arXiv:0901.4924v1 [hep-ph] 30 Jan 2009

Particle production in high energy collisions

G. Giacomelli Physics Department of the University of Bologna and INFN Sezione di Bologna, I-40127 Bologna, Italy Email : giacomelli@bo.infn.it

Abstract. A short historical review is made of charged particle production at high energy proton synchrotrons and at pp and pp colliders. The review concerns mainly low p_t processes, including diffraction processes, and fragmentation of nuclei in nucleus-nucleus collisions. A short recollection is made of the first studies of high p_t processes. Conclusions and perspectives follow.

1 Introduction

At the end of the 20^{th} century several high-quality secondary beams of charged particles were produced at proton synchrotrons of increasing energy: at the PS and SPS at CERN, the AGS at BNL, the 70 GeV proton synchrotron at IHEP Serpukhov, and at the separated function proton synchrotron at Fermilab. The secondary charged hadron beams contained the six stable or quasi stable charged particles π^±, K^±, p, p̄, and very small backgrounds. After several experiments on hadron production [1, 2, 3], many experiments on total hadron-hadron (hh) cross sections [4, 5, 6, 7] and hadron-nucleus absorption cross sections [8] were performed, using the transmission method in “good geometry”. In some high-intensity beams the production of the charged hadrons was studied and is being studied in more detail [9], and several particle searches were made, which also lead to the study of d̄, t̄, and He^3 production [2].

In order to reach higher energies, hadron-hadron colliders were build. The first was the ISR pp and p̄p collider at CERN, which allowed to reach a maximum c.m. energy of 63 GeV; then the Sp̄pS collider at CERN allowed p̄p collisions up to 600 and 900 GeV c.m. energies; the Fermilab Tevatron p̄p collider allowed c.m. energies up to 1.8 and 2.0 TeV. Finally the RHIC collider at BNL allows pp and gold-gold nuclear collisions at c.m. energies around 200 GeV/nucleon.

Some of the experiments performed at the colliders were relatively simple dedicated experiments, like those for total hh cross sections and elastic scattering measurements [10, 11, 12, 13], and single arm spectrometers for the study of low p_t inelastic collisions [14]. But then followed elaborated general purpose detectors [15, 16]: the new ones all had a central detector, an electromagnetic calorimeter, a hadron calorimeter and a muon detector, and the experiments had a very large number of electronic channels and needed hundreds of physicists and engineers [17], and the sociology of the experiments changed considerably [18]. Experiments at the RHIC collider use a variety of detectors, most of which are refined and complex detectors with many electronic channels [19].

The Large Hadron Collider (LHC) at CERN will allow pp collisions up to c.m. energies of 14 TeV and lead-lead collisions up to c.m. energies of √ s_{NN} =5.5 TeV/nucleon. Two general purpose detectors (ATLAS and CMS) are designed to investigate the largest range of physics, while one experiment (ALICE), focuses on the search for the Quark-Gluon Plasma (QGP) [20]. These experiments use large, elaborate detectors with an incredibly large number of electronic channels and new sophisticated and complex computers; each experiment was constructed and will be operated by thousands of physicists and engineers coming from Universities and laboratories from all over the world. Other specialized detectors are designed for b-physics (LHCb), total cross section (TOTEM) and forward physics (LHCf) [20]. LHC will open up a completely new and unexplored energy region.

Higher energies were and still are obtained with cosmic rays [21]; and also cosmic ray experiments are becoming very large, like the Auger experiment [22].

Figure 1: Layout of the S1, RF separated beam at the CERN SPS. S1-S3, A5, A6, Sμ1, Sμ2 were scintillation counters. D’s were Cherenkov gas differential counters of the DISC type, C’s were threshold gas Cherenkov counters; A and B were quadrupoles and bending magnets.

In this paper we shall mainly concentrate on particle production at high energies and on some features of low p_t inelastic collisions.

