arXiv:1208.2980v1 [hep-ph] 14 Aug 2012

Effects of initial state fluctuations on jet energy loss

Hanzhong Zhang,^{1, 2, ∗} Taesoo Song,^{2, †} and Che Ming Ko^{3, ‡} 1Institute of Particle Physics and Key Laboratory of Quark & Lepton Physics, Central China Normal University, Wuhan 430079, China 2Cyclotron Institute, Texas A&M University, College Station, TX 77843-3366, USA 3Cyclotron Institute and Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843-3366, USA (Dated: August 16, 2012)

The effect of initial state fluctuations on jet energy loss in relativistic heavy-ion collisions is studied in a 2+1 dimension ideal hydrodynamic model. Within the next-to-leading order perturbative QCD description of hard scatterings, we find that a jet loses slightly more energy in the expanding quark-gluon plasma if the latter is described by the hydrodynamic evolution with fluctuating initial conditions compared to the case with smooth initial conditions. A detailed analysis indicates that this is mainly due to the positive correlation between the fluctuation in the production probability of parton jets from initial nucleon-nucleon hard collisions and the fluctuation in the medium density along the path traversed by the jet. This effect is larger in non-central than in central relativistic heavy ion collisions and also for jet energy loss that has a linear than a quadratic dependence on its path length in the medium.

PACS numbers: 12.38.Mh, 24.85.+p; 25.75.-q

I. INTRODUCTION

The observation of jet quenching through the suppression of large transverse momentum single hadron, dihadron, and γ-hadron spectra in relativistic heavy ion collisions [1, 2] is one of the most important evidence for the formation of a strongly coupled quark-gluon plasma (QGP) in these collisions. Jet quenching is a measure of the energy loss of an initial leading jet parton as it traverses through the produced dense matter via multiple scatterings [3]. Theoretical studies on parton jet energy loss have concentrated on both gluon radiation induced by multiple scattering and elastic collision energy loss. Due to the non-Abelian Landau-Pomeranchuk- Migdal (LPM) interference effect [4], the radiative energy loss shows a quadratic path-length dependence [5–9], which is in contrast to the linear path-length dependence of the elastic collision energy loss [10–12]. Also, a cubic path-length dependence of the jet energy loss has been found in the strongly coupled limit of the QCD medium using the AdS/CFT correspondence [13, 14].

The study of jet quenching in heavy ion collisions has been carried out in the 1+1 dimension Bjorken hydrodynamics [15–18] as well as the 2+1 and 3+1 dimension ideal and viscous hydrodynamics [19–22]. In these studies, the initial conditions for the hydrodynamical evolution were taken to be smooth in space. Recently, the effect of initial event-by-event fluctuations on jet quenching has been investigated in the 1+1 Bjorken hydrodynamics [23]. It was found that the strong correlation between

∗Electronic address: zhanghz@iopp.ccnu.edu.cn †Electronic address: songtsoo@yonsei.ac.kr ‡Electronic address: ko@comp.tamu.edu

the fluctuation in the spatial distribution of initial hard scatterings from which jets are produced and the fluctuation in the density distribution of the initial medium has significant effects on jet quenching. In particular, the jet energy loss is reduced after the inclusion of initial fluctuations. However, the transverse expansion of the produced hot dense medium has been neglected in this study. In the present paper, we include the transverse expansion in studying the effect of initial fluctuations on jet energy loss by using the 2+1 dimension ideal hydrodynamic model of Refs. [24, 25]. For calculating the hadron spectra at large transverse momentum, we use the next-to-leading order (NLO) perturbative QCD. Our results show that including the transverse expansion of the medium slightly enhances the energy loss of jets, contrary to the reduced jet energy loss found in Ref. [23] without the transverse expansion. We further investigate the effect of initial fluctuations for different path-length dependence of jet energy loss in the medium.

