACRO. The two detectors are separated on average by 1200 m of rock, and located at a respective zenith angle of about 30^∘. The energy threshold at the surface for muons reaching the MACRO depth is approximately 1.3 TeV. Such muons are produced in the early stages of the shower development and in a kinematic region quite different from the one relevant for the usual N_μ − N_e studies. The measurement leads to a primary composition becoming heavier at the knee of the primary spectrum, the knee itself resulting from the steepening of the spectrum of a primary light component (p, He). The result confirms the ones reported from the observation of the low energy muons at the surface (typically in the GeV energy range), showing that the conclusions do not depend on the production region kinematics. Thus, the hadronic interaction model used (CORSIKA/QGSJET) provides consistent composition results from data related to secondaries produced in a rapidity region exceeding the central one. Such an evolution of the composition in the knee region supports the “standard” galactic acceleration/propagation models that imply rigidity dependent breaks of the different components, and therefore breaks occurring at lower energies in the spectra of the light nuclei.

1 Introduction

The study of the primary cosmic ray composition and of its evolution with primary energy is the main tool in understanding the cosmic ray acceleration processes. In particular the energy range between 10^{15} and 10^{16} eV is characterized by breaks in the size spectra of the different Extensive Air Shower (EAS) components: electromagnetic (e.m.) [1], muon [2], Cherenkov light [3], and hadrons [4], which are therefore interpreted as a break in the primary energy spectrum. It is now recognized that the interpretation of such a feature could provide a significant signature in understanding the galactic cosmic radiation [5], [6], [7], [8], [9].

Independent measurements based on the observation of the e.m. and GeV muon components [10], [11] lead to a composition becoming heavier in this energy region. The situation is more complex when other components are considered, thus showing that further information is needed from independent observables (see, e.g., [12] and references therein). This is also useful to cross check the information, reduce the dependence on the hadron interaction model and particle propagation codes used, and to have better control of fluctuations in shower development, and therefore of event selection.

At the National Gran Sasso Laboratories, we have developed a program of systematic study of the surface shower size measurements from EAS-TOP and the high energy muons (E^{th}_μ = 1.3 TeV) measured deep underground (MACRO). Such muons originate from the decays of mesons produced in the first interactions of the incident primary in the atmosphere, and thus are from a quite different rapidity region than the GeV muons usually used for such analyses (x_F > 0.1 or 0.2, the rapidity region being y − y_{beam} ≈ −(4.5 − 5.0) at √ s ≈ 1000 TeV). The experiment provides therefore new data related to the first stages of the shower development, from secondaries produced beyond the central rapidity region.

EAS-TOP and MACRO operated in coincidence in their respective final configurations for a live time of ΔT = 23,043 hours between November 25, 1992 and May 8, 2000, corresponding to an exposure Γ · ΔT ≈ 4 × 10^9 m^2 s sr. We present here an analysis of the full data set. Further details and partial results of the present work can be found in [13], [14] and [15].

2 The detectors

The EAS-TOP array was located at Campo Imperatore (2005 m a.s.l., at about 30^∘ from the vertical at the underground Gran Sasso Laboratories, corresponding to an atmospheric depth of 930 g cm^{−2}). Its e.m. detector (in which we are mainly interested in the present analysis) was built of 35 scintillator modules each 10 m^2 in area, resulting in a collecting area A ≈ 10^5 m^2. The array was fully efficient for N_e > 10^5. In the following analysis, we will use events with at least 7 neighboring detectors fired and a maximum particle density recorded by an inner module (“internal events”). The EAS-TOP reconstruction capabilities of the EAS parameters for such events are:^{ΔNe}_{Ne} ≈ 10% above N_e ≈ 10^5 for the shower size, and Δθ ≈ 0.9^∘ for the arrival direction. The array and the reconstruction procedures are fully described in [16].

MACRO, in the underground Gran Sasso Laboratories at 963 m a.s.l., with 3100 m w.e. of minimum rock overburden, was a large area multi-purpose apparatus designed to detect penetrating cosmic radiation. A detailed description of the apparatus can be found in [17]. In this work we consider only muon tracks which have at least 4 aligned hits in both views of the horizontal streamer tube planes out of the 10 layers composing the lower half of the detector, which had dimensions 76.6 × 12 × 4.8 m^3. The MACRO standard reconstruction procedure [18] has been used, which provides an accuracy due to instrumental uncertainties and muon scattering in the rock of 0.95^∘ for the muon arrival direction. The muon number is measured with an accuracy ΔN_μ < 1 for multiplicities up to N_μ ≈ 10, and ΔN_μ ≈ 1 for N_μ > 10; high multiplicity events have been scanned by eye to avoid possible misinterpretations.