2 Measurements of particle production at accelerators

Secondary charged beams at proton synchrotrons were momentum selected by a number of magnetic dipoles, focused by several quadrupoles and defined by collimators. Wanted beam particles were further defined by scintillation counters and identified by precise differential Cherenkov counters. Sufficient π^+, K^+ separation was easy to achieve at low energies, and required very selective Cherenkov counters with corrected optics at the highest energies. Contaminations of unwanted particles were kept at a very low level (<0.1%); electromagnetic radiations were measured with a lead glass Cherenkov counter (e^+, e^−, γ); muons were identified by their ability to pass through several meters of steel.

A special high intensity beam made at the CERN SPS is schematically shown in Fig. 1 and illustrated in section 4. Normally used beams were similar to that shown in Fig. 1, but were simpler, of lower intensity and had no RF separators.

Fig. 2a shows the production cross sections of the six charged long lived hadrons plotted versus beam momentum at Fermilab for an incident proton beam of 300 GeV/c. Fig. 2b shows particle ratios vs p/p_{max} at the 70 GeV IHEP proton synchrotron. It is interesting to note that the ratios are essentially independent of beam energies. Fig. 2c shows particle ratios, p/π^+, K^+/π^+, K^−/π^−, K/π^−, measured at Fermilab.

Recently, the main motivation for new measurements of pion yields is neutrino physics, in particular for a quantitative design of a proton driver for a future neutrino factory, for a substantial improvement in the calculation of the atmospheric neutrino fluxes and the measurement of particle yields for accelerator neutrino measurements [9]. The HARP experiment at CERN obtained new extensive data, as shown in Fig. 3.

3 Inelastic low p_T processes

Fig. 4 gives a pictorial representation of the dominant inelastic processes in hh collisions at low p_t: single and double diffraction dissociation and inelastic processes, which concentrate in the forward direction; this is also the important direction for cosmic ray data. The total p̄p cross section may be written as

σ_{tot} = σ_{el} + σ_{inel} = σ_{el} + σ_{sd} + σ̄_{sd} + σ_{dd} + σ_{nd} (1)

where σ_{el} is the elastic cross section, σ_{sd} is the single diffractive cross section for the incoming proton, σ̄_{sd}

Figure 2: (a) Production cross sections of the six long-lived charged hadrons plotted vs lab momentum (incident proton beam p_{lab}=300 GeV/c); (b) (c )particle ratios vs p/pmax at p_{lab}=70 GeV at IHEP-Serpukhov.

is the single diffractive cross section for the incoming antiproton (σ̄_{sd} ≃ σ_{sd}), σ_{dd} is the double diffractive cross section and σ_{nd} is the non diffractive part of the inelastic cross section. Most of the non diffractive cross section concerns hadrons emitted with low transverse momenta (low p_t physics) with properties which change slowly with c.m. energy (lns physics) [16].

The diffractive cross section is difficult to measure and it is not too well known experimentally, as

Figure 3: Measurements of the double differential production cross section of positive (open circles) and negative (full circles) pions from 12 GeV/c protons on carbon as a function of pion momentum p in the lab. frame [9].

Figure 4: Pictorial description of inelastic, small pt processes with characteristic rapidity distributions. P indicates Pomeron exchange. (a) Fragmentation of the beam particle a; (b) fragmentation of the target particle b; (c) double fragmentation of a and b; (d) inelastic non diffractive collisions.

indicated in Fig. 3.

A small part of the non diffractive cross section is due to central collisions between the two colliding particles and gives rise to high p_t jets of particles emitted at large angles (large p_t physics); this contribution increases with increasing energies and eventually becomes dominant.

Charged multiplicities were obtained by interpolations of measurements with single arm spectrometers [14] and by more direct measurements with large acceptance (∼4π) detectors [15].