This paper is organized as follows. We first give a brief description of the the 2+1 dimension ideal hydrodynamic model in Sec. II and the jet quenching models in Sec. III. Results from our study are shown in Sec. IV. We then present some discussions in Sec. V and finally summarize our study in Sec. VI.

II. 2+1 DIMENSION HYDRODYNAMICS

In the 2+1 dimension ideal hydrodynamics, which assumes the boost invariance along the longitudinal direction, the energy-momentum tensor T^{μν} and pressure p of a system can be expressed in terms of the proper time τ and the two transverse coordinates x and y perpendicular to the beam direction [24–27]. Conservations of energy and momentum then give

∂_τ (τT^{00}) + ∂_x(τT^{0x}) + ∂_y(τT^{0y}) = −p, ∂_τ (τT^{0x}) + ∂_x(τT^{xx}) + ∂_y(τT^{xy}) = 0, ∂_τ (τT^{0y}) + ∂_x(τT^{xy}) + ∂_y(τT^{yy}) = 0. (1)

To solve these equations requires information on the initial conditions of a collision, particularly the initial entropy density, and the equation of state of the produced matter. For the initial entropy density, it is taken as ds dη = C { (1 − ξ) n_{part} 2 + ξ n_{coll} } , (2)

where n_{part} and n_{coll} are the number densities of participants and binary collisions, respectively.

In heavy ion collisions, the initial conditions vary from event to event as the positions of colliding nucleons are randomly distributed according to the density distributions of the colliding nuclei. Two nucleons are considered as participants and a binary collision takes place at their middle point if the transverse distance between a nucleon from one nucleus and a nucleon from the other nucleus is shorter than √ σ_{in}/π, where σ_{in} = 42 mb is the nucleon-nucleon inelastic cross section at RHIC energies. A smearing parameter σ is then introduced in evaluating the number densities of participants and binary collisions, i.e.,

n_{part(coll)}(r) = 1 2πσ^2τ_0

N_{part(coll)} ∑ i=1 exp ( − |r_i − r|^2

2σ^2 ) ,(3)

where r_i is the transversal position of a participant (binary collision). Here we use the same smearing parameter σ for both the participant and binary collision number densities. In the present study, we consider the two cases of σ = 0.4 fm and 0.8 fm. Also, we choose the initial thermalization time τ_0 = 0.6 fm/c for starting the hydrodynamical evolution.

For the equations of state, we use the quasi-particle model based on the lattice QCD data for the QGP and the resonance gas model for the hadron gas as in Refs. [24, 25, 29]. This model thus assumes the presence of a firstorder phase transition and the critical temperature T_c is 170 MeV. We solve the hydrodynamic equations Eq. (1) numerically by using the HLLE algorithm [30–32].

The parameters C and ξ in Eq. (2) are determined from fitting the centrality dependence of the final chargedparticle multiplicity [28]. Using the Cooper-Frye freezeout formula and assuming that the multiplicity does not change after chemical freeze-out at temperature T = 160 MeV [24], we obtain C = 19.3 and ξ = 0.11.

In studies with smooth initial conditions, both the participant number and the binary collision number densities are obtained from the thickness functions of the colliding nuclei evaluated from their density distributions. In the present study, they are obtained by averaging over a large number of initial fluctuating events. Because of the smearing parameter introduced in generating the initial conditions for hydrodynamical evolutions, the resulting smooth participant number and the binary collision number densities have a larger spread in space than that obtained from the nuclear thickness functions.

III. JET QUECHING MODELS

For a jet of energy E produced at the position r from a hard nucleon-nucleon collision and moving along an azimuthal angle ϕ in the transverse plane of a nucleusnucleus collision, its total energy loss can be expressed as ΔE = ∫ dτf(E, ϕ, r, τ)ρ(r, ϕ, τ), (4) where ρ(r, ϕ, τ) is the local parton density at time τ along the jet path, and the function f(E, ϕ, r, τ) is the jet energy loss per unit time through a unit density of medium.

