Centrality and Energy Dependence of Charged-Particle Multiplicities in Heavy Ion Collisions in the Context of Elementary Reactions

B.B.Back^1, M.D.Baker^2, D.S.Barton^2, R.R.Betts^6, M.Ballintijn^4, A.A.Bickley^7, R.Bindel^7, A.Budzanowski^3, W.Busza^4, A.Carroll^2, M.P.Decowski^4, E.García^6, N.George^{1,2}, K.Gulbrandsen^4, S.Gushue^2, C.Halliwell^6, J.Hamblen^8, G.A.Heintzelman^2, C.Henderson^4, D.J.Hofman^6, R.S.Hollis^6, R.Hołyński^3, B.Holzman^2, A.Iordanova^6, E.Johnson^8, J.L.Kane^4, J.Katzy^{4,6}, N.Khan^8, W.Kucewicz^6, P.Kulinich^4, C.M.Kuo^5, W.T.Lin^5, S.Manly^8, D.McLeod^6, J.Michałowski^3, A.C.Mignerey^7, R.Nouicer^6, A.Olszewski^3, R.Pak^2, I.C.Park^8, H.Pernegger^4, C.Reed^4, L.P.Remsberg^2, M.Reuter^6, C.Roland^4, G.Roland^4, L.Rosenberg^4, J.Sagerer^6, P.Sarin^4, P.Sawicki^3, W.Skulski^8, S.G.Steadman^4, P.Steinberg^2, G.S.F.Stephans^4, M.Stodulski^3, A.Sukhanov^2, J.-L.Tang^5, R.Teng^8, A.Trzupek^3, C.Vale^4, G.J.van Nieuwenhuizen^4, R.Verdier^4, G.Veres^4, G.Veres^4, B.Wadsworth^4, F.L.H.Wolfs^8, B.Wosiek^3, K.Woźniak^3, A.H.Wuosmaa^1, B.Wysłouch^4

1 Argonne National Laboratory, Argonne, IL 60439-4843, USA 2 Brookhaven National Laboratory, Upton, NY 11973-5000, USA 3 Institute of Nuclear Physics PAN, Kraków, Poland 4 Massachusetts Institute of Technology, Cambridge, MA 02139-4307, USA 5 National Central University, Chung-Li, Taiwan 6 University of Illinois at Chicago, Chicago, IL 60607-7059, USA 7 University of Maryland, College Park, MD 20742, USA 8 University of Rochester, Rochester, NY 14627, USA (Dated: February 14, 2006)

The PHOBOS experiment at RHIC has measured the total multiplicity of primary charged particles as a function of collision centrality in Au+Au collisions at √ sNN = 19.6, 130 and 200 GeV. An approximate independence of ⟨N_{ch}⟩/⟨Npart/2⟩ on the number of participating nucleons is observed, reminiscent of “wounded nucleon” scaling (N_{ch} ∝ Npart) observed in proton-nucleus collisions. Unlike p+A, the constant of proportionality does not seem to be set by the pp/pp data at the same energy. Rather there seems to be a surprising correspondence with the total multiplicity measured in e^+e^− annihilations, as well as the rapidity shape measured over a large range. The energy dependence of the integrated multiplicity per participant pair shows that e^+e^− and A+A data agree over a large range of center-of-mass energies ( √ s > 20 GeV), and pp/pp data can be brought to agree approximately with the e^+e^− data by correcting for the typical energy taken away by leading particles. This is suggestive of a mechanism for soft particle production that depends mainly on the amount of available energy. It is conjectured that the dominant distinction between A+A and p+p collisions is the multiple collisions per participant which appears sufficient to substantially reduce the energy taken away by leading particles.

PACS numbers: 25.75.Dw

Central collisions of two gold nuclei at the top energy of the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory produce thousands of charged particles. These are the largest particle multiplicities generated in man-made subatomic reactions. The hope is that these complex systems may reveal evidence of the creation and decay of a Quark-Gluon Plasma (QGP), where quarks and gluons are allowed to explore a volume larger than that of a typical hadron.

