arXiv:hep-ex/0501025 v1 11 Jan 2005

AZIMUTHAL STRUCTURES OF PRODUCED PARTICLES IN HEAVY ION INTERACTIONS

S. Vokál^{1†}, A. Kravčáková^2, S. Lehocká^2 and G. I. Orlova^3

(1) VBLHE, JINR, Dubna, Russia (2) University of P. J. Šafárik, Košice, Slovakia (3) Lebedev Physical Institute, Moscow, Russia † E-mail: vokal@sunhe.jinr.ru

Abstract The angular substructures of particles produced in^{208}Pb at 158 A GeV/c and^{197}Au at 11.6 A GeV/c induced interactions with Ag(Br) nuclei in emulsion detector have been investigated. Nonstatistical ring-like substructures of produced particles in azimuthal plane of a collision have been found and their parameters have been determined.

1 Introduction

An important aim of nucleus collision investigation at high energies is to search for a phenomena connecting with large densities obtained in such collisions. As an example, the transition from the QGP (quark-gluon plasma) back to the normal hadronic phase is predicted to give large fluctuations in the number of produced particles in local regions of phase space [1, 2]. The observed effects of such type are dominated by statistical fluctuations. Significant deviations from them are only observed after removing the statistical part of the fluctuations [3].

In case of angular structures of produced particles investigation two different classes were revealed, which could be referred to as jet-like and ring-like substructures.

The goal of our work was to study the ring-like substructures of produced particles in azimuthal plane. They are occurrences if many particles are produced in a narrow region along the rapidity axis, which at the same time are diluted over the whole azimuth. The jet-like substructures consist of cases where particles are focused in both dimensions [4].

For the first time the individual nucleus-nucleus collisions with a ring-like substructure of produced particles in the azimuthal plane have been observed more then 20 years ago in cosmic ray experiments [5]. Later a lot of the nucleus-nucleus collisions with the ring-like substructure were observed in the accelerator experiments at high energy [3, 6, 7, 8, 9, 10].

A new mechanism of multiparticle production at high energies was proposed in [11, 12, 13]. This mechanism is similar to that of Cherenkov electromagnetic radiation. As a hadronic analogue, one may treat an impinging nucleus as a bunch of confined quarks each of which can emit gluons when traversing a target nucleus [14, 15]. The idea about possible Cherenkov gluons is relying [11] on experimental observation of the positive real part of the elastic forward scattering amplitude of all hadronic processes at high energies. This is a necessary condition for such process because in the commonly used formula for the refractivity index its excess over 1 is proportional to this real part. Later I. M. Dremin [12] noticed that for such thin targets as nuclei the similar effect can appear due to small confinement length thus giving us a new tool for its estimate. If the number of emitted gluons is large enough and each of them generates a mini-jet, the ring-like substructure will be observed in the target (azimuthal) diagram. If the number of emitted gluons is not large, we will see several jets correlated in their polar, but not in the azimuthal angles. Central collisions of nuclei are preferred for observation of such effects because of a large number of participating partons.

In the present study the ring-like substructures of charged produced particles from 208Pb and^{197}Au induced interactions with Ag(Br) target nuclei in emulsion detector at 158 A GeV/c and 11.6 A GeV/c, correspondently, have been analyzed. The comparison with the FRITIOF calculations [16] has been made. All used data are obtained in the frames of EMU01 Collaboration.

2 Experiment

The stacks of NIKFI BR-2 nuclear photoemulsions have been irradiated horizontally by 208Pb beam at 158 A GeV/c (the CERN SPS accelerator – experiment EMU12) and by 197Au beam at 11.6 A GeV/c (the BNL AGS accelerator – experiment E863).

The photoemulsion method allows to measure: multiplicities of any charged particles: produced particles (N_s) with β > 0.7, projectile fragments (N_F ) with β ≈ 0.99 and target fragments (N_h) with β < 0.7, angles of particles with the resolution of Δη = 0.010 − 0.015 rapidity units in the central region, pseudo-rapidity is given by η = − ln(tan(θ/2)), and θ is the emission angle with respect to the beam direction, charges of projectile fragments Z_F .

Further details on both experiments, measurements and experimental criteria can be found in [17, 18].

In this work we have analyzed:

• 628 Pb+Ag(Br) collisions found by the along-the track scanning. From the collisions we have selected three centrality groups determined by the multiplicity of the produced particles: 350 ≤ N_s < 700, 700 ≤ N_s < 1000 and N_s ≥ 1000. As it was shown in our previous paper [20] the criterion N_s ≥ 350 selects the interactions of lead nuclei at 158 A GeV/c with the heavy emulsion targets Ag and Br with b_{imp} < 8 fm only. Moreover the group with N_s ≥ 1000 comprises the central Pb+Ag(Br) interactions with impact parameter b_{imp} ≈ (0 − 2) fm.