The average number of charged hadrons, ⟨n_{ch}⟩, produced in high energy collisions increases with increasing c.m. energy √ s, as shown in Fig. 6a for the charged multiplicities in p̄p and pp collisions [14, 15]. The data may be fitted to a power law dependence in ln s of the type:

⟨n⟩ = A + B ln s + C ln^2 s ≃ 3.6 − 0.45 ln s + 0.2 ln^2 s (2)

In p̄p collision at √ s=1.8 TeV are produced on average about 40 charged particles and 20 neutral particles in each collision. Fig. 6b shows that most of the produced particles are pions, followed by kaons; it is also visible the so called leading effect, which is connected with the emission of relatively many high

Figure 5: The total single diffraction cross section measured by different experiments [12].

Figure 6: (a) Average charged multiplicities n̄ for p̄p and pp collisions vs. Ecm= √ s. (b) Average number of π^±, K^±, p and p̄ produced in pp collisions at the CERN ISR for c. m. energies up to 63 GeV.

energy protons in the incoming proton direction (antiprotons in the incoming direction of antiprotons), see also Fig. 7 [16, 17]. The computations of charged multiplicities at higher energies are based on Monte Carlo methods, which have considerable uncertainties [23]. Also the measurements are not easy. It is instead easier to measure and calculate the multiplicities from quark and gluon jets at large p_t [24]. It is interesting to recall that gluon jets yield larger charged multiplicities than quark jets.

At the LHC, for pp collisions at √ s ∼14 TeV, one expects the production of 70-90 charged particles per collision [23].

Figure 7: x-distributions of positive and negative particles produced in p̄p interactions at √ s =53 GeV [15]. Positive values of x correspond to the direction of the incoming protons. The slight differences between leading particles for x>0 and x<0 are due to the acceptance of the apparatus. The lines are only meant to guide the eye.

Figure 8: (a) Scatter diagram of charge versus (mass/charge)^2. He^3, t and d events are clearly seen. (b) Average pulse height distribution for d and He^3.

Figure 9: Invariant cross sections for the inclusive productions of p, d, t, and p, d, t, He^3 plotted versus mass. The lines are fits to an exponential form.

The average p_t of the produced particles increases slowly with √ s: it was ∼0.36 GeV/c in 20< √ s<100 GeV and it increased to ∼0.46 GeV/c at √ s=1.8 TeV. The simplest interpretation of these features is in terms of thermodynamic models [16].

It may be stressed that some of the main qualitative features of particle production at high energies and low p_t are easily observed in the Feynman x distribution (x=p_l/p_{l max} in the c.m. system). Fig. 7 shows the production of positive and negative particles in p̄p interactions at √ s=53 GeV plotted versus x: for x>0 (the direction of the incoming protons) the distribution for positive particles contains two components, fragmentation products for x>0.3 and centrally produced particles for x<0.3. The distribution for negative particles on the other hand has only one component, which is typical of centrally produced particles, i.e. with a large concentration of particles at x=0, rapid fall off at larger x, and with very few particles for |x|>0.3 [15, 16]. In the region for x<0 the negative particles are leading particles, following the charge of the incident antiproton, while positive particles are the produced ones. For pp collisions the situation is symmetric around x=0 and the distributions show leading effects for the positive particles only.

4 Production of antinuclei in a high intensity separated beam

At the CERN SPS a special high intensity radiofrequency (RF) separated beam was constructed in order to study particle production in the very forward direction, search for new massive particles with charges larger than |2/3|e and to study antinuclei (several hundred antitritons and He^3 were recorded, see Fig. 8). Fig. 1 shows the layout of the beam: the primary proton beam of 200 ÷ 240 GeV/c came from the right, interacted in a beryllium or aluminum target producing a secondary beam of 6 ÷ 40 GeV/c which passed through two RF separators which removed the high velocity particles and thus allowed acceptances of more than 2 × 10^7 particles per burst produced at the target, while keeping the numbers of particles in the detectors at the ∼10^6 level. Particle identification was made with differential Cherenkov counters (DISC) and with time-of-flight counters, each of which had a time accuracy of 0.15 ns; particle charges were measured from the energy losses in scintillators.