Averaging over the creation positions and moving directions of the jet in the transverse plane gives ⟨ΔE⟩ = 1 2π ∫ dϕd^2rdτn(r)f(E, ϕ, r, τ)ρ(r, ϕ, τ), (5) where n(r) = n_{coll}(r)/N_{bin}, with n_{coll}(r) and N_{coll} denoting, respectively, the number density of binary collisions at r and the total number of binary collisions, is the probability density for jet production at r. The average jet energy loss rate along the jet path is then d⟨ΔE⟩ dτ = 1 2π ∫ dϕd^2rn(r)f(E, ϕ, r, τ)ρ(r, ϕ, τ). (6) According to recent theoretical studies [15, 16, 33–35], the total quark energy loss in a finite and expanding medium is approximately given by

ΔE = ⟨ dE dL ⟩ ∫_∞ τ_0 dτ ( τ − τ_0 τ_0 )_α ρ(τ, r) ρ(τ_0, 0) p^μu_μ p_0

. (7)

In the above, α is a parameter with possible values 0, 1 and 2, corresponding, respectively, to linear, quadratic, and cubic path-length dependence for the jet energy loss; and p^μ and u^μ are, respectively, the four momentum of the jet and the four flow velocity of the local medium. The average energy loss per unit length ⟨dE/dL⟩ has the following parametrization [34]: ⟨ dE dL ⟩ = ϵ_0(E/μ_0 − 1.6)^{1.2}/(7.5 + E/μ_0), (8)

where ϵ_0 is the energy loss parameter with a value that is 9/4 times larger for a gluon than for a quark, and μ_0 is the Debye mass. Their values are determined from fitting the experimental data for the nuclear modification factor in the most central A + A collisions using the smooth initial conditions. This leads to the following jet energy loss rate through a unit density of medium: f(E, ϕ, r, τ) = ⟨ dE dL ⟩ ( τ − τ_0 τ_0 )_α 1 ρ(τ_0, 0) p^μu_μ p_0 (9)

IV. RESULTS

In this Section, we present results for the nuclear modification factor of jets in both central and mid-central Au+Au collisions at √ s_{NN} = 200 GeV. For a given event i, the nuclear modification factor is defined as R^i_{AA} = dσ^i_{AA}/dp^2_T dy N^i_{bin}dσ_{NN} /dp^2_T dy , (10)

where the hadron spectra in heavy-ion collisions dσ^i_{AA}/dp^2_T dy are calculated from the NLO pQCD with modified fragmentation functions due to jet quenching [15, 16]. Specifically, the cross sections for the hard scattering are calculated using the CTEQ6M parameterizations [36] for the parton distributions in a nucleon and including both 2 → 3 tree level contributions and 1-loop virtual corrections to 2 → 2 tree processes [37]. Furthermore, the AKK08 parameterizations [38] are used for the parton fragmentation into hadrons.

The nuclear modification factor for the case of the fluctuating initial conditions is then given by the average of Eq. (10) over all events. For the case of smooth initial conditions, the nuclear modification factor is obtained, on the other hand, from the ratio of corresponding charged hadron spectrum to that of the protonproton collision multiplied by the average number N_{coll} of nucleon-nucleon collisions.

FIG. 1: (Color online). Nuclear modification factors with and without initial fluctuations in 0-5% and 40-50% centralities of Au+Au collisions at √ s = 200 GeV, respectively. The experimental data are taken from [39].

Fig. 1 shows the nuclear modification factors of high-p_T particles in 0-5% and 40-50% centralities of Au+Au collisions at √ s = 200 GeV with and without initial fluctuations. It is seen that including initial fluctuations leads to a smaller R_{AA}, and the effect is stronger for larger initial fluctuations (corresponding to smaller σ) and in noncentral than in central collisions.