• 1128 Au+Ag(Br) collisions found by the along-the track scanning. From the collisions we have selected analogous three centrality groups determined by the multiplicity of the produced particles: 100 ≤ N_s < 200, 200 ≤ N_s < 300 and N_s ≥ 300.

3 Method

A method we use to search for a ring-like substructure and to determine parameters they have been devised in paper [3]. The produced particle multiplicity N_d of analyzed subgroup from an individual event is kept a fixed. Each N_d-tuple of consecutive particles along the η-axis of individual event can then be considered as a subgroup characterized by a size: Δη = η_{max} − η_{min}, where η_{min} and η_{max} are the pseudo-rapidity values of the first and last particles in the subgroup, by a density: ρ_d =^{Nd}_{Δη} and by a average pseudo-rapidity (or a subgroup position): η_m = ∑_{ηi} N_d . Another way is to kept a fixed the Δη interval. This

method has been used by G. L. Gogiberidze et al. in papers [9, 10].

To parameterize the azimuthal structure of the subgroup in a suitable way a parameter of the azimuthal structure S_2 = ∑ (ΔΦ_i)^2 have been suggested, where ΔΦ is the difference between azimuthal angels of two neighboring particles in the investigated subgroup (starting from the first and second and ending from the last and first). For the sake of simplicity it was counted ΔΦ in units of full revolutions ∑ (ΔΦ_i) = 1.

The parameter S_2 is large (S_2 → 1) for the particle groups with the jet-like structure and is small (S_2 → 1/N_d) for the particle groups with the ring-like structure. The expectation value for the parameter S_2, in the case of stochastic scenario with independent particles in the investigated group, can be analytically expressed as ⟨S_2⟩ =^2_{Nd+1} This expectation value can be derived from the distribution of gaps between neighbors.

What can one wait to see in the experimental S_2 – distributions in different scenarios? As it was shown in [20] in case of a pure stochastic scenario the normalized S_2/⟨S_2⟩ – distribution would have peak position at S_2/⟨S_2⟩ = 1. The existence of the jet-like substructures in collisions results to appearance of additional S_2/⟨S_2⟩ – distribution from this effect but shifted to the right side in comparison with stochastic distribution. Analogously, the existence of the ring-like substructures results to appearance of additional S_2/⟨S_2⟩ – distribution from this effect but shifted to the left side. As result, the summary S_2/⟨S_2⟩ – distribution from this three effects may have different form depends of mutual order and sizes [20].

4 Results

The first detailed study of the average values of the parameter S_2 was performed in [3]. The azimuthal substructures of particles produced within dense and dilute groups along the rapidity axis in the central^{16}O and^{32}S induced collisions with Ag(Br) and Au targets at 200 A GeV/c (EMU01 data sets) were analyzed. The results were compared with different FRITIOF calculations including γ-conversion and the HBT effects. It was conclude that jet-like and ring-like events do not exhibit significant deviations from what can be expected from stochastic emission.

The study of the S_2-parameter distributions for subgroups of the particles produced in 197Au interactions at 11.6 A GeV/c with Ag(Br) targets in emulsion detector has been done in [19]. Nonstatistical ring-like substructures have been found and cone emission angles as well as other parameters they have determined.

In Fig. 1(a – c) the S_2 – distributions for groups with N_d = 35 are shown for Au+Ag(Br) collisions with multiplicities of the produced particles N_s > 300 (a), 200 ≤ N_s < 300 (b) and 100 ≤ N_s < 200 (c). The analogical S_2 spectra for subgroups with N_d = 90 obtained in Pb+Ag(Br) collisions are shown in Fig. 1(d – f) for different centrality groups with N_s > 1000 (d), 700 ≤ N_s < 1000 (e) and 350 ≤ N_s < 700 (f). As one can see at all three cases of different centralities the S_2 – distributions have the peak position around the value corresponding to the stochastic scenario (S_2/⟨S_2⟩ = 1) and tails at the right side. In order to study the ring-like substructures the only left part of the S_2 – distribution, where a signal of ring-like substructure may be expected, is essential. As one can see the only central collisions (N_s > 300 in Au- and N_s > 1000 in Pb-induced collisions with Ag(Br) targets) have a proved additional peak on the left part. This indicates that a certain ringlike substructures are present at these two experiments.

