arXiv:nucl-th/0307056 v1 12 Jul 2003

Simple models of the contribution of intermediate stage gluons to J/ψ suppression at the CERN SPS

M.Jurčovičová^{a)}, A.Nogová^{b)}, J. Pišút^{a)}, N. Pišútová^{a)} , and K. Tokár^{a)}

a)Department of Physics, Comenius University, SK-84248 Bratislava, Slovakia

b)Institute of Physics of the Slovak Academy of Science, SK-84228 Bratislava, Slovakia

Abstract

We construct three simple scenarios of the time – dependence of density of intermediate stage gluons in nuclear collisions in the CERN SPS energy range. Gluons with energy of about 0.6 – 1.0 GeV are assumed to be produced in nucleon–nucleon collisions in a Glauber type model. The rate of gluon production is given by the parameter n_{g/nn} equal to the average number of gluons produced per nucleon - nucleon collision. The value of this parameter determines the behaviour of the gas of gluons. The number of gluons increases due to gluon branching and processes like g+g→g+g+g and decreases due to the hadronization. Gluons are assumed to be able to dissociate J/ψ in g+J/ψ collisions, the dissociation cross–section σ_{gψ} is taken as a free parameter. In the first scenario, the energy density of the gas of gluons never reaches the critical energy density ϵ_c ≈ 0.7 GeV/fm^3 and gluons rapidly hadronize. In the second scenario, the critical energy density is reached but the system of gluons is unable to reach thermalization. In the third scenario gluons reach thermalization and the thermalized system suppresses J/ψ by the Matsui–Satz mechanism. The third scenario under the assumption of a small value of σ_{gψ} is able to describe qualitatively the data on J/ψ suppression in Pb–Pb interactions obtained by the NA50 Collaboration. Other scenarios have problems with getting the rather abrupt onset of J/ψ suppression.

1 Introduction

Suppression of J/ψ in heavy-ion collisions has been suggested by Matsui and Satz [1] as a signature of the Quark-Gluon Plasma (QGP) formation in heavy ion collisions. The observation of J/ψ suppression by NA38 and NA50 collaborations [2, 3] in collisions of lighter beams, up to^{32}S, with heavy targets has been basically explained by Gerschel and Hüfner, and Capella et al. [4, 5, 6] as due to the disintegration of J/ψ by nucleons present in the colliding ions. We shall refer to this mechanism as to the nuclear absorption (NA). Some role might also be played by the disintegration of J/ψ by collisions with secondary hadrons produced during the collisions [7, 8, 9, 10, 11, 12]. The ”anomalous” J/ψ suppression observed by the NA50 collaboration in Pb-Pb collisions at the CERN-SPS at E_{Lab}= 160GeV/nucleon, cannot be explained by nuclear absorption alone and models based on J/ψ disintegration by secondary hadrons meet difficulties [12].

Simple models of anomalous J/ψ suppression by QGP have been proposed by Blaizot and Ollitrault [14, 15] (in what follows referred to as the BO model) and by Kharzeev, Lourenço, Nardi and Satz [16, 17] (KLNS model). Both models are based on the dynamics of tube-on-tube collisions within the Glauber model and assume that in a given tube-on-tube collision QGP is produced provided that a certain condition involving the lengths of the two tubes is satisfied.

A combination of J/ψ suppression by QGP, by nuclear absorption and by hadron gas has been considered by Chaudhuri [18]. Kharzeev and Satz have argued [19] that cross–section for disintegration of J/ψ by thermal hadrons are very low and that the contribution to J/ψ suppression by this mechanism is negligible. The arguments seem to be convincing but the question is not yet solved completely.

Another possible source of anomalous J/ψ suppression may be due to J/ψ disintergration by the intermediate stage gluons. The evolution of gluon cascades has been studied e.g. in Monte Carlo cascade codes [20, 21, 22].

The purpose of the present paper is to study J/ψ suppression by Intermediate Stage Gluons (ISG). Model of this type has been discussed in Ref.[23] but it was oversimplified and no definite conclusions could have been reached.

We shall consider here three simple scenarios of J/ψ suppression in Pb–Pb collisions at the CERN SPS. In each of them J/ψ is suppressed by the gluon gas and by nuclear absorption. Only in the third one there is the additional suppression by the thermalized system of gluons, described by the Matsui –

Satz mechanism.

(i) In the first scenario, the energy density of the gas of gluons never reaches the critical energy density ϵ_c ≈ 0.7 GeV/fm^3 and gluons rapidly hadronize.

(ii)In the second scenario, the critical energy density is reached but the system of gluons is unable to reach thermalization, since the energy density becomes subcritical before the system is thermalized.

(iii) In the third scenario gluons reach thermalization in collisions of tubes of appropriate lengths and the thermalized system suppresses J/ψ by the Matsui–Satz [1] mechanism. Under the assumption of a small value of σ_{gψ} this scenario is able to describe the data on J/ψ suppression in Pb–Pb interactions obtained by the NA50 Collaboration.