V. DISCUSSIONS

The smaller R_{AA} in the case of fluctuating initial conditions obtained in the present study is opposite to the result reported in a previous study based on the 1+1 boost invariant hydrodynamics [23], where a larger R_{AA} was obtained when initial fluctuations were included. To understand this difference, we define the jet energy loss difference δ⟨ΔE⟩ ≡ ⟨ΔE⟩^{fluc} −⟨ΔE⟩^{smth} between the average energy loss calculated with fluctuating initial conditions and that with smooth initial conditions. From Eq. (6), we then obtain the following rate for this difference along the jet path: d[δ⟨ΔE⟩] dτ = 1 2π ∫ dϕd^2rf(E, ϕ, r, τ)(δnδρ), (11) where δn and δρ are, respectively, the differences in the jet production probabilities and the medium densities in the cases of fluctuating and smooth initial conditions. We note that the terms ρδn and nδρ are not present in Eq.(11) since both vanish after integration over the jet production positions and moving directions. Eq. (11) indicates that the energy loss difference is determined not only by the fluctuation in the jet production probability density but also by the fluctuation in the local parton density on the jet path [23].

FIG. 2: (Color online). Rate of jet energy loss difference, averaged over all jet paths, in 0-5% central Au + Au collisions at √ s = 200 GeV for smearing parameter σ = 0.4 fm and 0.8 fm. The inset shows the averaged energy loss rate along the jet path calculated with fluctuating and smooth initial fluctuations.

In Fig. 2, we show the rate of the energy loss difference for jets with the transverse momentum p_T = 20 GeV, averaged over all jet paths, in 0-5% central Au+Au collisions at √ s = 200 GeV for smearing parameter σ = 0.4 fm and 0.8 fm. It shows that the correlation between the fluctuation in the production probability of initial parton jets and the fluctuation in the local medium density is positive during the initial stage of jet propagation but changes to negative in the later stage, resulting in enhanced and reduced energy losses, respectively. This result is consistent with that in Ref. [23] for a transversely static medium. The net effect of the fluctuations on the jet energy loss is determined by the sum of the positive and negative differences. As shown in the inset of Fig. 2, which gives the averaged energy loss rate along the jet path calculated with fluctuating and smooth initial fluctuations, most energy losses happen close to the initial path of the jet. Because of the dominance of the initial positive difference, the total energy loss calculated with fluctuating initial conditions is greater than that with smooth initial conditions.

The relation between the jet propagation and the medium evolution can be further clarified if we approximate the time evolution of the parton density ρ(τ, r) along a jet path in the hydrodynamic evolution of the medium as ρ(τ, r) ∼ 1/τ^β. According to Eq. (9), the time evolution of the medium-dependent jet energy loss can then be simply written as ΔE ∼ τ^{α−β} , (12) if we neglect the small flow effect. As the jet transverses through the medium, its increasing energy loss with the path-length (τ^α) is thus suppressed by the decreasing density of the bulk medium (1/τ^β ). Consequently, the total effect of the initial fluctuations on jet quenching is related to the competition between the path-length dependence and the medium-density evolution dependence of the jet energy loss. Since α is always smaller than β in our study, the total energy loss mainly takes place during early times when the correlation is positive, thus resulting in more energy loss in the case of fluctuating initial conditions. In non-central collisions, the fireball expands faster than in central collisions (β^{40−50%} > β^{0−5%}), so most energy loss happens earlier than in central collisions. As a result, the R_{AA} for the case of initial fluctuations with σ = 0.4 fm decreases by 4% in central collisions and by 8% in the 40-50% centrality of the collisions as shown in Fig. 1.

For the longitudinal expanding medium and the radiative energy loss mechanism considered in Ref. [23], β is much smaller than α, so the total energy loss is dominated by the contribution during later times when the correlation has large negative values. Therefore, the energy loss is smaller and the R_{AA} obtained in Ref. [23] for the fluctuating initial conditions is larger than in the smooth case.

The path-length dependence of jet energy loss depends on the energy loss mechanism. It is linear (α=0) for elastic energy loss, quadratic (α = 1) for radiative energy loss [5–12], and cubic (α = 2) for energy loss based on AdS/CFT for the strongly coupled QCD [13, 14]. How the different power of path-length dependence affects the effect of initial fluctuations on jet energy loss is an interesting question. We illustrate this effect by considering that has either linear or quadratic or other path-length dependence but with the energy loss parameter ϵ_0 in Eq.