Figure 1: (a, b, c) The S_2 – distributions for subgroups with N_d = 35 and different groups of shower particles multiplicity N_s in Au+Ag(Br) collisions at 11.6 A GeV/c; (d, e, f) The S_2 – distributions for subgroups with N_d = 90 and different groups of shower particles multiplicity N_s in Pb+Ag(Br) collisions at 158 A GeV/c.

The experimental normalized S_2/⟨S_2⟩ – distributions compared with the calculated ones by the FRITIOF model for the most central groups of events measured in^{197}Au and^{208}Pb induced collisions with Ag(Br) nuclei at 11.6 and 158 A GeV/c are presented on the Fig. 2.

Figure 2: The experimental and FRITIOF model normalized S_2/⟨S_2⟩ – distributions for central^{208}Pb and^{197}Au induced collisions with Ag(Br) targets in the emulsion detector. Here, N_s is the number of produced particles and N_d is the number of particles in the analysed subgroup.

The model distributions were aligned according to the position of the peak with the experimental one. The FRITIOF model includes neither the ring-like nor the jet-like effects, so the model distributions are used like the statistical background.

One can see that both experimental distributions are shifted to the right, have a tail in the right part and are broader than the spectra calculated by the FRITIOF. The left parts of both experimental distributions are not as smooth as in the model and there are some shoulders that refer to the surplus of the events in this region.

The results obtained from the experimental data after the subtraction of the statistical background are also shown on this figure. The resultant distributions have two very good distinguishable hills, the first in the region S_2/⟨S_2⟩ < 1, where the ring-like effects are expected and the second in the jet-like region – S_2/⟨S_2⟩ > 1. The probability of the formation of the nonstatistical ring-like substructures can be estimated as a rate of the surface of the ring-like part to the full surface of the experimental distribution.

Our preliminary results for^{208}Pb+Ag(Br) collisions at 158 A GeV/c are shown that the estimated contribution of the events with nonstatistical ring-like substructures in the emission of produced particles is about 10 − 12% in the most central group of collisions with N_s ≥ 1000. This value slowly decreases in two other groups of less central events with 350 ≤ N_s < 700 and 700 ≤ N_s < 1000.

To analyze the ring-like subgroup position on the pseudorapidity axis the η_m – distributions for subgroups with S_2/⟨S_2⟩ < 1 from central collisions are presented for experimental data and FRITIOF model in Fig. 3. One can see that the experimental distributions have a downfall in the central region, where the produced particle and FRITIOF distribu-

Figure 3: The ring-like subgroup position (η_m) distributions for central experimental (solid histogram) and FRITIOF model (dashed histogram) for^{208}Pb+Ag(Br) and^{197}Au+Ag(Br) collisions.

tions have maximum and two symmetrical hills from both sides of the center. For central 208Pb+Ag(Br) collisions η_m – distribution has two hills – one at η = 1.6 − 3.2 and other at η = 3.6 − 5.2, the center of the distribution for produced particle is at η ≈ 3.5. For central^{197}Au+Ag(Br) collisions η_m – distribution has two hills – one at η = 1.2 − 2.0 and other at η = 2.2 − 3.0, the center of the distribution is at η ≈ 2.2. The downfall of the η_m – distributions is more visible for^{208}Pb+Ag(Br) interactions that are probably connected with larger cross section of the effect for the collisions with bigger multiplicity that realized at higher beam energy and for more central collisions.

To investigate the ring-like subgroups size Δη in Fig. 4 the Δη – distributions are shown in the region of the ring-like effects (S_2/⟨S_2⟩ < 1) for the most central^{208}Pb (N_s ≥ 1000, N_d = 90) and^{197}Au (N_s ≥ 300, N_d = 35) induced collisions with Ag(Br) targets compared with FRITIOF model. One can see that there are some distinctions in the shapes of the experimental and model distributions for Pb induced collisions. There appeared 3 or 4 peaks in the experimental Δη – distributions in the ring-like effect region that we don’t see in other cases. The difference for^{197}Au data is not so obvious. Moreover, in our previous paper [20] it was shown that from one side there are some distinctions in the shapes of the experimental distributions for the regions S_2/⟨S_2⟩ < 1 and S_2/⟨S_2⟩ > 1 but from the other side there are no differences in the Δη – distributions calculated by the model for both classes of events (S_2/⟨S_2⟩ < 1 and S_2/⟨S_2⟩ > 1).