The production cross sections of charged pions, kaons, protons and antiprotons were obtained from pressure curves with one of the DISC counters; in these case no use was made of the RF separators and secondary beams were at relatively low intensities. The search for rare particles was made at each secondary momentum with the RF separators on: the events not vetoed by a threshold Cherenkov nor by a DISC counter (set on antideuterons) triggered the apparatus and were recorded for further analyses. Examples of measured rare antinuclei are shown in Fig. 8. The mass dependence of the invariant cross sections for p, d, t, He^3 and p, d, t, He^3 production is shown in Fig. 9. Notice the strong decrease of the production cross section with increasing nuclei (antinuclei) mass. No new particles with integer or fractional charge were observed and upper limits were established at the level of <10^{−11} of the production of known particles, namely pions and kaons.

5 Hadron-hadron and hadron-nuclei cross sections

At fixed target proton synchrotron accelerators (at BNL, IHEP and Fermilab) the total cross sections of charged hadrons were measured with the transmission method in good geometry, with relative precisions smaller than 1% and systematic scale errors of 1-2% [5, 6, 7].

The measurements of the total cross sections at the p̄p and pp colliders required the development of new experimental techniques: the scattering of particles was measured at very small angles, with detectors positioned in re-entrant containers (“Roman pots”) located very close to the circulating beams and far away from the interaction point. The combinations of statistical and systematic uncertainties are ≥10%, with the exception of the CERN ISR, where the luminosity was measured accurately by the Van der Meer method of displacing vertically the beams [10, 11, 12, 13].

Above the resonance region the total hh cross sections decrease, reach a minimum and then increase with increasing energy (the K+p total cross section was already increasing at IHEP-Serpukhov energies [6]). The difference between the x̄p and xp total cross sections decreases with increasing energy.

At the highest energies there are only cosmic ray (CR) data [21]; LHC and the new large CR experiments will improve the experimental situation at these very large energies [22].

As byproducts of hh total cross section measurements, the absorption cross sections of charged pions, charged kaons, protons and antiprotons were measured on several target nuclei, for example Li, C, Al, Cu, Sn and Pb [8]. The energy dependence of these cross sections tends to follow that of the hh cross sections, but is somewhat slower. The data at each energy were fitted to the simple expression

σ_{abs}(A) = σ_0A^α (3)

where A is the atomic weight of the target nucleus. At very high energies the parameter σ_0 increases with energy; the parameter α decreases with increasing energy, with a tendency to go towards the value 2/3 for large values of σ_{hp}, as would be expected for an opaque nucleus [8, 16]. The relations between hh and h-nuclei cross sections are in most cases given in the context of the Glauber theory [25]: inelastic scattering is treated in the shadowed single collision approximation at small momentum transfers, in the multiple collision approximation at large momentum transfers.

6 Fragmentation of nuclei in nucleus-nucleus collisions

The fragmentation cross sections of various high energy nuclei on different nuclear targets were often measured using Nuclear Track Detectors (NTDs) [26]. These measurements are of interest for nuclear

Figure 10: Charge distribution of (a) 200 GeV/nucleon S^{16+} ions and their fragments and (b) of 14.5 GeV/nucleon and their fragmentation measured with CR39 NTDs. In both cases the beam and fragments were measured in at least 10 CR39 adjacent detector sheets.

physics and also for a number of applications, like cancer therapy, evaluation of the doses received by astronauts from cosmic rays^1, etc. Fig. 10a shows the charge distribution obtained with 200 GeV/nucleon S^{16+} ions and their fragments produced in a copper target. Fig. 10b shows the charge distribution of fragments from Si^{14+} ions of 14.5 GeV/nucleon. Notice in both cases the very good charge resolution for each peak obtained via the measurements of the nuclear fragments in ∼10 successive layers of CR39 NTDs (the resolution improves linearly as the inverse of the square root of the number of measurements). Notice also the absence of nuclear fragments with fractional charge. One also observes the even/odd effect on the produced fragments (the height of a Z=even peak is higher than those of the close by peaks with Z=odd).