Anticipating the results described below we find it rather improbable that J/ψ disintegration by intermediate stage gluons provides a substantial part of J/ψ suppression as observed by the NA50 collaboration in Pb–Pb interactions. In this sense our results give an indirect support to the idea that a phase transition to QGP is responsible for the anomalous J/ψ suppression. The key arguments is that the onset of anomalous J/ψ suppression is too ”abrupt” to be ascribed to the ISG which do not reach the thermalized state.

The paper is organised as follows. In Sect.2 we briefly discuss different contributions to the J/ψ suppression and give the corresponding formulas. In Sect.3 we describe the three scenarios of the behaviour of intermediate stage gluons (ISG). J/ψ suppression by ISG in the three scenarios is discussed in Sect. 4. Reasons why scenarios without thermalized gluons cannot describe the NA50 data are quite simple - the suppression as function of E_T is ”too continuous”, whereas the data seem to indicate some abrupt increase of J/ψ suppression. Comments and conclusions are deferred to Sect.5. Some details concerning possible sources of intermediate stage gluons are presented in the Appendix.

2 Contributions to J/ψ suppression

In a simple model of spherical nuclei with constant nucleon density the J/ψ survival probability S^{J/ψ}_{AB} (b), where b is the impact parameter, is given as S^{J/ψ}_{AB} (b) = σ^{J/ψ}_{AB} (b) n^{AB}_{coll}(b)σ^{J/ψ}nn (1) where the total J/ψ production cross-section in AB interaction is denoted as σ^{J/ψ}_{AB} (b) and σ^{J/ψ}nn is the average J/ψ production cross-section in nucleonnucleon collision. Frequently discussed contributions to the J/ψ survival probability are given by the following expression S = N N_0 (2) The numerator N is given as N = ∫_{RA} 0 sds ∫_{2π} 0 dθ ∫_{LA(s)} −L_A (s) dz_A ∫_{LB (b,s,θ)} −L_B (s,θ) dz_B e^{−ρAσa[zA+LA (s)]}e^{−ρB σa[zB +LB (b,s,θ)]} F_{sh}F_{hJ/ψ} F_{gJ/ψ}F_{QGP} (3) where

L_A(s) = √ R^2_A − s^2, L_B (b, s, θ) = √ R^2_B − b^2 − s^2 + 2bscos(θ)

when the expression under the square-root in L_B is positive, and L_B (b, s, θ) = 0 when this expression is negative.

The term containing σ_a corresponds to the nuclear absorption with σ_a being the absorption cross–section and the terms F_{sh}, F_{hJ/ψ}, F_{gJ/ψ}, F_{QGP} correspond to the shadowing of gluon structure functions, J/ψ suppression by secondary hadrons, J/ψ suppression by intermediate stage gluons and J/ψ suppression by QGP, respectively. N_0 is obtained from N by putting σ_a = 0 and F_{sh} = F_{hJ/ψ} = F_{gJ/ψ} = F_{QGP} = 1. The geometrical notation used in Eq.(3) is standard, ⃗s is the vector connecting the position in the transverse plane to the center of nucleus A and θ is the angle between ⃗b and ⃗s.

In what follows we shall consider the AB interaction in the center of mass of nucleon-nucleon collisions, thus L_A and L_B will be contracted by the Lorentz factor γ and nuclear densities ρ_A and ρ_B will be multiplied by γ. We shall use the notation l_A = L_A/γ and l_B = L_B/γ

The position of a nucleon within the tube in nucleus A is denoted as z_A, −l_A ≤ z_A ≤ l_A, in nucleus B as z_B, −l_B ≤ z_B ≤ l_B with z_A, z_B increasing in the direction of motion of nuclei A, B. Nucleon densities ρ_A, ρ_B are given as ρ_A = γρ_0, ρ_B = γρ_0, where ρ_0 is the density of nucleons in a nucleus at rest, ρ_0 = 0.138fm^{−3}, corresponding to a spherical nucleus with the radius R_A = 1.2A^{1/3}fm.

Comparison with earlier as well as with recent NA50 data [24] indicates that nuclear absorption (NA) can describe J/ψ suppression up to S+U interactions and only Pb-Pb case cannot be described by NA. According to the Blaizot-Ollitrault (BO) [14] mechanism of J/ψ suppression by QGP, all J/ψ’s produced in tube-on-tube collisions are totally absorbed, provided that κ_{BO}(b, s, θ) = ρ_Aσ_{nn}2l_A(s) + ρ_B σ_{nn}2l_B(b, s, θ) ≥ κ_{BO,c} (4) where κ_{BO,c} = 9.75 and σ_{nn} denotes the non–difractive nucleon–nucleon cross–section. We are using here the notation of Ref.[26]. In this case, the factor F_{QGP} in Eq.(3) becomes simply F_{QGP} = Θ(κ_{BO,c} − κ_{BO}(b, s, θ)) (5) where Θ(x) is the Heavyside function.