The two experiments are separated by a rock thickness ranging from 1100 to 1300 m, depending on the angle. The energy threshold at the surface for muons reaching the MACRO depth ranges from E^{th}_μ = 1.3 TeV to E^{th}_μ = 1.8 TeV within the effective area of EAS-TOP.

The two experiments operated with independent triggering conditions, set to 1) four nearby detectors fired for EAS-TOP (corresponding to a primary energy threshold of about 100 TeV), and 2) a single muon in MACRO. Event coincidence is established off-line, using the absolute time given by a GPS system with an accuracy better than 1 μs. The number of coincident events amounts to 28,160, of which 3,752 are EAS-TOP “internal events” (as defined above) and have shower size N_e > 2 × 10^5; among them 409 have N_e > 10^{5.92}, i.e., are above the knee observed at the corresponding zenith angle [19]. We present here the analysis of such events, by using full simulations 1) of the detectors (based on GEANT [20]), 2) of the cascades in the atmosphere performed within the same framework as for the surface data (CORSIKA/QGSJET [21]), and 3) of the MUSIC code [22] for muon transport in the rock. Independent analyses from the two experiments separately are reported in [23], [19] and [11].

3 Analysis and results

3.1 The data

The experimental quantities considered are the muon multiplicity distributions (for N_μ ≥ 1 as required by the coincidence trigger condition) in several intervals of shower sizes. We have chosen six intervals of shower sizes covering the region of the knee:

5.20 < Log_{10}(N_e) ≤ 5.31 (1432 events), 5.31 < Log_{10}(N_e) ≤ 5.61 (2352 events), 5.61 < Log_{10}(N_e) ≤ 5.92 (881 events), 5.92 < Log_{10}(N_e) ≤ 6.15 (252 events), 6.15 < Log_{10}(N_e) ≤ 6.35 (106 events) and 6.35 < Log_{10}(N_e) ≤ 6.70 (42 events). The experimental relative frequencies of the multiplicity distributions are shown in Fig.1. For further analysis, the data have been grouped in variable multiplicity bin sizes reported with their contents in Tables 1–6.

Exp. data. MC Light MC Heavy Fit Light+Heavy N_μ f_{ev} σ_{fev} (%) f_{ev} σ_{fev} f_{ev} σ_{fev} (%) f_{ev} σ_{fev} (%) 1–2 0.7353 3.1 0.7878 2.3 0.5656 3.2 0.7381 10.7 3–4 0.1927 6.0 0.1706 5.0 0.2436 4.9 0.1866 13.6 5–6 0.0475 12.2 0.0344 11.0 0.1206 7.0 0.0534 20.6 7–8 0.0189 19.0 0.0055 27.3 0.0509 10.8 0.0155 29.0 9–10 0.0028 50.0 0.0013 53.8 0.0135 20.7 0.0040 30.0 11–12 0.0007 100.0 0.0004 100.0 0.0053 34.0 0.0015 44.1 13–14 0.0014 71.4 0.0 0.0 0.0006 100.0 0.0001 100.0 Table 1 Relative frequency multiplicity distribution for size window: 5.20 < Log_{10}(N_e) < 5.31 (1432 events). The simulated distributions are also reported for the Light, Heavy components Monte Carlo (MC), and the resulting fit (see text). The number of digits is chosen in order to show the one event level.

