arXiv:nucl-th/0110075 v1 29 Oct 2001

Gluon Shadowing and Hadron Production at RHIC

Shi-yuan Li^a and Xin-Nian Wang^{b,a} aDepartment of Physics, Shandong University, Jinan, P.R.C., 250100 b Nuclear Science Division, Mailstop 70-319, Lawrence Berkeley Laboratory, Berkeley, California 94720. (October 3,2001)

Hadron multiplicity in the central rapidity region of high-energy heavy-ion collisions is investigated within a two-component mini-jet model which consists of soft and semi-hard particle production. The hard contribution from mini-jets is reevaluated using the latest parameterization of parton distributions and nuclear shadowing. The energy dependence of the experimental data from RHIC requires a strong nuclear shadowing of the gluon distribution in this model. The centrality dependence of the hadron multiplicity at √ s = 130 GeV is reproduced well with the impact-parameter dependent parton shadowing. However, energy variation of the centrality dependence is needed to distinguish different particle production mechanisms such as the parton saturation model.

25.75.-q,12.38.Bx,12.38.Mh,24.85.+p

Formation of quark-gluon plasma (QGP) in highenergy heavy-ion collisions hinges crucially on the initial condition that is reached in the earliest stage of the violent nuclear interaction. Though many proposed signals can provide more direct measurements of the initial parton density, they must compliment results inferred indirectly from the measurement of final hadron multiplicity using either simple scenarios such as the Bjorken model [1] or other dynamic models. Therefore, global observables such as the rapidity density of hadron multiplicity can provide an important link of a puzzle that can eventually lead one to a more complete picture of the dynamics of heavy-ion collisions and formation of QGP. Furthermore, the study of energy and centrality dependence of central rapidity density [2] can also provide important constraints on models of initial entropy production and shed lights on the initial parton distributions in nuclei. For example, the available RHIC experimental data [3–7] can already rule out the simple two-component model without nuclear modification of the parton distributions in nuclei [2]. In this paper, we will study within the two-component model how the RHIC data constrain the unknown nuclear shadowing of the gluon distribution in nuclei and how to further distinguish such a conventional parton production mechanism from other novel physics such as parton saturation [8,9].

Mini-jet production in a two-component model has long been proposed to explain the energy dependence of total cross section [10,11] and particle production [12,13] in high-energy hadron collisions. It has also been proposed [15,14] and incorporated in the HIJING model [16,17] to describe initial parton production in high-energy heavy-ion collisions. In this simple twocomponent model, one assumes that events of nucleonnucleon collisions at high energy can be divided into those with and without hard or semi-hard processes of jet production. The soft and hard processes are separated by a cut-off scale p_0. While the cross section of soft interaction σ_{soft} is considered nonperturbative and thus noncalculable, the jet production cross section σ_{jet} is assumed to be given by perturbative QCD (pQCD) for transverse momentum transfer p_T > p_0. The two parameters, σ_{soft} and p_0, are determined phenomenologically by fitting the experimental data of total p+p(p̄) cross sections within the two-component model [10–13,16,17].

The cut-off scale p_0, separating nonperturbative and pQCD components, could in principle depend on both energy and nuclear size. Using Duke-Owens parameterization [18] of parton distributions in nucleons, it was found in the HIJING [16] model that an energy independent cut-off scale p_0 = 2 GeV/c is sufficient to reproduce the experimental data on total cross sections and the hadron multiplicity in p + p(p̄) collisions, assuming that the soft cross section σ_{soft} is also constant. Since then, analysis of recent experimental data from deep-inelastic scattering (DIS) of lepton and nucleon at HERA indicated [19] that gluon distribution inside a nucleon is much larger than the DO parameterization at small x. Many new parameterizations of the parton distributions have become available. Using the Gluck-Reya-Vogt (GRV) parameterization [19] of parton distributions and following the same procedure as in the original HIJING [16], we find that one can no longer fit the experimental p + p(p̄) data using a constant cut-off scale p_0 within the two-component model. One has to assume an energy dependent cut-off scale p_0( √ s). Because of the rapid increase of gluon distribution at small x, we find that the cut-off p_0( √ s) has to increase slightly with energy in order to fit the experimental data.