The high multiplicities in heavy ion collisions typically arise from the large number of nucleon-nucleon collisions which occur, with many of the nucleons struck several times as they pass through the oncoming nucleus. Studies of proton-nucleus collisions demonstrated that the total multiplicity (N_{ch}) is not proportional to the number of binary collisions (N_{coll}) in the reaction, but rather was found to scale more closely with the number of “wounded nucleons” which participate inelastically (N_{part}) [1, 2].

For example, the number of participants is N_{part} = 2 for a proton-proton collision and N_{part} = N_{coll} + 1 for a proton-nucleus collision. Thus, by scaling the particle yields by N_{part}/2, data from heavy ion collisions may be directly compared with similar yields in elementary pp, pp or even the annihilation of e^+e^− into hadrons.

While both e^+e^− and pp/pp collisions must ultimately allow a description based on Quantum Chromodynamics (QCD), the theory of the strong interaction, the evolution of these two systems tends to be understood in different ways. The large momentum transfer to the outgoing produced quark and anti-quark in e^+e^− reactions allows the use of perturbative QCD (pQCD) to describe the spectrum of quarks and gluons radiated as the system fragments [3]. Minimum bias collisions of hadrons are not considered to be amenable to such a perturbative description, since the transverse momentum exchanges involved are typically less than 1 GeV/c. Instead, phenomenological approaches (e.g. PYTHIA [4]) are used to describe most of the (predominantly soft) particles produced in high energy pp or pp collisions.

In this Letter, we report results from the PHOBOS experiment on the total multiplicity of primary charged particles ⟨N_{ch}⟩ as a function of N_{part} for Au+Au collisions at √ s_{NN} = 19.6, 130 and 200 GeV, where √ s_{NN} is the nucleon-nucleon center-of-mass energy. Comparisons with pp/pp and e^+e^− data are made to investigate how these possibly different mechanisms of particle production apply in the context of heavy ion collisions.

The PHOBOS multiplicity detector consists of two arrays of silicon detectors which cover nearly the full solid angle for collision events. The “Octagon” detector surrounds the interaction region with a roughly cylindrical geometry covering |η| < 3.2. Two sets of three “Ring” detectors are placed far forward and backward of the interaction point and surround the beam pipe, covering 3 < |η| < 5.4. The methods used for measuring the multiplicity of charged particles as well as for determining ⟨N_{part}⟩ have been described in more detail in Refs. [5, 6].

In principle, one could present the total number of particles only measured in the fiducial acceptance of the detector (|η| < 5.4). However, it has already been noticed that the centrality evolution of dN_{ch}/dη in Au+Au collisions is not just a change in yield, but a change in shape, with the pseudorapidity shape in peripheral collisions being somewhat wider than that observed in central collisions[8]. Thus, it is necessary to correct for the unmeasured yield in a centrality-dependent manner.

Using the data presented in Ref. [6], Fig. 1a shows dN_{ch}/dη/⟨N_{part}⟩/2 averaged over the forward and backward hemispheres for the 3% most central Au+Au events at √ s_{NN} = 200 GeV. The systematic errors (representing a 90% CL interval) depend on η and are shown on the figure as a shaded band. To correct for the acceptance loss, we have used several methods inspired by the observed “limiting fragmentation” seen in the lower energy PHOBOS data relative to the higher energy data when shown as a function of η^′ = η − y_{beam} [6]. PHO- BOS data from √ s_{NN} = 19.6 GeV for η > 2.5, shifted by Δη = y_{200} − y_{19.6} = 2.32 (the difference in beam rapidities between the two energies), displays the limiting fragmentation behavior [6]. This effectively extends the rapidity coverage to η ∼ 8. A Woods-Saxon-like function for dN/dη [7] fit to the Au+Au data, also provides a reasonable description of the dN/dη distribution, and extrapolates through the lower energy central data as well. Thus, in one method, we integrate dN_{ch}/dη for √ s_{NN} = 130 and 200 GeV for η^′ < 0 and use the PHOBOS data at √ s_{NN} = 19.6 GeV for η^′ > 0. We also integrate the Woods-Saxon-like fits, similar to that shown in Fig. 1a, for |η| < 8. These two approaches agree within 2% for central events, but differ up to 8% in more peripheral events, where one expects spectator-related effects