Exp. data. MC Light MC Heavy Fit Light+Heavy N_μ f_{ev} σ_{fev} (%) f_{ev} σ_{fev} f_{ev} σ_{fev} (%) f_{ev} σ_{fev} (%) 1–2 0.6743 2.5 0.7292 1.9 0.5147 2.7 0.6764 8.2 3–4 0.1973 4.7 0.1907 3.7 0.2010 4.2 0.1932 8.0 5–6 0.0782 7.5 0.0591 6.6 0.1472 5.0 0.0806 13.2 7–8 0.0344 11.0 0.0163 12.9 0.0836 6.6 0.0328 17.6 9–10 0.0098 20.4 0.0023 34.7 0.0374 9.9 0.0109 23.9 11–12 0.0030 36.7 0.0016 37.5 0.0109 18.3 0.0038 21.1 13–14 0.0017 52.9 0.0008 62.5 0.0036 30.6 0.0015 20.0 15–16 0.0009 66.7 0.0 0.0 0.0007 71.4 0.0002 50.0 17–18 0.0004 100.0 0.0 0.0 0.0 0.0 0.0 0.0 19–20 0.0 0.0 0.0 0.0 0.0007 71.4 0.0 0.0 Table 2 As Table 1 for size window: 5.31 < Log_{10}(N_e) < 5.61 (2352 events). 3.2 The simulation

We have simulated atmospheric showers in an energy range which includes the e.m. size values considered here (between 100 and 100,000 TeV/particle) and in an angular range exceeding the aperture of the coincidence experiment. Shower simulations have been performed with the QGSJET [24] hadronic in-

Exp. data. MC Light MC Heavy Fit Light+Heavy N_μ f_{ev} σ_{fev} (%) f_{ev} σ_{fev} f_{ev} σ_{fev} (%) f_{ev} σ_{fev} (%) 1–2 0.6118 4.3 0.6131 2.9 0.4412 4.1 0.5741 12.6 3–4 0.1839 7.9 0.2341 4.7 0.1689 6.7 0.2193 12.7 5–6 0.0885 11.3 0.0972 7.4 0.1214 7.9 0.1019 15.1 7–8 0.0568 14.1 0.0370 11.9 0.0988 8.7 0.0498 21.5 9–10 0.0272 20.6 0.0127 20.5 0.0799 9.8 0.0268 31.0 11–12 0.0170 25,9 0.0053 32.0 0.0483 12.4 0.0143 35.0 13–14 0.0068 41.2 0.0 0.0 0.0219 18.7 0.0046 50.0 15–16 0.0045 60.0 0.0005 100.0 0.0106 26.4 0.0026 42.3 17–18 0.0011 100.0 0.0 0.0 0.0030 50.0 0.0006 50.0 19–20 0.0011 100.0 0.0 0.0 0.0030 50.0 0.0006 50.0 21–28 0.0011 100.0 0.0 0.0 0.0030 50.0 0.0006 50.0 Table 3 As Table 1 for size window: 5.61 < Log_{10}(N_e) < 5.92 (881 events).

Exp. data. MC Light MC Heavy Fit Light+Heavy N_μ f_{ev} σ_{fev} (%) f_{ev} σ_{fev} f_{ev} σ_{fev} (%) f_{ev} σ_{fev} (%) 1–2 0.5318 8.6 0.4992 5.7 0.4353 7.0 0.4698 26.9 3–4 0.1786 14.9 0.2373 8.3 0.1315 12.8 0.1936 26.3 5–6 0.0833 21.8 0.1309 11.2 0.1013 14.6 0.1182 26.6 7–8 0.0714 23.5 0.0687 15.4 0.0927 15.2 0.0776 28.7 9–10 0.0318 35.2 0.0426 19.5 0.0754 17.0 0.0552 30.6 11–12 0.0476 29.0 0.0147 33.3 0.0582 19.2 0.0317 37.5 13–14 0.0198 44.9 0.0033 69.7 0.0409 23.0 0.0181 45.3 15–16 0.0159 49.7 0.0016 100.0 0.0259 29.0 0.0112 45.5 17–18 0.0119 58.0 0.0016 100.0 0.0172 35.5 0.0078 43.6 19–24 0.0040 100.0 0.0000 0.0 0.0151 37.7 0.0060 50.0 25–30 0.0040 100.0 0.0000 0.0 0.0065 56.9 0.0026 50.0 Table 4 As Table 1 for size window: 5.92 < Log_{10}(N_e) < 6.15 (252 events).