Shown in Fig. 1 is the calculated central rapidity density, dN_{ch} dη = ⟨n⟩_s + ⟨n⟩_h σ_{jet}(s) σ_{in}(s)

, (1)

for p + p(p̄) collisions as a function of energy √ s, where ⟨n⟩_s = 1.6 and ⟨n⟩_h = 2.2 represent particle production from soft interaction and jet hadronization, respectively. The jet cross section in lowest order of pQCD is given by σ_{jet} = K ∫_{s/4} p^2_0

dp^2_T dy_1dy_2 1 2 ∑ a,b,c,d x_1x_2f_a(x_1)f_b(x_2) dσ_{ab→cd} dt̂ , (2) with the GRV parameterization [19] of parton distributions f_a(x), a K-factor of 2 and an energy-dependent cut-off scale

p_0( √ s) = 3.91 − 3.34 log(log √ s) + 0.98 log^2(log √ s) + 0.23 log^3(log √ s). (3)

Assuming eikonalization of hard and soft processes, the total inelastic p+p(p̄) cross section in this two-component model is [16],

σ_{in} = ∫ d^2b [ 1 − e^{−(σjet+σsoft )TNN (b)} ] , (4)

where T_{NN} (b) is the nucleon-nucleon overlap function and σ_{soft} = 57 mb represents the inclusive soft cross section. Notice that the energy-dependence of p_0( √ s) is quite weak, ranging from p_0 = 1.7 GeV/c at √ s = 20 GeV to 3.5 GeV/c at √ s = 5 TeV.

FIG. 1. Charged particle rapidity density per participating nucleon pair versus the c.m. energy. The RHIC data [3,4] (filled circle and up-triangle) for the 6% most central Au+Au are compared to pp and pp̄ data (open symbols) [20–22] and the NA49 P b + P b(central 5%) data [23] (filled square). The two-component mini-jet model with and without shadowing is also shown. The shaded area for central Au + Au collisions corresponds to the range of gluon shadowing parameter sg = 0.24–0.28 [Eq. (9)].

To extrapolate the two-component model to nuclear collisions, one assumes that multiple mini-jet production is incoherent and thus is proportional to the number of binary collisions N_{binary}. The soft interaction is however coherent and proportional to the number of participant nucleons N_{part} according to the wounded nucleon model [24]. Assuming no final state effects on multiplicity from jet hadronization, the rapidity density of hadron multiplicity in heavy-ion collisions is then, dN_{ch} dη = 1 2 ⟨N_{part}⟩⟨n⟩_s + ⟨n⟩_h⟨N_{binary} ⟩ σ^{AA}_{jet} (s)

σ_{in}

, (5)

where σ^{AA}_{jet} (s) is the averaged inclusive jet cross section per N N in AA collisions. The average number of participant nucleons and number of binary collisions for given impact-parameters can be estimated using HIJING Monte Carlo simulation. If one assumes that the jet production cross section σ^{AA}_{jet} (s) is the same as in p + p collisions, the resultant energy dependence of the multiplicity density in central nuclear collisions is much stronger than the RHIC data as shown in Fig. 1. Therefore, one has to consider nuclear effects of jet production in heavy-ion collisions.

In high-energy nuclear collisions, multiple mini-jet production can occur within the same transverse area. If there are more than one pair of mini-jet production within the transverse area given by the jet’s intrinsic size π/p^2_0, jet production within this area might not be independent any more [16]. If such a criteria is used for independent jet production within one unit of rapidity, one can then obtain a cut-off scale p_0 in a so-called final state saturation model [25],

p_0 ≈ 0.187 A^{0.136}( √ s)^{0.205} (6)

that also depends on nuclear size for central heavy-ion collisions. This cut-off scale, though increasing with nuclear size, ranges from 0.7 GeV/c at √ s = 20 GeV to 2.2 GeV/c at √ s = 5 TeV for central Au + Au collisions, which is much smaller than what we have obtained in Eq. (3) by fitting p + p(p̄) data. Therefore, if we apply the two-component model to heavy-ion collisions with the same cut-off scale in Eq. (3) as determined in p + p(p̄) collisions, the criteria for independent jet production will never be violated. Instead, we will assume the cut-off scale to be independent of nuclear size in this paper.