The word fragmentation is also used in other contexts, for example in charged current (CC) neutrinonucleon interactions. In the quark parton model the dominant CC mechanism consists in the interaction of a ν_μ (ν_μ) with a d(u) valence quark which is converted into a u(d) quark that subsequently is “dressed up” by quarks and antiquarks created in the color field to form a number of particles moving in the forward direction in the c.m. system (beam fragmentation). In the same way the remaining diquark system (uu in ν_p, ud in ν_p) yields backward going hadrons among which a baryon (target fragmentation): see Fig. 11 [27].

7 Large p_t events. Early analyses

Some large p_t events were first studied at the CERN ISR, where most of the effort and the cross sections measured involved low p_t events. The Split Field Magnet (SFM) was probably the first general purpose large apparatus of high energy physics, with a complex magnetic field and a track detector covering most of the 4π solid angle [15, 16]. The 4 jet structure of an event was observed after analysis of the type sketched in Fig. 12. Later experiments at the proton-antiproton colliders, at the LEP positron-electron collider, at the HERA positron-proton collider, at the RHIC and soon at the LHC are mostly general purpose detectors, with a tracking device, an electromagnetic calorimeter, a hadron calorimeter and a muon detector, all with a cylindrical symmetry. In these new general purpose detectors the jet structure

1Cosmic rays are present everywhere in space: one can say that “space is radioactive” because of the presence of high energy charged cosmic rays. For future long range space explorations it is important to establish the fragmentation properties of heavy ions and the radioactive doses received by astronauts.

Figure 11: Dominant mechanisms for Charged Current neutrino−proton and antineutrino−proton scattering in the quark parton model.

of the events is immediately evident, both because of the quality of these detectors and because they are operated at higher center of mass energies.

8 Experimentation at RHIC

The Relativistic Heavy Ion Collider (RHIC) at the Brookhaven lab (BNL) is capable of accelerating and colliding (in 2 identical rings) gold ions up to c.m. energies of √ s_{NN} ∼200 GeV/nucleon. The main purpose is to study the formation and the characteristics of the quark-gluon plasma, a state of matter believed to exist at sufficiently high energy densities [28]. If a RHIC collision produces a QGP, the plasma will quickly cool, expand and coalesce into hadrons; thus experimental physicists cannot observe directly the quark gluon plasma because its lifetime is too brief; they can study the hadrons that shower out of the collision. A collision that produces QGP will produce particles with different ratios than from a collision that does not produce QGP. In the QGP several jets should be often produced, but some of them are suppressed by re-interactions in the dense medium, which seems to behave more like a low viscosity liquid than a gas of free quarks and gluons [28].

Figure 12: (a) Schematic representation and nomenclature for hard parton-parton collisions at the SFM detector at the CERN ISR. (b) Deep inelastic event producing a charged particle with pt>6 GeV/c and an additional pseudo trigger particle with pt>2 GeV/c. Projection into the scattering plane of the normalized momentum flow as a function of the polar angle θ [15].

In addition to colliding heavy ions, RHIC is also able to collide deuteron-heavy ions and single protons (pp), at c.m. energies between 62 and 500 GeV/nucleon, and also polarized protons. The study of pp collisions yields the high energy parameters, σ_{tot}, σ_{el}, slope of elastic scattering B, real to imaginary part of the forward scattering amplitude, etc. In the simplest quark parton model the proton spin is due to the spins of the three valence quarks, uud. But one knows that dynamically the proton contains many gluons and sea quarks. Thus the explanation of the spin 1/2 of the proton must be more complex, and the study of high energy pp collisions with polarized protons should provide further insight on the proton spin structure.