(8) always determined from the smooth case by fitting the experimental data of the nuclear modification factor in the most central A+A collisions.

FIG. 3: (Color online). Rate of jet energy loss difference averaged over all jet paths in 0-5% central Au+Au collisions for different powers of the path-length dependence of jet energy loss, α = 0, 1 and 1.5. The inset is the average energy loss rate along the jet path for α = 0 and 1

FIG. 4: (Color online). Effects of initial fluctuations on jet quenching manifested by the nuclear modification factor of pT = 7 − 9 GeV hadrons as a function of the power index of the path-length dependence of the jet energy loss for three different definitions of the medium density in central Au+Au collisions.

In Fig. 3, we show the rate of jet energy loss averaged over all jet paths in 0-5% central Au+Au collisions for different powers of the path-length dependence of jet energy loss, α = 0, 1 and 1.5. For the linear pathlength dependence (α = 0) of jet energy loss, most energy loss takes place in the initial positive correlation region of the jet path, so the initial positive correlation dominates the fluctuation effect. For the quadratic path length dependence (α = 1), the peak for the jet energy loss rate is shifted closer to the negative correlation region as shown in the inset of Fig. 3, so the dominance of initial positive correlation is weakened by the negative correlation. Therefore, the energy loss for the linear path-length dependence is greater than the energy loss for the quadratic path-length dependence. This conclusion is supported by the results shown in Fig. 4 for the ratio (R^{fluc}_{AA} − R^{smth}_{AA} )/R^{smth}_{AA} of p_T = 7 − 9 GeV hadrons in central Au+Au collisions as a function of α. For the smaller smearing parameter σ =0.4 fm, the initial fluctuating conditions decrease the suppression factor by 8% for the linear path-length dependence of jet energy loss while by 4% for the quadratic path-length dependence of jet energy loss. The fluctuation effect with the larger smearing parameter σ = 0.8 fm is smaller than that with σ = 0.4 fm.

VI. SUMMARY

Based on the 2+1 dimension ideal hydrodynamics, we have studied the effect of initial fluctuations on jet energy loss in relativistic heavy-ion collisions within the description of the NLO perturbative QCD. Our results show that fluctuating initial conditions lead to slightly more energy loss than smooth initial conditions. In general, the jet energy loss increases with time due to its path-length dependence but this increase is suppressed by the decreasing medium density with time. Where the total energy loss mainly takes place along the jet path is determined by the competition between the path-length dependence of jet energy loss and the time dependence of the medium density. For fluctuating initial conditions, our results for the rate of the average energy loss difference between the two cases of fluctuating and smooth initial conditions show that the correlation between the fluctuation in the production probability of initial parton jets and the fluctuation in the local medium density is positive during the early times along the jet path and negative during the later times. Consequently, the net effect of initial fluctuations on jet energy loss is determined by whether the energy loss mainly takes place when this correlation is positive or negative. The total energy loss in the fluctuation conditions is then larger than that in the smooth case if most energy loss takes place when the correlation is positive, while it is smaller if it takes place when the correlation is negative. Our results further show that the initial positive correlation dominates the fluctuation effect for linear and quadratic path-length dependence of jet energy loss in central as well as in noncentral A+A collisions. However, because this dominance is stronger in non-central collisions than in central collisions, the difference between the nuclear modification factors calculated with fluctuating initial conditions and smooth initial conditions in non-central A+A collisions is greater than that in central A+A collisions. Similarly, the jet energy loss for the linear path-length dependence is more affected by the fluctuation effect than that for the quadratic path-length dependence.