In the Kharzeev, Nardi, Lourenço, and Satz (KLNS) [16] model of J/ψ suppression by QGP one defines κ(b, s, θ)_{KS} = ρ_Aσ_{nn}2l_A(s).ρ_Bσ_{nn}2l_B (b, s, θ) ρ_Aσ_{nn}2l_A(s) + ρ_Bσ_{nn}2l_B(b, s, θ) (6) and it is assumed that all J/ψ’s produced in a tube-on-tube interaction are completely suppressed, provided that κ_{KS} (b, s, θ) ≥ κ_{KS,c} (7) This is equivalent to the factor F_{QGP} = Θ(κ_{KS,c} − κ_{KS} (b, s, θ)) (8) in Eq.(3). In their model KLNS take into account that 60% of J/ψ’s in the final state is produced directly (after ψ’ decays have been subtracted, since ψ’ is suppressed already in S+U interactions) and 40% come from χ_c decays. The value κ_{KS,c} = 2.43 corresponds to χ_c suppression and the threshold for the supression of directly produced J/ψ is higher. In our notation the second threshold would appear at about κ^{J/ψ}_{KS,c} ≈ 2.9. The corresponding F_{QGP} in Eq.(3) would then become F_{QGP} = 0.4Θ(2.43 − κ_{KS} (b, s, θ)) + 0.6Θ(2.9 − κ_{KS} (b, s, θ)) (9)

Since we are mostly interested in the first threshold we shall use below F_{QGP} as given by Eq.(8). The value of the transverse energy E_T (in GeV) in NA50 experiments is approximately given as

E_T (b) = 0.325N_w (b) (10)

where N_w (b) is the number of participating (wounded) nucleous in a Pb-Pb collision at the impact parameter b.

The onset of anomalous J/ψ suppression as given by both BO and KLNS models is rather abrupt and it seems that this is also required by the data, see, however, Refs.[27, 28].

3 Model of the space and time dependence of density of intermediate stage gluons

Intermediate stage gluons are supposed to be produced in individual nucleonnucleon collisions by the mechanism g+g → g+g. The arguments supporting this possibility are summarized in Appendix A. We assume that the dynamics of the formation of the gluon gas is –at least in the first stage of the collision when nuclei pas through each other – basically longitudinal and that we can treat separately gluons produced in different tube-on-tube collisions. Some support to this simplification comes from the fact that σ(g + g → g + g) is peaked in forward and backward directions. In the calculations below we shall use the c.m.s. of nucleon-nucleon collision. The tubes pass through each other at the time t_1 = l_A + l_B

The total number of nucleon-nucleon collisions before time t_1 is N_{nn} = ρ_Aσ_{nn}2l_A(s).ρ_Bσ_{nn}2l_B(b, s, θ) (11) where ρ_A = ρ_B = γρ_0 and ρ_0 is the nucleon density for nucleus at rest. At the time t_1 the volume of the two tubes is V = (2l_A + 2l_B)σ_{nn}. Denoting the average number of gluons per nucleon-nucleon collision as n_{g/nn} and assuming the density of gluons to be homogeneous within the two tubes, just after they have passed through each other, we obtain for the density of gluons at the time t_1

n(t_1) = ρ_Aσ_{nn}2l_A(s).ρ_Bσ_{nn}2l_B (b, s, θ) (2l_A + 2l_B )σ_{nn} n_{g/nn} (12)

For t ≤ t_1 we shall assume that n(t) = t t_1 n(t_1), t ≤ t_1 (13)

Gluons, when produced in nucleon–nucleon collisions are supposed to have energies mostly in the interval of 0.6 – 1.0 GeV and for estimates we shall take the average energy of a gluon at t_1 as E_g(t_1) = 0.8 GeV. The energy density of the system of gluons at the time t_1 corresponding to the density in Eq.(12) then becomes

ϵ_g(t_1) = 0.8GeV.n(t_1) (14)

Depending on the value of ϵ(t_1) we shall define below three regimes i) The energy density ϵ(t_1) is lower than the critical value ϵ(t_1) ≤ ϵ_c, where ϵ_c corresponds to the energy density of the phase transition to thermalized gluons or QGP. For numerical estimates we shall take here the value obtained in the lattice calculations ϵ_c = 0.7 GeV/fm^3. In this case the system of gluons rapidly hadronizes. We shall describe the hadronization by

n(t) = n(t_1) exp ( − t − t_1 τ_h ) (15)

where τ_h is the hadronization time. For numerical estimates we shall take τ_h = 1fm/c.

ii) The energy density ϵ(t_1) is larger than ϵ_c, but due to the longitudinal expansion the energy density of ISG becomes lower than ϵ_c before ISG thermalizes. Supposing that ISG expands with velocity v_0 (we have in mind the rapidity interval −0.5 ≤ y ≤ 0.5 and v_0/2 is the velocity at y=0.5 ). In the c.m. frame of nucleon–nucleon collision we have from the energy conservation