FIG. 1: (a) dN_{ch}/dη/⟨Npart/2⟩ of charged particles produced in central Au+Au collisions at √ sNN = 200 and 19.6 GeV (shifted by Δη = 2.32), compared with elementary systems. A fit to the 200 GeV Au+Au data is shown. The e^+e^− data are plotted as a function of yT , the rapidity relative to the thrust axis, always assuming the pion mass. (b) PHOBOS and UA5 data divided by a Woods-Saxon-like fit to the 200 GeV Au+Au data.

in the far forward region, so we average the two results to achieve the final estimate of the total charged-particle multiplicity. For the lowest RHIC energy, we simply integrate the charged particles in the PHOBOS acceptance and average this with the integral of the functional fits, which differ by up to 15% in the most peripheral data considered here.

In Fig. 2 ⟨N_{ch}⟩/⟨N_{part}/2⟩ is shown for PHOBOS data at three RHIC energies as a function of N_{part}. The 90% CL systematic error on the centrality dependence of ⟨N_{ch}⟩/⟨N_{part}/2⟩ is shown as a shaded band, and represents a combination of several factors, dominated by the uncertainty of the extrapolation procedure to extract N_{ch} over the full solid angle. This figure shows that the heavy ion data are consistent with “wounded nucleon” scaling over the measured centrality range, since the multiplicity is proportional to N_{part} (N_{ch} ∝ N_{part}). This constancy of ⟨N_{ch}⟩/⟨N_{part}/2⟩ is a striking feature in view of the various particle production mechanisms (e.g. jet fragmentation, quark recombination, statistical hadronization) expected to be relevant in heavy ion collisions.

In proton-nucleus data at lower energies, one also observes that the total multiplicity scales linearly with N_{part}, proportional to the multiplicity measured in pp

FIG. 2: ⟨N_{ch}⟩/⟨Npart/2⟩ is shown vs. Npart for √ sNN = 19.6, 130, and 200 GeV as closed symbols. The error includes contributions from the uncertainty on the overall N_{ch} scale and Npart scale. The shaded band shows the uncertainty on the extrapolation procedure as a 90% C.L. interval. The open symbols show UA5 data at 200 GeV and results from an interpolation of NSD data at other energies. The dotted lines show the values from the e^+e^− fit.

collisions at the same center-of-mass energy [1]. Nonsingle diffractive (NSD) proton-antiproton data exist at 200 GeV, but neither inelastic nor NSD data exist for the other two RHIC energies. For energies where no data exists, we use parameterizations of pp data from Ref. [9], ⟨N_{ch}⟩ = −4.2 + 4.69s^{0.155}, for inelastic, and ⟨N_{ch}⟩ = −7.5 + 7.6s^{0.124} for non-single diffractive collisions.

In A+A collisions, N_{ch} clearly scales linearly with N_{part}, but not proportionally to the multiplicity measured in pp collisions at the same energy, as was observed in proton-nucleus collisions at different beam energies. Rather, it scales with a value that is about 40% higher than in pp. To understand this difference, it is useful to compare the total multiplicity produced in other strongly interacting systems, including the final state in e^+e^− annihilations to hadrons. In Fig. 2, the total multiplicity in e^+e^− annihilations, derived from a fit detailed below, are depicted by dotted lines. One can see that the constant of proportionality for N_{ch} ∝ N_{part}/2 is approximately the multiplicity measured in the e^+e^− reactions.