In principle, jets produced in the early stage of heavyion collisions will also suffer final state interaction and induced gluon bremsstrahlung. For an energetic jet, this will lead to induced parton energy loss [26,27] and the suppression of large transverse momentum hadrons [28]. Such a jet quenching effect could also lead to increased total hadron multiplicity [28] due to the soft gluons from the bremsstrahlung. However, a recent study [29] of parton energy loss in a thermal environment found that the effective energy loss is significantly reduced for less energetic partons due to detailed balance by thermal absorption. Thus, only large energy jets lose significant energy via gluon bremsstrahlung. Since the production rates of these large energy jets are very small at the RHIC energy, their contributions to the total hadron multiplicity via jet quenching should also be small. Similarly we also assume that parton thermalization during the early stage contributes little to the final hadron multiplicity.

One important nuclear effect we have to consider in our two-component model is the nuclear shadowing of parton distributions or the depletion of effective parton distributions in nuclei at small x. Such a nuclear shadowing effect in jet production can be taken into account by assuming modified parton distributions in nuclei,

f^A_a (x, Q^2) = AR^A_a (x, Q^2)f^N_a (x, Q^2). (7)

Using the experimental data from DIS off nuclear targets and unmodified DGLAP evolution equations, one can parameterize R^A_a (x, Q^2) for different partons and nuclei [31,32]. Recent new data [30] however indicate that the simple parameterization for nuclear shadowing used in HIJING [16] is too strong for heavy nuclei. In this paper, we will use the following new parameterization,

R^A_q (x) = 1.0 + 1.19 log^{1/6}A (x^3 − 1.2x^2 + 0.21x)

− s_q (A^{1/3} − 1)^{0.6}(1 − 3.5 √ x) exp(−x^2/0.01) (8)

with s_q = 0.1 for all quark distributions as shown in Fig. 2 (solid lines) in comparison with the experimental data [30]. Also shown in the figure are parameterizations (dashed lines) by Hirai, Kumano and Miyama (HKM) [32] and the old HIJING parameterization [16]. The shadowing in the old HIJING parameterization (dotdashed lines) is apparently too strong for heavy nuclei. The HKM parameterizations also take into account constraints by momentum sum rules, as similarly in the original parameterizations by Eskola,Kolhinen and Salgado (EKS) [31]. For the purpose of this paper, one can neglect the scale dependence of the shadowing.

FIG. 2. Ratio of nuclear structure functions as measured in DIS. Solid lines are the new HIJING parameterization [Eq. 8], dashed lines are the HKM parameterization [32] and dot-dashed lines are the old HIJING parameterization [16]. The data are from Ref. [30].

The nuclear shadowing for gluons is somewhat constrained by the momentum sum rules in the HKM parameterization. However, the constraint is not very strong, leaving a lot of room for large variation of gluon shadowing. Shown in Fig. 3 are the shadowing factors for gluon distribution from EKS and HKM parameterizations. They both have strong anti-shadowing around x ∼ 0.1. The stronger anti-shadowing in EKS parameterization is due to additional constraints by the Q^2 dependence of F_2(Sn)/F_2(C), assuming the same unmodified DGLAP evolution equation for parton distributions of a nucleon. Since gluon-gluon scattering dominate the jet production cross section, such a strong gluon anti-shadowing leads to larger jet cross section and thus larger hadron multiplicity than in the case of no shadowing at the RHIC energies. Such a scenario within the two-component model is clearly inconsistent with the experimental data. We therefore propose the following parameterization for gluon shadowing,

R^A_g (x) = 1.0 + 1.19 log^{1/6}A (x^3 − 1.2x^2 + 0.21x)

− s_g (A^{1/3} − 1)^{0.6}(1 − 1.5x^{0.35}) exp(−x^2/0.004), (9)

with s_g = 0.24–0.28. This is shown in Fig. 3 as the solid lines. The hadron multiplicity density in the twocomponent model using the above gluon shadowing is shown in Fig. 1. The shaded area corresponds to the variation of s_g = 0.24–0.28. The RHIC data thus indicate that such a strong gluon shadowing is required within the two-component model. If one assumes the same gluon shadowing as the quarks in Eq. (8), the resultant dN/dη is only slightly smaller than the one without shadowing. Such a contraint on gluon shadowing is indirect and model dependent. It is important to study directly the gluon shadowing in other processes in AA or pA collisions.