ϵ(t) = ϵ(t_1)

2l_A + 2l_B 2l_A + 2l_B + v_0(t − t_1)

, t ≥ t_1 (16)

denoting the thermalization time as t_{T h}, the condition for reaching the thermalization becomes ϵ(t_1 + t_{T h}) ≥ ϵ_c (17) If this is not true the system will reach the energy density ϵ_c before it is thermalized. In that case there exists the time t_2 ≤ t_1 + t_{T h} for which it holds ϵ(t_2) = ϵ_c = ϵ(t_1)

2l_A + 2l_B 2l_A + 2l_B + v_0(t_2 − t_1)

(18)

From Eq.(18) we find

t_2 = t_1 + 1 v_0 [ ϵ(t_1) ϵ_c − 1 ] (2l_A + 2l_B) (19)

The system thus does not reach thermalization provided that 1 v_0 [ ϵ(t_1) ϵ_c − 1 ] (2l_A + 2l_B) ≤ t_{T h} (20)

During the approach to thermalization the average energy per gluon will decrease from the original value of about 0.8 GeV to the thermal value of about 0.2 GeV. This can happen by the branching of originally produced off– the–mass–shell gluons or by processes like g+g→ g+g+g. Since the emission of a gluon with energy of about ΔE ∼ 0.2 GeV takes the time interval Δt ∼ h̄/ΔE ∼ 1fm/c we expect that the time of thermalization t_{T h} satisfies the condition 2fm/c ≤ t_{T h} ≤ 3fm/c (21) for numerical estimates we shall take t_{T h} = 2.6 fm/c. In the case that t_2−t_1 ≤ t_{T h} the density of gluons within the time interval t_1 ≤ t ≤ t_2 will be described as n(t) = [ n(t_1) + t − t_1 τ_{em} n(t_1) ] 2l_A + 2l_B 2l_A + 2l_B + v_0(t − t_1)

(22)

and at t_2 given by Eq.(19) the density of gluons becomes

n(t_2) = [ n(t_1) + t_2 − t_1 τ_{em} n(t_1) ] 2l_A + 2l_B 2l_A + 2l_B + v_0(t_2 − t_1)

(23)

where τ_{em} ≈ 1 fm/c is the time for the emission of an additional gluon, we shall take τ_{em} = 1 fm/c. Since thermalization has not been reached the system after the time t_2 hadronizes according to

n(t) = n(t_2) exp ( − t − t_2 τ_h ) (24)

(iii) In this case ISG reaches thermal equilibrium. For t_1 ≤ t ≤ t_1 + t_{T h} the density of gluons depends on time according to Eq.(22). We shall assume that in this case J/ψ will be suppressed by the Matsui–Satz mechanism [1]. Since the mechanism is supposed to dissolve J/ψ rapidly, we do not need to specify further evolution of n(t) for these tube–on–tube collisions.

Figure 1: Time dependence of the density of gluons n(t) in collision of the two tubes of lengths 2l_A = 2l_B = 2R_{P b}/γ = 1.58 fm. In all cases we have used the values of parameters ϵ_g = 0.8 GeV, τ_{em} = 1 fm/c, ϵ_c = 0.7 GeV/fm^3. The curve (a) corresponds to n_{g/nn} = 0.24 (subcritical case), (b) refers to n_{g/nn} = 0.42 (supercritical but non-thermalized, and (c) to n_{g/nn} = 0.58 (thermalized). The time when thermalization has been reached is denoted by the dot.

The density of gluons corresponding to the three possible types of the evolution of gluon densities is shown in Fig.1, where we considere collisions of the longest possible tubes in central Pb–Pb interaction.

Note that the time of thermalization in the case (a) in Fig. 1 is about 4 fm/c what is probably the maximum one can expect to be reasonable for a purely longitudinal expansion of the system.

4 J/ψ suppression by intermediate stage glu- ons We shall now study J/ψ suppression by intermediate state gluons. To see the gluon contribution better we shall switch of all the other contributions.

The suppression factor F_{gJ/ψ} is given as F_{gJ/ψ} = exp − ∫_∞ t_0 v_gn(t)σ_{gJ/ψ}dt (25)

where t_0 is the time when J/ψ has been produced in a collision of two nucleons, t_0 is given by z_A and z_B,

t_0 = (l_A − z_A + l_B − z_B)/2

v_g is the relative velocity of the gluon and J/ψ (we shall take v_g = 1 in c = 1 units) and σ_{gJ/ψ} is the averaged cross-section for the dissociation of J/ψ in a collision with a gluon. This expression is valid for each tube - on - tube collision. In Fig. 2 we show the E_T dependence of the F_{gJ/ψ}(E_T ) factor for cases corresponding to the function n(t) presented in Fig.1. Results in Fig. 2 allow us to make a few conclusions

• Cases (a1) and (a2) never lead to energy density larger than the critical.