To make sure these comparisons are justified over the full phase space, we compare the longitudinal distributions in Au+Au, pp/pp and e^+e^− data. We use only central Au+Au data for the remaining comparisons since they represent the least amount of residual spectator matter which may contaminate the dN/dy distribution at very-forward pseudo-rapidities.

In Fig. 1a, the 3% most central Au+Au data are compared with dN_{ch}/dη for non-single diffractive pp collisions [10] and dN/dy_T for e^+e^− collisions (with cuts applied to reject large initial-state photon radiation) [11] at √ s = 200 GeV. The variable y_T is the rapidity of charged particles relative to the event thrust axis, assuming the pion mass for all particles. JETSET calculations indicate that the y_T distribution is slightly narrower than the corresponding pseudorapidity distribution in e^+e^− collisions, with a difference in particle density of less than ±10% for |η| and |y_T | < 4 [4]. The same calculations also show that the choice in kinematic variables does not explain the difference in the forward region (above |η| = 4), although this may not be surprising, as this region may well show some residual effect of the presence of participating nucleons.

It is observed that Au+Au, pp and e^+e^− data are similar in shape at the same √ s, and that Au+Au and e^+e^− data also agree in magnitude. The agreement in shape of Au+Au and pp data over a large range in η is shown in Fig. 1b.

Due to the weak (constant within errors) centrality dependence established in A+A collisions, one can compare the total multiplicity as a function of √ s_{NN} without consideration of the centrality dependence. In Fig. 3a, data on ⟨N_{ch}⟩ from pp, pp, e^+e^− and central heavy ion collisions (scaled by ⟨N_{part}/2⟩) are compared over a wide range of √ s and √ s_{NN} . The data and systematic errors for the total multiplicity in pp, pp, and e^+e^− are available from Ref. [12] and no further corrections are applied. The errors shown are the quadratically combined statistical and systematic errors. Heavy ion data are shown for central Au+Au events at RHIC (this work), Au+Au events from E895 at the AGS ( √ s_{NN} = 2.6 − 4.3 GeV) [13] and Pb+Pb events from NA49 at the SPS ( √ s_{NN} = 8.6, 12.2 and 17.3 GeV) [14]. A PHOBOS Au+Au data point at √ s_{NN} = 56 GeV has been added by using the measured value at midrapidity [15] and using the limiting fragmentation distribution described in Ref. [6] to approximate the shape of the full distribution. Finally, data points using PHOBOS d+Au data at √ s_{NN} = 200 GeV [16] are also shown, and compare well to the UA5 pp results at the same energy. All of the errors shown for the heavy ion data are systematic.

Perturbative QCD calculations are able to predict the dependence of the total multiplicity in e^+e^− collisions as a function of √ s, N_e+_e− (s) = Cα_s(s)^A exp( √ B/α_s(s)), with A = 0.427 and B = 2.88 fully calculable within pQCD[17] and α_s(s) ∝ ln(s/Λ^2_{QCD}). The QCD scale Λ_{QCD} is set to 225 MeV, leaving only a constant of proportionality C free to fit to the experimental data. A fit to the e^+e^− data has been made with this expression (“e^+e^− Fit”) and has been used in Fig. 3b to scale all of the data by this function. Values from this function are shown in Fig. 2 for √ s = 19.6 and 130 GeV, where measurements for e^+e^− do not exist.

Fig. 3b shows that the pp/pp data are about 30% below e^+e^− over the full range of energies. However, rescaling the √ s of each point by a factor of 1/2, √ s_{eff} = √ s/2, brings the data into reasonable agreement with the e^+e^− trend, as shown by the open diamonds. This is consistent with measurements of leading protons in pp collisions, which find dN/dx_F (where x_F = 2p_z/ √ s in the collider reference frame) to be approximately constant for non-diffractive events over a large range of √ s [18] and thus ⟨x_F ⟩ ∼ 1/2. This phenomenon is well-known as the “leading-particle” effect when comparing pp/pp and e^+e^− total multiplicities. Basile et al. [19] found that the average multiplicity ⟨N_{ch}⟩ in pp collisions is similar to that for e^+e^− collisions with √ s_e+_e− = √ s_{eff} , where √ s_{eff} is the pp center-of-mass energy minus the energy of the leading particles. Both the apparently-common features of particle production and the concept of effective energy were explored by a variety of theoretical approaches [20–22], although none of these dealt directly with nucleus-nucleus collisions.