Exp. data. MC Light MC Heavy Fit Light+Heavy N_μ f_{ev} σ_{fev} (%) f_{ev} σ_{fev} f_{ev} σ_{fev} (%) f_{ev} σ_{fev} (%) 1–2 0.4245 14.9 0.4271 8.9 0.3585 11.5 0.3818 39.5 3–4 0.1698 23.6 0.1966 13.1 0.1557 17.4 0.1692 39.9 5–6 0.0849 33.3 0.1492 15.1 0.0566 28.8 0.0857 48.2 7–8 0.0849 33.3 0.1085 17.7 0.1085 20.8 0.1091 38.5 9–10 0.0472 44.7 0.0475 26.7 0.0708 25.8 0.0639 37.4 11–12 0.0377 50.1 0.0475 26.7 0.0566 28.8 0.0541 37.9 13–14 0.0849 33.3 0.0102 57.8 0.0708 25.8 0.0523 40.0 15–16 0.0189 70.4 0.0068 70.6 0.0377 35.3 0.0283 39.6 17–18 0.0189 70.4 0.0000 0.0 0.0236 44.5 0.0164 42.1 19–20 0.0094 100.0 0.0000 0.0 0.0094 71.3 0.0066 42.4 21–22 0.0094 100.0 0.0034 100.0 0.0189 49.7 0.0142 39.4 23–26 0.0094 100.0 0.0034 100.0 0.0189 49.7 0.0142 39.4 27–30 0.0 0.0 0.0 0.0 0.0141 58.2 0.0098 41.8 Table 5 As Table 1 for size window: 6.15 < Log_{10}(N_e) < 6.35 (106 events).

Exp. data. MC Light MC Heavy Fit Light+Heavy N_μ f_{ev} σ_{fev} (%) f_{ev} σ_{fev} f_{ev} σ_{fev} (%) f_{ev} σ_{fev} (%) 1–2 0.5238 21.3 0.3712 10.9 0.3765 12.5 0.3752 57.5 3–4 0.1429 40.8 0.2096 14.5 0.1294 21.3 0.1486 64.7 5–6 0.0952 50.0 0.1441 17.4 0.0882 25.9 0.1016 64.9 7–8 0.0476 70.8 0.0699 25.0 0.0471 35.2 0.0526 62.9 9–10 0.0238 100.0 0.0611 26.7 0.0529 33.3 0.0549 59.4 11–14 0.0476 70.8 0.1310 18.2 0.1353 20.8 0.1343 57.4 15–18 0.0476 70.8 0.0087 71.3 0.0471 35.2 0.0379 56.2 19–22 0.0238 100.0 0.0044 100.0 0.0412 37.9 0.0324 57.4 23–26 0.0238 100.0 0.0000 0.0 0.0471 35.2 0.0358 59.5 27–30 0.0238 100.0 0.0000 0.0 0.0353 40.8 0.0269 56.9 Table 6 As Table 1 for size window: 6.35 < Log_{10}(N_e) < 6.70 (42 events).

Fig. 1. Distributions of the relative frequencies of the detected underground muon multiplicities in the 6 selected size windows. See Tables 1–6. Notice the expected increasing relative frequency of high multiplicity events as a function of shower size.

teraction model implemented in CORSIKA v5.62 [21] ⋆ . Primary particles have been sampled in a solid angle region of the order of the area encompassing the surface array as seen from the underground detector. The solid angle corresponding to the selected angular window is Ω = 0.0511 sr. All muons with energy E_μ ≥ 1 TeV reaching the surface have been propagated through the rock down to the MACRO depth by means of the muon transport code MUSIC [22]; the accuracy of this transport code has been verified by comparing its results to those achieved with other Monte-Carlo simulations. Generated events having no muons surviving underground have been discarded, while those having at least one surviving muon have been folded with the underground detector simulation according to the following method, whose theoretical principles are discussed in [29]. We have considered an array of 39 (13 × 3) identical MACRO detectors adjacent to one another, covering

⋆ Simulations, using the other hadronic models in CORSIKA (DPMJET [25], HDPM [26] and SIBYLL [27]) have been performed, with reduced statistics, in order to verify the consistency of the procedure. The results are discussed in [15,28].