This results in a rapid hadronization of gluons. The factor F_{gJ/ψ}(E_T ) is rather large and does not show any rapid onset of J/ψ suppression at some value of E_T . This is true even for rather large values of the dissociation cross–section σ_{gψ}.

• Cases (b1) and (b2) correspond to larger gluon densities. Assuming that σ_{gψ} is as large as 1 - 2 mb, the factor F_{gJ/ψ}(E_T ) can go down to values of about 0.5 for large values of E_T . In combination with the effects of nuclear absorption it could lead to values of J/ψ survival probability consistent with data. On the other hand this mechanism does not show any rapid onset of J/ψ suppression at some value of E_T • In the case of (c1) and (c2) the value of n_{g/nn} is chosen in such a way that the thermalization of gluon gas appears first in Pb-Pb collisions at around E_T = 40 GeV. The Matsui – Satz mechanism leads to an onset of J/ψ suppression at around this value of E_T . The rapid onset is visible in the curve (c1), but it is washed out in the curve (c2).

Figure 2: The factor F_{gJ/ψ}(E_T ) for J/ψ suppression in Pb–Pb collisions at the SPS. The following parameters have the same values in all cases:ϵ_g = 0.8 GeV, τ_{em} = 1 fm/c, ϵ_c = 0.7 GeV/fm^3. Other parameters are different in individual cases. For (a1) n_{g/nn} = 0.24, σ_{gψ} = 1mb, (a2) n_{g/nn} = 0.24, σ_{gψ} = 2mb, (b1) n_{g/nn} = 0.42, σ_{gψ} = 1mb, (b2) n_{g/nn} = 0.42, σ_{gψ} = 2mb, (c1) n_{g/nn} = 0.58, σ_{gψ} = 1mb, (c2) n_{g/nn} = 0.58, σ_{gψ} = 2mb.

We shall now study in more detail the case when dissociation of J/ψ is present together with the Matsui – Satz mechanism. In Fig.3 we present the J/ψ survival probability for n_{g/nn} = 0.58 and with the nuclear absorption switched off.

In Fig.3 we see again that with increasing σ_{gψ} the survival probability decreases, but the abrupt onset of increasing J/ψ suppression is gradually washed out.

Finally, in Fig. 4 we present the results of the same calculation as shown in Fig. 3 with only one difference: nuclear absorption with σ_a = 4.2 mb, [24] is included. Results presented in Fig. 4 summarize the situation. The curve (a) shows the well known fact that the nuclear absorption alone cannot

Figure 3: The survival probability S(E_T ) in Pb–Pb collisions at the SPS for the case of vanishing nuclear absorption, Matsui – Satz mechanism and J/ψ dissociation of gluons present. In all cases n_{g/nn} = 0.58, (d1) σ_{gψ} = 0.0 mb; (d2) σ_{gψ} = 0.2 mb; (d3) σ_{gψ} = 0.4 mb; (d4) σ_{gψ} = 0.6 mb; (d5) σ_{gψ} = 0.8 mb; (d6) σ_{gψ} = 1.0 mb; (d7) σ_{gψ} = 1.5 mb. Other parameters fixed: ϵ_g = 0.8 GeV, τ_{em} = 1 fm/c, ϵ_c = 0.7 GeV/fm^3.

reproduce J/ψ suppression in Pb–Pb interactions as observed by the NA50 Collaboration [35]. The curve (f1) agrees in a qualitative way with the patterns of the data [35]. This curve corresponds to the Matsui–Satz mechanism [1] in the KLNS formalism [16]. This is seen from from the calculation of n(t_1) as given by Eq. (12) and of the energy density of the system of gluons according to Eq. (14). Note that for the curve (f1) the cross–section σ_{gψ} for the dissociation of J/ψ by gluons vanishes. The curves (f2) to (f8) contain both the Matsui–Satz mechanism and the dissociation of J/ψ by gluons, but σ_{gψ} is gradually increasing. The abrupt onset of J/ψ suppression at E_T ≈ 40 GeV is gradually washed - out. This is also natural since with increasing σ_{gψ} more and more of J/ψ’s are suppressed by interactions with gluons and the

Figure 4: The survival probability S(E_T ) in Pb–Pb collisions at the SPS for the case of nuclear absorption with σ_a = 4.2 mb, Matsui – Satz mechanism and J/ψ dissociation of gluons present. In all cases n_{g/nn} = 0.58, (a) only nuclear absorption. In further cases Matsui – Satz mechanism included. (f1) σ_{gψ} = 0.0 mb; (f2) σ_{gψ} = 0.2 mb; (f3) σ_{gψ} = 0.4 mb; (f4) σ_{gψ} = 0.6 mb; (f5) σ_{gψ} = 0.8 mb; (f6) σ_{gψ} = 1.0 mb; (f7) σ_{gψ} = 1.5 mb. Other parameters fixed: ϵ_g = 0.8 GeV, τ_{em} = 1 fm/c, ϵ_c = 0.7 GeV/fm^3. Data taken from Ref.[35]

Matsui–Satz mechanism dissolves only those J/ψ’s that survived interaction with gluons.