Unlike the pp/pp data, the heavy ion data do not follow the e^+e^− trend over the whole energy range. Instead, they lie below the pp data at AGS energies, crosses through the pp data between AGS and SPS energies, and joins smoothly with the e^+e^− data above the top SPS energy. Thus, at high energies, the multiplicity measured per participant pair in Au+Au collisions evolves in a similar way to e^+e^− data at the same √ s. It seems that no correction for a leading particle is needed in heavy ion collisions. This may be plausible if one considers that an average participant suffers three or more collisions in the centrality range shown in this study (depending on the energy-dependent nucleon-nucleon inelastic cross section, σ_{NN} (s)). This may be sufficient to reduce the leading particle effect sufficiently for each participant, and also explain the constant behavior of ⟨N_{ch}⟩/⟨N_{part}/2⟩ with N_{part}.

However, the rapid approach of ⟨N_{ch}⟩/⟨N_{part}/2⟩ in central heavy-ion collisions below √ s_{NN} ∼ 20 GeV toward the e^+e^− data clearly complicates any simple geometric interpretation, as all of the heavy ion data compared are for a similar range of impact parameters. One feature that might point to why the particle yields at the AGS and SPS are perhaps “suppressed” relative to e^+e^− data (and even to pp data at lower energies, as noted in Ref. [14]) is the ratio of net baryons to pions in the system. This ratio, which scales approximately as N_{part}/N_{ch}, is O(50%) at AGS energies [13], but is O(5%) at RHIC [23]. In a thermal statistical approach [24], this reflects the decrease of the baryon chemical potential, which absorbs energy that would have gone into the total entropy, with increasing beam energy.

In conclusion, the PHOBOS experiment has mea-

FIG. 3: (a) The total charged multiplicity ⟨N_{ch}⟩ for pp, pp, e^+e^−, d+Au and central Au+Au events as a function of √ s. The pp data are inelastic while the pp data are NSD. The Au+Au data are normalized by Npart/2. The dotted line is a perturbative QCD expression fit to the e^+e^− data. The diamonds are the pp/pp data with √ s_{eff} = √ s/2. The open and closed stars are for minimum-bias d+Au data at √ s=200 GeV and √ s_{eff} =100 GeV. (b) The data in (a) divided by the e^+e^− fit, to allow direct comparison of different data at the same √ s.

sured the normalized charged-particle multiplicity ⟨N_{ch}⟩/⟨N_{part}/2⟩ in Au+Au collisions as a function of the centrality of the collision (N_{part}) for three RHIC energies. A very weak centrality dependence of ⟨N_{ch}⟩/⟨N_{part}/2⟩ is observed, reminiscent of “wounded nucleon” scaling, but with a proportionality factor that is different than that seen in pp collisions.

Above CERN SPS energies, the total multiplicity per participating nucleon pair, ⟨N_{ch}⟩/⟨N_{part}/2⟩, in central events evolves with √ s in the same way and is very close to the e^+e^− data. This is somewhat suggestive of a common mechanism of particle production in stronglyinteracting systems, controlled mainly by the amount of energy available for particle production. This may be related to the multiple collisions suffered by each participant nucleon, which could substantially reduce the leading particle effect seen in pp collisions and suggests that after the first few collisions per participant, the multiplicity per participant pair saturates near the value measured in e^+e^− reactions. Ultimately, the existence of simple scaling behavior with √ s_{eff} and N_{part} indicates stronger constraints on particle production than previously considered theoretically. Without some overall constraint, it is difficult to understand how the various physics effects we typically assume contribute independently to the bulk particle production in A+A collisions (whether soft physics such as energy stopping and statistical hadronization, or hard physics involving structure functions, nuclear shadowing, parton production and energy loss and hadronization, e.g. as implemented in HIJING[25]) could scale so simply with N_{part} or share such a close relationship with the different collision systems discussed in this work. In any case, these results may provide a new perspective on particle production in heavy ion collisions.