an area of 230.7 × 158.2 m^2. The shower axis is sampled over the horizontal area of the central MACRO, and all hit detectors are considered. For each hit detector, the full GMACRO (GEANT based) simulation of MACRO is invoked and is considered as a different event. For each of these events, when considered at the position of the “real” MACRO, the position of the shower core at the surface is recalculated, the particle densities on EAS-TOP counters are calculated and the trigger simulation is then invoked. Particle densities are obtained from the lateral distribution of the e.m. component of the shower as produced by CORSIKA (with the analytical “Nishimura-Kamata-Greisen” option), taking into account the fluctuations of the number of particles hitting the detector modules and the full detectors’ fluctuations [16]. If the trigger threshold is reached, the reconstructions of both EAS-TOP and MACRO are activated, thus producing results in the same format as the real data. The resulting events, after combining the simulated reconstructions of surface and underground detectors, are eventually stored as simulated coincidence events. Five samples with different nuclear masses have been generated: proton, Helium, Nitrogen (CNO), Magnesium and Iron, all with the same spectral index γ = 2.62. Shower size bins have been chosen to be small enough so that no significant change in the shape of the muon multiplicity distributions in each bin is observed for different, extreme spectral indexes. A number of events exceeding the experimental statistics have been simulated in each size bin.

3.3 The results

The analysis is performed through independent fits of the experimental muon multiplicity distributions in the selected intervals of shower size. The simulated multiplicity distributions have been used as theoretical expectations for the individual components, and the relative weights are the fit parameters.

The possibility that the experimental data could be reproduced with a single mass component can be easily excluded for the extreme (p or Fe) components, but also for medium mass primaries (e.g., A = 14): the obtained values of χ^2 are not satisfactory (too large, the point will be addressed at the end of the section). On the other hand, with a number of components larger than two we cannot achieve better solutions, since in all cases the minimization algorithm tends to force to zero the contribution of an intermediate component. This is mainly due to our limited statistics. For this reason we performed our analysis by considering only two components in the primary beam. We have tested two cases: a combination of p and Fe components, and a combination of two admixtures: a “Light” (L) and “Heavy” (H) one, built with equal fractions of p plus He and Mg plus Fe, respectively. Preliminary results from the p+Fe analysis have been presented in [15,28]. Here we describe the final analysis in terms of the L+H admixtures.

Log_{10}(N_e) window p_L p_H χ^2/Nd.o.f.

5.20–5.31 0.74 ± 0.07 0.26 ± 0.11 5.5/5

5.31–5.61 0.70 ± 0.05 0.30 ± 0.09 2.7/7

5.61–5.92 0.66 ± 0.09 0.34 ± 0.14 11.4/9

5.92–6.15 0.50 ± 0.17 0.50 ± 0.24 12.2/9

6.15–6.35 0.30 ± 0.20 0.70 ± 0.32 4.7/10

6.35–6.70 0.24 ± 0.32 0.76 ± 0.45 8.4/8 Table 7 The fitted normalizations for the two components (L, H) as a function of size (notice that the two parameters are correlated, so that errors are not independent from one another).

The fit has been performed in the six quoted size windows by minimizing the following expression for each multiplicity distribution:

ξ^2 = ∑ i (N^{exp}_i − p_LN^L_i − p_H N^H_i )^2 σ^2_{i,exp} + (p_Lσ_{i,L})^2 + (p_H σ_{i,H} )^2 (1)

where N^{exp}_i is the number of events observed in the i^{th} bin of multiplicity (with statistical uncertainty σ_{i,exp}), N^L_i and N^H_i are the numbers of simulated events in the same i^{th} multiplicity bin from the L and H components, respectively, p_L and p_H are the parameters (to be fitted) defining the fraction of each mass component contributing to the same multiplicity bin, and σ_{i,L} and σ_{i,H} are the statistical errors of the simulation. Such an expression is close to that of a χ^2, although, in principle, it follows a different statistics, and in the following we shall refer to it as if it were a genuine χ^2. The values of the parameters p_L and p_H obtained from the minimizations are given in Table 7. The progressive decrease of the “Light” component in favor of the “Heavy” one is visible and significant at the level of 2 standard deviations: the average p_L value is 0.70 ± 0.04 below the observed knee in size (Log_{10}(N_e) = 5.92), and 0.28 ± 0.17 above. By normalizing p_L and p_H to the observed number of coincident events in each size bin (see Tables 1–6) we obtain the contribution to the measured size spectrum of each component.

In Fig. 2 the multiplicity distributions are shown for the four most relevant size windows, together with the expected L and H components, and their best fit combination.