5 Comments and conclusions

The purpose of the present paper was not to make detailed analysis of J/ψ suppression by the ISG. We were more interested in qualitative features of the ISG model and its possibilities to approach the results following from models based on J/ψ suppression by QGP. More detailed analysis would certainly require using Woods-Saxon densities, using more accurate relationship between E_T and b, respecting fluctuations, etc. But we are convinced that qualitative features of prediction of our version of the ISG model and in particular of its differences with respect to the QGP model would survive the improvements brought in by more sophisticated analysis. The question of whether J/ψ is suppressed by QGP or by another mechanism will be finally decided by experiment, hopefully by the forthcoming data by NA60 Collaboration. If the anomalous J/ψ suppression will turn up to be really as abrupt as possible, and this is the case of QGP model, other interpretation will be in problems. If it will turn out to be less abrupt, it will be easy for other models to fit the data.

As a by–product the present model provides a sketch of a possible space– time picture of the dynamics of nuclear collisions at the CERN SPS. The picture contains the following ingredients

• When nuclei traverse each other, each nucleon looses energy in semi– hard nucleon–nucleon collisions. The cross–section of this process is about 10mb and in each of the collisions two gluons with energy of about 0.6 – 1.0 GeV are produced. When traversing the Lorentz contracted length 2L_B ≈ 1.1 fm in the other nucleus, a nucleon makes about 1.4 collisions and looses in average about 1 GeV of energy.

• During the time when nuclei cross each other there is no production of hadrons or gluons with lower transverse momenta because of reasons described in the Appendix, see also Ref. [36].

• The fragmentation of nucleons starts only after the two tubes have crossed each other.

The picture indicates why on the one hand the Wounded Nucleon Model [34] is a reasonable first approximation to particle production and on the other hand it shows that production of energy densities permitting the formation of QGP can be caused by semi–hard processes.

Appendix

In nuclear interactions soft exchanges in nucleon- nucleon subcollisions are suppressed by the Landau-Pomeranchuk-Migdal (LPM) mechanism, for a review see Ref.[37]. If time interval and longitudinal distance between two subsequent collisions of a nucleon from nucleus A with nucleons in nuclei B are Δt and Δz the LPM mechanism suppresses processes with energy and momentum transfer obeying the condition Δp_z < h̄ Δz , ΔE < h̄ Δt (26)

Mean free path for a nucleon passing through a nucleus at rest is about 3fm. When considering a collision of two nuclei at E_{lab} ≈ 200GeV , in the c.m.s. of nucleon-nucleon collision both nuclei are contracted by the Lorentz factor γ ≈ 10, the mean free path becomes shorter by the factor γ and Eq.(26) leads to suppression of energy and momentum transfers with Δp_z < 600MeV/c, ΔE < 600MeV (27) The problem with estimating the density of intermediate stage gluons in nuclear collisions is due to the fact that there is no reliable theory of nuclear interactions in the CERN SPS energy region. In this situation we can use only models which might reflect to some extent what is really happening. The venerable Wounded Nucleon Model (WNM) [34] describes the production of secondary hadrons in nuclear collisions as a fragmentation of participating (wounded) nucleons. The fragmentation is independednt of the number of preceding collisions. The model does not describe details of the transverse energy production in nuclear collisions and proton stopping. Apparently there exists also some contribution to the total transverse energy in nuclear collisions given roughly by the number of nucleon-nucleon interactions.

There are two groups of models indicating that even in the CERN SPS energy region this does happen and partonic degrees of freedom may play an important role.

First, in Glauber type models of multiparticle production, see Refs.[38, 39, 40, 42] aiming to describe the proton stopping and the production of total transverse energy in pA (and AB) collisions one has to assume some loss of proton momentum in each of ν sub-collisions. For instance in Ref.[42] the author requires the degradation of proton’s momentum by Δy ≈ 0.5 (in the c.m.s. of proton-nucleon collisions). This means that the proton’s momentum is changing in an SPS experiment from the original 10GeV/c (in the c.m.s.) to 6.05 GeV/c after the first collision, to 3.62 GeV/c after the second one, to 2.13 GeV/c after third one, and to 1.25GeV/c after the fourth one. The corresponding momentum losses are: 4 GeV/c; 2.4 GeV/c; 1.3 GeV/c and 0.8 GeV/c. The average of these four momentum losses is 2.13 GeV/c, and although this indicates that perhaps the collisions may be considered as semi-hard and that the partonic degrees of freedom might be relevant.