9 Conclusions and outlook

A large amount of data is available from secondary beam surveys of the produced long lived hadrons, π^±, K^±, p and p. New particle production data were recently measured for the precise evaluation of the features of neutrino beams and of atmospheric neutrino fluxes [9] [29].

A wealth of experimental information was obtained since the 1960s on high energy hh and h-nuclei collisions starting with simple beams and simple apparatus and then with better beams at higher energies and more complex apparatus. Most of the data were interpreted in terms of phenomenological models, which were eventually codified in Monte Carlo programs of increasing complexity [23].

Also the amount of data on low p_t inelastic processes is very large and also their interpretation was mainly performed with phenomenological models and Monte Carlo programs.

Only the relatively small fraction of large p_t events and of large p_t jets of hadrons was interpreted in the context of perturbative QCD in terms of quarks and gluons.

The advent of LHC should allow exploration in a new energy region, which will be performed by large refined and complex general purpose detectors, refined detectors for the search for the QGP and smaller refined detectors for low p_t physics [20].

Acknowledgments

I am grateful to many colleagues for cooperations and discussions. I thank Drs. Maddalena Errico, Roberto Giacomelli and Miriam Giorgini for discussions and technical support.

References

[1] Yu. B. Bushnin et al., Phys. Lett. 29B (1969) 48; Yad. Fiz. 10 (1969) 585.

W. F. Baker et al., Nucl. Phys. B51 (1974) 303; Fermilab-78/79-EXP (1978).

[2] W. Bozzoli et al., Nucl. Phys. B140 (1978) 271; Nucl. Phys. B144 (1978) 317; Nucl. Phys. B159 (1979) 363.

A. Bussiere et al., Nucl. Phys. B174 (1980) 1.

[3] A. Bertin et al., Phys. Lett. 38B (1972) 260; Phys. Lett. 41B (1972) 201; Phys. Lett. 42B (1972) 493.

[4] G. Giacomelli, arXiv: 0712.0906 [hep-ex] (2007); arXiv: 0802.2241 [hep-ph] (2008).

[5] R. L. Cool et al., Phys. Rev. Lett. 16 (1966) 1228; Phys. Rev. D1 (1970) 1887;

R. J. Abrams et al., Phys. Rev. Lett. 18 (1967) 1209; Phys. Rev. Lett. 19 (1967) 259; Phys. Lett. 30B (1969) 564; Phys. Rev. D1 (1970) 1917; Phys. Rev. D1 (1970) 2477.

[6] J. V. Allaby et al., Phys. Lett. B30 (1969) 500; Yad. Fiz. 12 (1970) 538.

S. P. Denisov et al., Phys. Lett. B36 (1971) 415; Yad. Fiz. 14 (1971) 998.

[7] A. S. Carroll et al., Phys. Rev. Lett. 33 (1974) 928; Phys. Rev. Lett. 33 (1974) 932; Phys. Lett. B61 (1976) 303; Phys. Lett. B80 (1979) 423.

[8] F. Binon et al., Phys. Lett. 31B (1970) 230; Yad. Fiz. 12 (1970) 806.

A. S. Carroll et al., Phys. Lett. B80 (1979) 319. R. J. Abrams et al., Phys. Rev. D4 (1971) 3235.

[9] M. Catanesi et al., Astropart. Phys. 29 (2008) 257; Astropart. Phys. 30 (2008) 124.

M. Ambrosio et al., Eur. Phys. J. C36 (2004) 323; Phys. Lett. B434 (1998) 451; Phys. Lett. B517 (2001) 59.

[10] U. Amaldi et al., Phys. Lett. B44 (1973) 112; Nucl. Phys. B145 (1978) 367.

S. R. Amendolia et al., Phys. Lett. B44 (1973) 119.

[11] M. Bozzo et al., Phys. Lett. B147 (1984) 392.