Regarding the shapes of the multiplicity distributions, it is interesting to remark that they cannot be described by simple single laws, and show some structure; this is evident in the data and in the simulated Heavy components, however less so in the simulated Light ones. The origin of such structure is

Fig. 2. Distributions of the relative frequencies of the detected underground muon multiplicities (black points) together with the predictions for L (open triangles) and H (open stars) admixtures in the QGSJET interaction model, and the (L+H) fit (open squares).

entirely geometric and due to the interplay between the typical size of muon bundles with the two length scales of the MACRO detector. Small bundle sizes can be entirely contained in the detector while, when the size increases, this becomes impossible along the width of the detector. Bundles of even larger size exceed also the length of MACRO. This fact is well taken into account by the simulation, and in fact the fit reproduces correctly this change of structure, which is typical of large bundles (i.e., high energies and large masses). The effect is evident when comparing with a single component fit, say the CNO group that has an intermediate average atomic number. The results of the fit are presented in Fig. 3. CNO primaries alone provide good fits in the higher size bins (due to the limited statistics), but below and just above the knee at Log_{10}(N_e) = 5.92, the large χ^2 values indicate the failure to reproduce the shape of the multiplicity distribution (see Table 8).

Log_{10}(N_e) window χ^2/Nd.o.f.

5.20–5.31 17.3/6 5.31–5.61 49.9/8 5.61–5.92 45.6/10 5.92–6.15 16.8/10 6.15–6.35 4.7/11 6.35–6.70 8.7/9 Table 8 The χ^2 values resulting from the fits to the CNO (A=14) component alone, as a function of shower size.

Fig. 3. Distributions of the relative frequencies of the detected underground muon multiplicities (black symbols) together with the results of the fits for the QGSJET interaction model (L+H) (open squares), compared with a fit with the CNO component only (open triangles). 3.4 Interpretation of the data

For a given size window, the contribution of each primary mass group derives from a different energy region: the higher the mass number, the higher the corresponding energy. The size-energy mapping far from shower maximum is model dependent, and in our analysis is based on CORSIKA/QGSJET. From the full simulation chain we also calculate the probabilities ϵ_α(E, Δ_iN_e) for a primary belonging to mass group α (α = L, H) and of energy E to give a coincident event in the i^{th} size window Δ_iN_e. To evaluate the average mass composition we use a logarithmic energy binning (3 bins per energy decade), starting from 100 TeV/nucleus. From the simulation we obtain the number of events (n^α_j (Δ_iN_e)) that a primary of mass group α will produce in the j^{th} energy bin, when the detected size is in the windows Δ_iN_e. Therefore the total number of events that the primary mass group α produces in the size window Δ_iN_e is the sum of n^α_j (Δ_iN_e) over the energy bins.

We require that the number of experimentally observed events in the size window Δ_iN_e be equal to:

N^{exp}(Δ_iN_e) = p^L(Δ_iN_e) ∑ j n^L_j (Δ_iN_e) + p^H (Δ_iN_e) ∑ j n^H_j (Δ_iN_e) (2)

where p^L and p^H are the fit coefficients for the given size window Δ_iN_e. These are normalized, so that p^L = 1 − p^H in each size window. This leaves an overall renormalization factor K free in order to satisfy eq.2, so we obtain the renormalized quantities n^{∗α}_j = K n^α_j . The corrected estimated number of primaries of mass group α for each size window belonging to energy bin j can thus be obtained by applying the efficiencies ϵ_α(E_j , Δ_iN_e):

m^α_j (Δ_iN_e) = p^α(Δ_iN_e)n^{∗α}_j (Δ_iN_e)/ϵ_α(E_j , Δ_iN_e) (3)

Then, since the j^{th} energy bin may receive contributions from different size windows, we have to sum over i (the size window index):

M^α_j = ∑ i m^α_j (Δ_iN_e) = ∑ i p^α(Δ_iN_e)n^{∗α}_j (Δ_iN_e)/ϵ_α(E_j , Δ_iN_e) (4)

M^L_j and M^H_j provide estimates of the energy spectra of the L and H mass groups, presented in Fig. 4. There we plot the spectra starting from 10^3 TeV since with our selection of size, this is the energy at which the heaviest component has reached a significant triggering efficiency.