FIG. 3. Ratios of gluon distributions in different nuclei given by the new HIJING [Eq. (9)] (solid line, the shaded area corresponds to sg = 0.24–0.28), old HIJING [16] (dot-dashed), HKM [32] (dashed) and EKS [31] (dotted) parameterization.

To take into account the impact-parameter dependence of the shadowing, we simply replace the shadowing parameters s_a in Eqs. (8) and (9) by

s_a(b) = s_a 5 3 (1 − b^2/R^2_A), (10)

where R_A = 1.12A^{1/3} is the nuclear size. With this impact-parameter dependence, the calculated jet cross section σ^{AA}_{jet} (s)/σ_{in} will also depend on the centrality of heavy-ion collisions, decreasing from peripheral to central collisions. One can then calculate the centrality dependence of the hadron multiplicity density. The results are shown in Fig. 4 as a function of N_{part} for Au + Au collisions at √ s = 56, 130 and 200 GeV. The shaded areas again correspond to the variation of the gluon shadowing parameter s_g = 0.24–0.28. Within statistical and systematic errors, the two-component mini-jet model with impact-parameter dependent parton shadowing describes the PHOBOS and PHENIX data [3,5] at √ s = 130 GeV well.

FIG. 4. The charged hadron central rapidity density per participant nucleon pair as a function of the averaged number of participants from the two-component model (shaded lines), two-parameter fit [Eq. (11)] (dot-dashed lines) and parton saturation model [9] as compared to experimental data [3,5,20,21].

To illustrate the effect of the impact-parameter dependence of the parton shadowing, we compare the results with a two-component parameterization, dN_{ch} dη = 1 2 ⟨N_{part}⟩n_s + ⟨N_{binary} ⟩n_h, (11)

shown as dot-dashed lines, where the two parameters, n_s and n_h, fixed at each energy by values of dN^{AA}_{ch} /dη in p + p collisions and the most central Au + Au collisions, are assumed to be independent of the centrality. The increase of 2dN_{ch}/dη/⟨N_{part}⟩ with ⟨N_{part}⟩ is driven only by the centrality dependence of ⟨N_{binary} ⟩/⟨N_{part}⟩ in this two-parameter fit. Comparing to such a two-parameter fit, the two-component mini-jet model has a flatter centrality dependence at high energies because the effective jet cross section decreases from peripheral to central collisions due to the impact-parameter dependence of parton shadowing. The better agreement between the experimental data and the two-component mini-jet model at √ s = 130 GeV is another indication of strong nuclear shadowing of the gluon distribution in mini-jet production.

Similar centrality dependencies are also predicted by other models [25,33], in particular the initial-state parton saturation model [8,9]. It is based on the nonlinear Yang-Mills field dynamics [14,34] assuming that nonlinear gluon interaction below a saturation scale Q^2_s ∼ α_s xG_A(x, Q^2_s)/πR^2_A leads to a classical behavior of the gluonic field inside a large nucleus, where G_A(x, Q^2_s) is the gluon distribution at x = 2Q_s/ √ s. Assuming particle production in high-energy heavy-ion collisions is dominated by gluon production from the classical gluon field, one has a simple form [9] for the charged hadron rapidity density at η = 0, 2 ⟨N_{part}⟩ dN_{ch} dη = c ( s s_0 )_{λ/2} [ log ( Q^2_{0s} Λ^2_{QCD} )

+ λ 2 log ( s s_0 )] , (12)

with c ≈ 0.82 [8]. This is shown in Fig. 4 as solid lines. Here, Λ_{QCD} = 0.2 GeV, λ = 0.25 and the centrality dependence of the saturation scale Q^2_{0s} at √ s_0 = 130 GeV is taken from Ref. [8].

FIG. 5. The ratios of charged hadron multiplicity density in Au + Au collisions at different energies as a function of the averaged number of participants shown with PHOBOS data [3,4].