C. Angier et al., Phys. Lett. B344 (1995) 451.

G. J. Alner et al., Phys. Rept. 154 (1987) 247; Z. Phys. C32 (1986) 153.

[12] N. A. Amos et al., Phys. Rev. Lett. 63 (1989) 2784; Phys. Lett B247 (1990) 127; Phys. Lett. B243 (1990) 158; Phys. Rev. Lett. 68 (1992) 2433; Phys. Lett. B301 (1993) 313.

[13] C. Avila et al., Phys. Lett. B445 (1999) 419; Phys. Lett. B537 (2002) 41.

[14] M. Antinucci et al., Lett. Nuovo Cimento 6 (1973) 121.

E. Albini et al., Nuovo Cim. A32 (1976) 101.

[15] A. Breakstone et al., Phys. Rev. D30 (1984) 528; Z. Phys. C23 (1984) 1; Phys. Lett. B132 (1983) 458.

G. J. Alner et al., Phys. Rev. 154 (1987) 247.

[16] G. Giacomelli, Phys. Rept. 23C (1976) 123; Progress in Nuclear Physics 12 (1970) 77; Riv. Nuovo Cim. 2 (1970) 297.

G. Giacomelli and M. Jacob, Phys. Rept. 55 (1979) 1. G. Giacomelli and P. Giacomelli, Riv. Nuovo Cimento 16N3 (1993) 1.

[17] F. Abe et al., Phys. Rev. D50 (1994) 5550.

[18] G. Giacomelli, Physics/0601167 (2001); Int. J. Mod. Phys. A5 (1990) 223; Nucl. Phys. Proc. Suppl.

14B (1990) 273.

[19] http://www.bnl.gov/rhic ; http://www.bnl.gov/STAR.htm ; http://www.bnl.gov/BRAHMS.htm;

http://www.bnl.gov/PHOBOS.htm ; http://www.bnl.gov/PHENIX.htm ; http://www.bnl.gov/pp2pp.

[20] http://aliceinfo.cern.ch/Public/ ; http://cms.cern.ch ; http://atlas.ch/;

http://lhcb.web.cern.ch/lhcb/ ; http://totem.web.cern.ch/Totem/. http://public.web.cern.ch/public/en/LHC/LHCf-en.html

[21] G. B. Yodh et al, Phys. Rev. Lett. 28 (1972) 1005.

D. Cline et al., Phys. Rev. Lett. 31 (1973) 491.

[22] J. R. T. de Mello, arXiv: 0712.3727 [astro-ph].

[23] A. Moraes et al., Eur. Phys. J. C50 (2007) 435.

[24] D. Acosta et al., Phys. Rev. Lett. 94 (2005) 171802.

G. Abbiendi et al., Phys. Rev. D69 (2004) 032002.

[25] R. J. Glauber, Lectures in Theoretical Physics, Interscience, NY (1956); R. J. Glauber et al., Nucl.

Phys. B21 (1970) 135.

[26] S. Cecchini et al., Astropart. Phys. 1 (1993) 369; Nucl. Phys. A807 (2008) 206.

S. Balestra et al., Nucl. Instrum. Meth. B254 (2007) 254.

M. Giorgini, Proc. of the 24^{th} ICNTS, Bologna, Italy (2008), arXiv:0812.0236 [nucl-ex].

[27] D. Allasia et al., Z. Phys. C24 (1984) 119; Phys. Lett. 154B (1985) 231; Z. Phys. C28 (1985) 32.

[28] J. Adams et al., Nucl. Phys. A757 (2005) 102.

K. Adcox et al., Nucl. Phys. A757 (2005) 184. www.bnl.gov/bnlweb/pubaf/pr/PR display.asp?prID=05-38.

[29] R. Acquafredda et al., New J. Phys. 8 (2006) 303.

G. Giacomelli, arXiv:0712.2126 [hep-ex]; arXiv:0901.2492 [hep-ex]; arXiv:0812.1105 [physics.ins-det].