A steepening by about Δγ = 0.7 ± 0.4 of the light mass group spectrum just at the knee (∼4×10^{15} eV) is observed, assuming power law behaviors crossing at the knee position. Although these distributions cannot be used to obtain a direct representation of the actual cosmic ray spectrum, due to the two mass groups schematization and the choices of their components, the relative proportion of “Light” and “Heavy” admixtures turns out to be quite

Fig. 4. Energy spectra estimates for L and H admixtures.

stable with respect to the mentioned parameters; within this approximation, the resulting all-particle spectrum would show a Δγ = 0.4 ± 0.1.

We make use of the values of M^L_j and M^H_j so obtained to compute the mean value of the natural logarithm of the primary mass (< ln A >) as a function of energy:

< ln A(E_j ) >= ln A^L M^L_j + ln A^H M^L_j M^L_j + M^H_j (5)

with lnA^L = 0.5(lnA^p + lnA^{He}), and lnA^H = 0.5(lnA^{M g} + lnA^{F e}). The uncertainty on < ln A(E_j ) > has been obtained by propagating the uncertainties on the fit coefficients. The result is reported in Fig. 5 together with the results of KASCADE [10] and EAS-TOP alone [11], where these analyses has been performed using e.m. size and GeV muons detected at surface level. The good agreement shows that the results do not depend on the selected muon energy. The < ln A(E_j ) > obtained by MACRO alone [23], on the basis of the HEMAS Monte Carlo code [30], has a milder energy dependence and appears to be in contrast with those presented here above Log_{10}(E) > 4.2. In our opinion this is due to a weakness of the HEMAS model, based on parameterizations of UA5 results [31]. The possible shortcomings of the HEMAS model were already discussed in [32,33].

The allowed region for < lnA(E) > obtained from our analysis is also consistent with the theoretical expectations from refs. [9], [34], and [35].

Fig. 5. < lnA > vs primary energy (continuous line). The hatched areas represent the 68% uncertainty range due to the statistical error. We also superimpose the results of KASCADE [10] and of EAS-TOP [11] (open squares).

4 Conclusions

The analysis N_e-N^{T eV}_μ events collected by the MACRO/EAS-TOP Collaboration at the Gran Sasso Laboratories points to a primary composition becoming heavier around the knee of the primary spectrum (i.e., in the energy region 10^{15} − 10^{16} eV). The result is in good agreement with the measurements of other experiments based on the observation of the e.m. and muon components at ground level. The muon energies detected in the present experiment are however about three orders of magnitude larger than in previous N_e-N_μ experiments, and therefore the parent pions are produced in a different kinematic region (at the edges of the fragmentation region, rather than in the central one) and in the first stages of the cascade development. A good overall consistency of the interaction model used (CORSIKA/QGSJET) in describing the yield of secondaries over a wide rapidity region is thus obtained ⋆⋆ . The present data explain therefore the observed knee in the cosmic ray primary spectrum as due to the steepening of the spectrum of a light component (p, He) at E_0 ≈ 4 × 10^{15} eV, of Δγ = 0.7 ± 0.4. Such an effect can be interpreted in the “standard” framework of the acceleration/propagation processes of galactic cosmic radiation that predict, as a general feature, rigidity dependent breaks for the different nuclei, and therefore appearing at lower energies for the lighter ones.

Acknowledgements

We gratefully acknowledge the support of the director and of the staff of the Laboratori Nazionali del Gran Sasso and the invaluable assistance of the technical staff of the Institutions participating in the experiment. We thank the Istituto Nazionale di Fisica Nucleare (INFN), the U.S. Department of Energy and the U.S. National Science Foundation for their generous support of the MACRO experiment. We thank INFN, ICTP (Trieste), WorldLab and NATO for providing fellowships and grants (FAI) for non Italian citizens.

References

[1] Kulikov G.V. and Khristiansen G.B., JEPT, 35, 635 (1958)

[2] Navarra G. et al. (EAS-TOP Coll.), Nucl. Phys. B (Proc. Suppl.), 60, 105 (1998)

[3] Gress O.A. et al. (Tunka Coll.), Proc. 25th ICRC (Durban, South Africa), 4, 129 (1997)

[4] Hoerandel J.R. et al.(KASCADE Coll), Proc. 27th ICRC (Hamburg, Germany), 1, 137 (2001).