Comparing the two model results in Fig. 4, one notices that the saturation and two-component model agree with each other in most regions of centrality except very peripheral and very central collisions. In central collisions, results of saturation model tend to be flatter than the two-component model. In this region, there are still strong fluctuations in parton production in the two-component model through the fluctuation of N_{binary} while N_{part} is limited by its maximum value of 2A. That is why dN_{ch}/dη/⟨N_{part}⟩ continues to increase with ⟨N_{part}⟩ in the central region. Such a fluctuation is not currently taken into account in the saturation model calculation. More accurate measurements with small errors (less than 5%) will help to distinguish these two different behaviors. For peripheral collisions, saturation model results fall off more rapidly than the mini-jet results. However, the experimental errors are very big in this region because of large uncertainties related to the determination of the number of participants. Therefore, it will be very useful to have light-ion collisions at the same energy to map out the nuclear dependence of the hadron multiplicity in this region. An alternative is to study the ratios of hadron multiplicity of heavy-ion collisions at two different energies as a function of centrality. In this case, the errors associated with the determination of centrality will mostly cancel. Shown in Fig. 5 are the ratios of hadron multiplicity at three different energies as a function of the averaged number of participants predicted by saturation and two-component model. One notices that while the results from saturation model have the same centrality dependence at all three energies the two-component model predicts slightly different behavior at different energies, indicating the energy dependence of the mini-jet component. So the ratios given by the saturation model are almost independent of centrality. On the other hand, two-component model predicts noticeable centrality dependence of the ratios. This is especially true for the ratio between collisions at √ s = 200 and 56 GeV.

It is interesting to point out that in the saturation model that assumes a particle production mechanism dominated by coherent mini-jet prodctuon below the saturation scale Q_s, the value of Q_s determined in Ref. [8,9] is much smaller than the cut-off p_0 in the two-component model constrained by the p+p(p̄) data. As demonstrated in this paper, the number of mini-jet production below such scale is still very large and should contribute to the final hadron multiplicity.

In summary, we have studied the energy and centrality dependence of the central rapidity density of hadron multiplicity in heavy-ion collisions at RHIC energies within a two-component mini-jet model. As a consequence of the latest parameterization of parton distributions [19] which have a higher gluon density than the old parameterization [18] used in previous studies [16], the cut-off scale that separates soft and hard processes is found to increase slightly with energy in order to fit the p + p(p̄) data. The cut-off scale, however, is still large enough that the independent jet production picture is still valid. With a new parameterization of nuclear shadowing of parton distributions in nuclei, we also found that RHIC data require a strong shadowing of gluon distribution. Using this strong gluon shadowing with an assumed impactparameter dependence, the predicted centrality dependence of the hadron multiplicity agrees well with the recent RHIC results. We have also compared our results with the parton saturation model [8,9]. We point out that in order to differentiate the two models one needs more accurate experimental data in both the most central and peripheral regions of centrality or study the centrality dependence of the ratios at different colliding energies.

ACKNOWLEDGMENTS

The authors thank M. Baker, K. Eskola, D. Kharzeev and P. Steinberg for comments and discussions. This work was supported by the Director, Office of Energy Research, Office of High Energy and Nuclear Physics, Division of Nuclear Physics, and by the Office of Basic Energy Science, Division of Nuclear Science, of the U.S. Department of Energy under Contract No. DE-AC03- 76SF00098 and in part by NSFC under project 19928511 and 10075031.

[1] J. D. Bjorken, Phys. Rev. D 27, 140 (1983). [2] X.-N. Wang and M. Gyulassy, Phys. Rev. Lett. 86, 3496 (2001) [arXiv:nucl-th/0008014].

[3] B. B. Back et al. [PHOBOS Collaboration], Phys.

Rev. Lett. 85, 3100 (2000) [arXiv:hep-ex/0007036]; arXiv:nucl-ex/0105011.

[4] B. B. Back et al. [PHOBOS Collaboration], arXiv:nuclex/0108009.

[5] K. Adcox et al. [PHENIX Collaboration], Phys. Rev.

Lett. 86, 3500 (2001) [arXiv:nucl-ex/0012008]. [6] C. Adler et al. [STAR Collaboration], Phys. Rev. Lett.

87, 112303 (2001) [arXiv:nucl-ex/0106004].

[7] I. G. Bearden et al. [BRAHMS Collaborations], arXiv:nucl-ex/0108016.

[8] D. Kharzeev and M. Nardi, Phys. Lett. B 507, 121 (2001) [arXiv:nucl-th/0012025].