In models of this type there has always been a problem of why secondary hadrons assumed to be produced in individual nucleon- nucleon collisions do not cause intense cascades in the region of E_{lab} of a few hundreds of GeV. The standard solution of the problem is to introduce for secondary hadrons a formation time τ_f with Lorentz dilated τ_f responsible for the attenuation of cascade effects.

Second, in their analysis of the magnitude of the nucleon- nucleon nondifractive cross- section (σ_{N D}) the authors of Refs.[44, 45, 46] have shown that most of or the whole of σ_{N D} can be described as due to semihard QCD processes. Abou-El-Naga, Geiger and Müller [44] have calculated σ_{N D} = σ_{QCD} by using the perturbative QCD expressions (in the lowest order) for the elastic parton-parton scattering. The parameter Q^2 entering the structure functions and the θ- function is taken as Q^2 = p^2_T = ût̂/ŝ with ŝ = x_1x_2s. Cross-sections for Q^2 ≤ (p^{min}_T )^2 were put equal to zero. The value of p^{min}_T was taken as a free parameter to be determined by the requirement that the whole of σ_{N D} is given by the perturbative QCD calculation. Structure functions were taken either from Eichten et al.[48] (EHLQ) or from Glück et al.[49].

The magnitude of σ_{N D} depends in a crucial way on the value of Q^2 at a given value of s. The measured value of σ_{N D} is equal to σ_{QCD} (most of that being due to gg interaction) provided that √ Q^2 = p^{min}_T = p_0 ( s GeV^2 )_α

with parameters α = 0.115 and p_0 =)0.485GeV/c for the EHLQ structure functions and α = 0.151 and p_0 = 0.357 for GRV structure functions.

For s=400 GeV^2 corresponding to the CERN SPS this gives p^{min}_T = 0.97 GeV/c for the EHLQ case and 0.88 GeV/c for the GRV one. Of course, the pQCD is used in the situation when extrapolations are not reliable, neither in what concerns the Q^2 dependence of structure functions nor in calculations of parton- parton cross- sections. But it is still reasonable to assume that some fraction of σ_{N D} is due to parton- parton (mostly gg) interactions.

Acknowledgements One of the authors (J.P.) is indebted to the CERN Theory Division for the hospitality extended to him. The work of J.P. and N.P. has been supported also by the grant of the Slovak Ministry of Education VEGA F2V13.

References

[1] T.Matsui and H.Satz, Phys. Lett. B178 (1986) 416 [2] M.Gonin et al., NA50 Collab., Nucl. Phys. A610 (1996) 404c;

C.Lourenço et al., NA50 Collab., Nucl. Phys. A610 (1996) 552c [3] M.C.Abreu et al., NA50 Collab., Phys. Lett. B410 337 [4] C.Gerschel and J. Hüfner, Phys.Lett. B207 (1988) 253; A.Capella et al., Phys.Lett. B206 (1988) 354; A.Capella et al., Phys.Lett. B243 (1990) 144 [5] C.Gerschel and J.Hüfner, Zeit.f. Phys. C56 (1992) 171 [6] C.Gerschel and J.Hüfner, Annu. Rev. Nucl. Part. Sci. 49 (1999) 255 [7] S.J.Brodsky, A.H.Mueller, Phys.Lett. B206 (1988) 685 [8] J.Ftáčnik, P.Lichard, and J.Pišút, Phys. Lett. B208 (1988) 194, S.Gavin, M.Gyulassy, and A.Jackson, Phys. Lett. B208 (1988) 257, R.Vogt, M.Prakash, P.Koch, and T.H.Hansen, Phys.Lett. B 207 (1988) 263, J.-P.Blaizot and J.-Y.Ollitrault, Phys. Rev. D39 (1989) 232, J.Ftáčnik, P.Lichard, N. Pišútová, and J.Pišút, Zeit. f. Phys. C42 (1989) 132 [9] R.Vogt, Physics Reports, 310 (1999) 197, R.Vogt, and S.Gavin, Nucl.

Phys. B345 (1990) 104 [10] C.Spieles, R.Vogt, L.Gerland, S.A.Bass, M.Bleicher, and H.Stöcker, Phys. Rev. C60 (1999) 054901 [11] N.Armesto, A.Capella, and E.G.Ferreiro, Phys.Rev. C59 (1999) 315 [12] R.Vogt, Phys.Lett. 430 (1998) 15 [13] A.Capella, E.G.Ferreiro, and A.B.Kaidalov, Phys.Rev.Lett. 85 (2000) 2080 [14] J.-P.Blaizot and J.-Y.Ollitrault, Phys. Rev. Lett. 77 (1996) 1703 [15] J.-P.Blaizot, P.M.Dinh, and J.-Y.Ollitrault, Phys. Rev. Lett. 85 (2000) 4012 [16] D.Kharzeev, C.Lourenço, M.Nardi and H.Satz, Zeit. f. Phys. C74 (1997) 307; D.Kharzeev, Nucl. Phys. A638 (1998) 219c; D. Kharzeev, M.Nardi and H.Satz, Phys. Lett. 405 (1997) 14 [17] H.Satz, Reports on Progress in Physics, 63 (2000) 1511

[18] A.K.Chaudhuri, Phys. Rev. C64 (2001) 054903 [19] D.Kharzeev, and H.Satz, Phys. Lett. B334 (1994) 115; D.Kharzeev et al., Eur. Phys. J. C9 (1999) 459 [20] K.Geiger, Phys. Reports, 258 (1995) 238, K.Geiger, Comp. Phys.