This work was partially supported by U.S. DOE grants DE-AC02-98CH10886, DE-FG02-93ER40802, DE-FC02-94ER40818, DE-FG02-94ER40865, DE-FG02- 99ER41099, and W-31-109-ENG-38 as well as NSF grants 9603486, 9722606 and 0072204. The Polish groups were partially supported by KBN grant 1 P03B 062 27. The NCU group was partially supported by NSC of Taiwan under contract NSC 89-2112-M-008-024.

[1] J. E. Elias et al. Phys. Rev. Lett. 41, 285 (1978). [2] A. Białas, B. Bleszyński and W. Czyż, Nucl. Phys. B111, 461 (1976).

[3] Y. L. Dokshitzer, V. A. Khoze, A. H. Mueller and S. I. Troian, “Basics Of Perturbative QCD,” Gif-sur- Yvette, France: Ed. Frontieres (1991).

[4] PYTHIA manual, T. Sjostrand, Computer Physics Commun. 82, 74 (1994). JETSET 7.4 is currently part of the

PYTHIA code.

[5] B. B. Back et al., Phys. Rev. C 65, 061901 (2002). [6] B. B. Back et al., Phys. Rev. Lett. 91, 052303 (2003). [7] with functional form: dN/dη = J(η)CW S /(1 + e^{(η−RW S )/aW S} ) with J(η) = √ 1 − (1/(α cosh η))^2.

[8] B. B. Back et al., Phys. Rev. Lett. 87, 102303 (2001). [9] H. Heiselberg, Phys. Rept. 351, 161 (2001). [10] G. J. Alner et al., Z. Phys. C 33, 1 (1986). [11] H. Stenzel, ALEPH Collaboration, Contributed paper to ICHEP2000 (2000).

[12] D. E. Groom et al., Eur. Phys. J. C 15, 1 (2000). With the exception of L3 data, the e^+e^− data are not completely corrected for Λ and Ks production.

[13] J. Klay, U.C. Davis PhD. Thesis (2001). J. L. Klay et al., Phys. Rev. C 68, 054905 (2003).

[14] S. V. Afanasiev et al., Phys. Rev. C 66, 054902 (2002). [15] B. B. Back et al., Phys. Rev. Lett. 88, 022302 (2002). [16] B. B. Back et al., Phys. Rev. Lett. 93, 082301 (2004). [17] A. H. Mueller, Nucl. Phys. B 213, 85 (1983). [18] M. Batista and R. J. M. Covolan, Phys. Rev. D 59, 054006 (1999).

[19] M. Basile et al., Phys. Lett. B92, 367 (1980). M. Basile et al., Phys. Lett. B95, 311 (1980).

[20] P. A. Carruthers, LA-UR-81-2221 Presented at 5th High Energy Ion Study Conf., Berkeley, Calif., May 18-23, 1981.

[21] T. T. Chou and C. N. Yang, Adv. Ser. Direct. High Energy Phys. 2, 51 0 (1988).

[22] G. Wilk, Adv. Ser. Direct. High Energy Phys. 2 (1988) 410.

[23] K. Adcox et al., Phys. Rev. Lett. 89, 092302 (2002). [24] J. Cleymans, M. Stankiewicz, P. Steinberg and S. Wheaton, arXiv:nucl-th/0506027.

[25] X. N. Wang and M. Gyulassy, Phys. Rev. D 44, 3501 (1991).