[9] D. Kharzeev and E. Levin, arXiv:nucl-th/0108006. [10] T. K. Gaisser and F. Halzen, Phys. Rev. Lett. 54, 1754 (1985).

[11] G. Pancheri and Y. N. Srivastava, Phys. Lett. B 182, 199 (1986).

[12] W. R. Chen and R. C. Hwa, Phys. Rev. D 39, 179 (1989). [13] X.-N. Wang, Phys. Rev. D 43, 104 (1991). [14] J. P. Blaizot and A. H. Mueller, Nucl. Phys. B289, 847 (1987).

[15] K. Kajantie, P. V. Landshoff and J. Lindfors, Phys. Rev.

Lett. 59, 2527 (1987); K. J. Eskola, K. Kajantie and J. Lindfors, Nucl. Phys. B 323, 37 (1989).

[16] X.-N. Wang and M. Gyulassy, Phys. Rev. D 44, 3501 (1991); Comput. Phys. Commun. 83, 307 (1994) [arXiv:nucl-th/9502021].

[17] X.-N. Wang, Phys. Rept. 280, 287 (1997) [arXiv:hepph/9605214].

[18] D. W. Duke and J. F. Owens, Phys. Rev. D 30, 49 (1984). [19] M. Gluck, E. Reya and A. Vogt, Z. Phys. C 67, 433 (1995).

[20] UA5 Collaboration, G.J. Alner et al., Z. Phys. C33, 1 (1986).

[21] Aachen-CERN-Heidelberg-Munich Collaboration, W.

Thome et al., Nucl. Phys. B129, 365 (1977). [22] J. Whitmore, Phys. Rept. 10, 273 (1974). [23] NA49 Collaboration, H. Appelshauser et al.,[NA49 Collaboration], Phys. Rev. Lett. 82 2471 (1999) [arXiv:nuclex/9810014]; C. Hohne [NA49 Collaboration], Nucl. Phys. A661 485c (1999).

[24] A. Bialas, M. Bleszynski and W. Czyz, Nucl. Phys. B 111, 461 (1976).

[25] K. J. Eskola, K. Kajantie, P. V. Ruuskanen and K. Tuominen, Nucl. Phys. B 570, 379 (2000) [arXiv:hepph/9909456]; K. J. Eskola, K. Kajantie and K. Tuominen, arXiv:hep-ph/0106330.

[26] M. Gyulassy and X.-N. Wang, Nucl. Phys. B 420, 583 (1994) [arXiv:nucl-th/9306003].

[27] R. Baier, Y. L. Dokshitzer, S. Peigne and D. Schiff, Phys.

Lett. B 345, 277 (1995) [arXiv:hep-ph/9411409].

[28] X.-N. Wang and M. Gyulassy, Phys. Rev. Lett. 68, 1480 (1992).

[29] E. Wang and X.-N. Wang, Phys. Rev. Lett. 87, 142301 (2001) [arXiv:nucl-th/0106043].

[30] M. Arneodo et al. [New Muon Collaboration], Nucl. Phys.

B 481, 3 (1996).

[31] K. J. Eskola, V. J. Kolhinen and P. V. Ruuskanen, Nucl. Phys. B 535, 351 (1998) [arXiv:hep-ph/9802350]; K. J. Eskola, V. J. Kolhinen and C. A. Salgado, Eur. Phys. J. C 9, 61 (1999) [arXiv:hep-ph/9807297].

[32] M. Hirai, S. Kumano and M. Miyama, Phys. Rev. D 64, 034003 (2001) [arXiv:hep-ph/0103208].

[33] A. Capella and D. Sousa, Phys. Lett. B 511, 185 (2001) [arXiv:nucl-th/0101023]; N. Armesto, C. Pajares and D. Sousa, arXiv:hep-ph/0104269; J. Dias de Deus and R. Ugoccioni, Phys. Lett. B 494, 53 (2000) [arXiv:hepph/0009288]; H. J. Pirner and F. Yuan, Phys. Lett. B 512, 297 (2001) [arXiv:hep-ph/0101115].

[34] L. McLerran, R. Venugopalan Phys. Rev. D49 2233 (1994) [arXiv:hep-ph/9309289], A. Krasnitz, R. Venugopalan Phys. Rev. Lett. 84 4309 (2000) [arXiv:hepph/9909203].