Comm., 104 (1997) 70, J.Ellis and K.Geiger, Phys. Rev. D52 (1995) 1500 [21] D.K.Srivastava, and K.Geiger, Phys. Lett. B422 (1998) 39 [22] S.A.Bass et al., Progr. in Part. and Nucl. Phys. 42 (1999) 313 [23] J.Ftáčnik, J.Pišút and N.Pišútová, Acta Phys. Slov.47 (1997) 449, earlier version: hep-ph/9604304 [24] B. Alessandro et al, NA50 Collaboration, CERN–EP/2002–100, to be published in Phys. Letters B.

[25] M.C.Abreu et al., NA50 Collaboration, Phys. Lett. B477 (2000) 28 [26] A.Nogová, N.Pišútová, J.Pišút, Phys.Lett.B500 (2001) 59 [27] J. Qiu, J. P. Vary, X. Zhang, Nucl. Phys. A698 (2002) 571 [28] A. K. Chaudhury, Phys. Rev. Lett. 88 (2002) 232302 [29] D. Kharzeev, and H. Satz, Phys. Lett. B334 (1994) 155 [30] R.Wittmann and U.Heinz, Zeit. f. Phys. C59 (1993) 77 [31] F.Karsch, E.Laermann, and A.Peikert, Nucl. Phys. B605 (2001) 579 [32] R. Baier, A. H. Mueller, D. Schiff, and D.T. Son, Phys. Lett. B502 (2001) 51 [33] J. Pišút, N. Pišútová, and B. Tomášik, nucl–th/0301077 [34] A.Bialas, M.Bleszynski and W.Czyz, Nucl. Phys. B111 (1976) 461;

A.Bialas, in Proceedings of the XIIIth Int. Symposium on Multiparticle Dynamics, edited by W.Kittel, W.Metzger and A.Stergion, World Scientific, Singapore, 1983, p.328 [35] L. Ramello, NA50 Collaboration, in Quark Matter 2002, Proc. Int. Conference June 2002, Nantes, France, 18-24,July, 2002, Editors H. Gutbrod, J. Aichelin, and K. Werner, Nucl. Phys. A715 (2003) 243c; P. Cortese, NA50 Collab., Nucl. Phys. A715 (2003) 679c [36] R. Lietava, J. Pišút, N. Pišútová, and B. Tomášik, Eur. Phys. J. C28 (2003) 119, nucl-th/0301052

[37] E.L.Feinberg and I.Ya. Pomeranchuk, Suppl. Nuovo Cimento, 3 (1956) 652 [38] S.Date, M.Gyulassy, and H.Sumiyoshi, Phys.Rev. D32 (1985) 617 [39] P.Lichard, Zeit.f.Phys. C37 (1987)125 [40] C.Y.Wong, Phys. Rev. D32 (1985) 94, D30 (1984) 961, D30 (1984) 972; C33 (1986) 1340 [41] P.Závada, Zeit. f. Phys. C32 (1986) 135, Phys. Rev. C40 (1989) 285 and C42 (1990) 1104, J.Pišút, N.Pišútová and P.Závada, Zeit. f. Phys. C67 (1995) 467 [42] R.Lietava, Acta Phys. Slov. 49 (1999) 209 [43] S.Jeon, and J.Kapusta, Phys. Rev. C56 (1997), C.Gale, S.Jeon, and J.Kapusta, Phys.Rev.Lett. 82 (1999) 1639, E.Marco, and E.Oset, Nucl.Phys. A645 (1999) 303 [44] N.Abou-el-Naga, K.Geiger, and B.Müller, J. Phys. G18 (1992) 797 [45] T.Sjöstrand, and M. van Zijl, Phys. Rev. D36 (1987) 2019 [46] L.Durand, and H.Pi, Phys. Rev. Lett. 58 (1987) 303 and Phys.Rev. D40 (1989) 1436; T.K.Geisser, and F.Halzen, Phys. Rev. Lett. 54 (1985) 1754; M.Block et al., Phys. Rev. D41 (1990) 978; M.Block et al., Phys. Lett. B252 (1990) 481 [47] B.L.Combridge, J.Kripfganz, and J.Ranft, Phys. Lett. B70 (1977) 234 [48] E.Eichten et al.,Rev. Mod. Phys. 56 (1984) 579 [49] M.Glück, E.Reya, and A.Vogt, Zeit.f. Phys. C48 (1990) 471