If the ring-like substructures have been appeared due to an effect analogous to Cherenkov light there may be in a collision two such substructures forming two produced particle cones – one in the forward and another in the backward direction in center-of-mass system. In such case the cones must have the equal emission angles, because as well known the Cherenkov emission angel depends on the refractive index of matter only. In our case, in case of nuclear matter, it is a way to measure the refractive index of nuclear matter. It is interesting to

Figure 4: Comparison of the experimental and the FRITIOF model Δη – distributions for central interactions of^{208}Pb and^{197}Au nuclei with Ag(Br) targets for ring-like region (S_2/⟨S_2⟩ < 1).

note that the refractive index of nuclear matter has to be changed in the case of the changes the nuclear matter properties, for example, in the case of phase transition from a normal hadronic matter to quark-qluon plasma.

5 Conclusion

The azimuthal ring-like substructures of produced particles from collisions induced by the 11.6 A GeV/c^{197}Au and 158 A GeV/c^{208}Pb beams with Ag(Br) targets in the emulsion detector have been investigated.

• The additional subgroups of produced particles in the region of the ring-like substructures (S_2/⟨S_2⟩ < 1) in comparison to the FRITIOF model calculations have been observed.

• The difference with the FRITIOF model calculations in the η_m – distributions in ring- like region S_2/⟨S_2⟩ < 1 indicates to existence of two symmetrical η_m – regions of preferred emission of ring-like substructures – one in the forward and second in the backward direction in center-of-mass system.

• The Δη – distribution, which gives the information about a ring-like substructure size in pseudorapidity scale, for the experimental data in ring-like region (S_2/⟨S_2⟩ < 1) differs from the FRITIOF model calculations.

• The nonstatistical ring-like substructures formation is more visible for central collisions and for bigger energies.

• The results are in good agreement with an idea that the ring-like substructures have been appeared due to an effect analogous to Cherenkov light.

Acknowledgements

This work was supported by Science and Technology Assistance Agency (Slovak Republic) under the contract No. APVT-51-010002 and by RFBR grants No. 03-02-17079 and No. 04-02-16593.

References

[1] E. Stenlund et al., Nucl. Phys. A498 (1989) 541c. [2] L. van Hove, Z. Phys. C21 (1984) 93. [3] M. I. Adamovich et al., J. Phys. G19 (1993) 2035.

[4] E. Stenlund et al., Talk given at XXII. Multiparticle Dynamics Symposium, Santiago de Compostella, Spain, July 13-17 (1992).

[5] A. B. Apanasenko, N. A. Dobrotin, I. M. Dremin, K. A. Kotelnikov, Pisma v ZhETF, 30 (1979) 157.

[6] A. El-Naghy and K. S. Abdel-Khalek, Phys. Lett. B299 (1993) 370. [7] A. El-Naghy et al., J. Phys. Soc. Jpn. 58 (1989) Suppl. 741. [8] N. M. Astafyeva, I. M. Dremin, K. A. Kotelnikov, hep-ex/9795003, (1997). [9] G. L. Gogiberidze, E. K. Sarkisyan, L. K. Gelovani, Nucl. Phys. Proc. Suppl. 92 (2001) 75. [10] G. L. Gogiberidze, L. K. Gelovani, E. K. Sarkisyan, Phys. Atom. Nuclei 64 (2001) 143, Yad. Fizika 64 (2001) 147.

[11] M. I. Dremin, Pisma v ZhETF 30 (1979) 152. [12] M. I. Dremin, Jad. Fiz. 33 (1981) 1357. [13] M. I. Dremin, Pisma v ZhETF 34 (1981) 617. [14] I. M. Dremin, hep-ph/0011110, (Nov 2000). [15] I. M. Dremin et al., Phys. Lett. B499 (2001) 97.

[16] B. Nilsson-Almquist, E. Stenlund, Comp. Phys. Com. 43 (1987) 387. [17] A. Sh. Gaitinov et al., Talk given at XVII. Meeting of the EMU01 Collaboration, Dubna, Russia, May 18-20 (1999).

[18] M. I. Adamovich et al., Eur. Phys. J. A5 (1999) 429.

[19] G. I. Orlova, A. Kravčáková, S. Vokál, V. V. Prosin, Proc. of the Hadron Structure 2002, Herľany, Slovakia, 22-27 Sept 2002, edited by P. J. Šafárik University Košice (2003) 155.

[20] S. Vokál, A. Vokálová, A. Kravčáková, S. Lehocká, G. I. Orlova, Preprint JINR, E1- 2004-173, Dubna (2004).