[5] Peters B., Proc 6th ICRC (Moscow, USSR), 3, 157 (1959)

[6] Zatsepin G.T. et al, Izv. Akad. Nauk USSR SP, 26, 685 (1962)

[7] Hillas A.M., Proc 16th ICRC (Kyoto, Japan), 8, 7 (1979)

[8] Bierman P.L., Proc 23rd ICRC (Calgary, Canada), Invited, Rapporteurs and Highlight Papers, 45 (1994)

⋆⋆An earlier experiment performed in coincidence between a surface EAS array and a deep underground detector in 1970’s reached a different conclusion, possibly due, in our opinion, to the smaller dimensions of the underground detector [36]

[9] Erlykin A.D. and Wolfendale A.W., J. Phys. G 23, 979 (1997) [10] Kampert K-H et al. (KASCADE Coll.), 27th ICRC (Hamburg, Germany), Invited, Rapporteurs and Highlight papers, 240 (2001); astro-ph/0212481, submitted to J. Phys. G.

[11] Alessandro B. et al. (EAS-TOP Coll.), Proc. Vulcano Workshop 2002 (in press);

Proc. 27th ICRC (Hamburg, Germany), 1, 124 (2001) [12] Sommers P., 27th ICRC (Hamburg, Germany), Invited, Rapporteurs and Highlights Papers, 170 (2001) [13] Bellotti R. et al. (EAS-TOP and MACRO Coll.), Phys. Rev D, 42, 1396 (1990) [14] Aglietta M. et al (EAS-TOP and MACRO Coll.), Phys. Lett. B, 337, 376 (1994) [15] Navarra G. et al. (EAS-TOP and MACRO Coll.), Proc. 27th ICRC (Hamburg, Germany), 1, 120 (2001) [16] Aglietta M. et al. (EAS-TOP Coll.), Nucl. Instr. & Meth. A, 336, 310 (1993) [17] Ahlen S.P. et al. (MACRO Coll.), Nucl. Instr. & Meth. A, 324, 337 (1993) [18] Ahlen S.P. et al. (MACRO Coll.), Phys. Rev. D, 46, 4836 (1992) [19] Aglietta M. et al. (EAS-TOP Coll.), Astrop. Phys., 10, 1 (1999), and Proc.

26th ICRC (Salt Lake City, USA), 1, 230 (1999) [20] R. Brun et al., GEANT, Detector Description and Simulation Tool, V. 3.21, CERN Program Library (1994, unpublished).

[21] Heck D. et al, Report FZKA 6019, Forschungzentrum Karlsruhe (1998) [22] Antonioli P. et al., Astrop. Phys., 7, 357 (1997) [23] Ambrosio M. et al. (MACRO Coll.), Phys. Rev. D, 56, 1418 (1997) [24] Kalmikov N.N. and Ostapchenko S.S., Yad. Fiz., 56, 105 (1993); Physics of Atomic Nuclei, 58, 1728 (1995) [25] Ranft J., Phys. Rev. D, 51, 64 (1995) [26] Capdevielle J.N. et al., Report KfK 4998, Kernforschungzentrum Karlsruhe (1992) [27] Fletcher R.S. et al., Phys. Rev. D, 50, 5710 (1994) [28] Battistoni G. et al. (EAS-TOP and MACRO Coll.), Nucl. Phys. B (Proc.

Suppl.), 110, 463 (2002) [29] Battistoni G. et al., Astrop. Phys., 7, 101 (1995) [30] Forti C. et al., Phys. Rev. D, 25, 3668 (1990) [31] Alner G.J. et al., Physics Letters B, 167, 476 (1986)

[32] Battistoni G., Nucl. Phys. B (Proc. Suppl.), 75a, 99 (1999) [33] Ambrosio M. et. al. (MACRO Coll.), Nucl. Phys. B (Proc. Suppl.), 75a, 265 (1999) [34] Berezhko E.G. and Ksenofontov L.T., J. Exp. Theor. Phys. 89, 391 (1999) [35] Swordy S., Proc. 24th ICRC (Rome, Italy), 2, 697 (1995) [36] Acharya B.S. et al., Proc. 18th ICRC (Bangalore, India), 9, 191 (1983)