Acknowledgements

This work was supported by NSFC of China under Project Nos. 11175071, 10875052 and Key Grant No. 11020101060, and by the U.S. National Science Foundation under Grant No. PHY-1068572, the US Department of Energy under Contract No. DE-FG02-10ER41682, and the Welch Foundation under Grant No. A-1358. H. Z. Zhang thanks members of Cyclotron Institute at Taxes A&M University for their kind hospitality during his visiting stay.

[1] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett.

91, 072304 (2003); 91, 172302 (2003).

[2] S. S. Adler et al. [PHENIX Collaboration], Phys. Rev.

Lett. 91, 072301 (2003).

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

[4] L. D. Landau and I. Pomeranchuk, Dokl. Akad. Nauk Ser. Fiz. 92 (1953) 735; A. B. Migdal, Phys. Rev. 103, 1811 (1956).

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

Lett. B 345, 277 (1995); R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne and D. Schiff, Nucl. Phys. B 484, 265 (1997).

[6] B. G. Zakharov, JETP Lett. 63, 952 (1996); JETP Lett.

65, 615 (1997);

[7] M. Gyulassy, P. Levai and I. Vitev, Phys. Rev. Lett. 85, 5535 (2000); Nucl. Phys. B 594, 371 (2001).

[8] X. Guo and X.-N. Wang, Phys. Rev. Lett. 85, 3591 (2000); X. -N. Wang and X. -f. Guo, Nucl. Phys. A 696, 788 (2001).

[9] U. A. Wiedemann, Nucl. Phys. B 588, 303 (2000). [10] M. G. Mustafa, Phys. Rev. C 72, 014905 (2005) [11] A. Adil, M. Gyulassy, W. A. Horowitz and S. Wicks, Phys. Rev. C 75 (2007) 044906 [12] G. -Y. Qin, J. Ruppert, C. Gale, S. Jeon, G. D. Moore and M. G. Mustafa, Phys. Rev. Lett. 100, 072301 (2008).

[13] F. Dominguez, C. Marquet, A. H. Mueller, B. Wu and B. -W. Xiao, Nucl. Phys. A 811, 197 (2008).

[14] C. Marquet and T. Renk, Phys. Lett. B 685, 270 (2010). [15] H. Zhang, J. F. Owens, E. Wang and X. N. Wang, Phys.

Rev. Lett. 98, 212301 (2007);

[16] H. Zhang, J. F. Owens, E. Wang and X.-N. Wang, Phys.

Rev. Lett. 103, 032302 (2009).

[17] I. Vitev and M. Gyulassy, Phys. Rev. Lett. 89, 252301 (2002).

[18] Z. -B. Kang and I. Vitev, Phys. Rev. D 84, 014034 (2011). [19] X. -F. Chen, T. Hirano, E. Wang, X. -N. Wang and H. Zhang, Phys. Rev. C 84, 034902 (2011).

[20] G. -Y. Qin, A. Majumder, H. Song and U. Heinz, Phys.

Rev. Lett. 103, 152303 (2009).

[21] T. Renk and K. Eskola, Phys. Rev. C 75, 054910 (2007). [22] T. Renk, H. Holopainen, U. Heinz and C. Shen, Phys.

Rev. C 83, 014910 (2011).

[23] R. Rodriguez, R. J. Fries and E. Ramirez, Phys. Lett. B 693, 108 (2010).

[24] T. Song, K. C. Han, C. M. Ko, Phys. Rev. C84, 034907 (2011).

[25] T. Song, W. Park and S. H. Lee, Phys. Rev. C 81, 034914 (2010);

[26] D. Teaney, J. Lauret and E. V. Shuryak, Phys. Rev. Lett.

86, 4783 (2010).

[27] U. W. Heinz, H. Song and A. K. Chaudhuri, Phys. Rev.

C 73, 034904 (2006) [28] B. B. Back et al., Nucl. Phys. A 757, 28 (2005). [29] P. Levai and U. W. Heinz, Phys. Rev. C 57, 1879 (1998) [30] V. Schneider, U. Katscher, D. H. Rischke, B. Waldhauser, J. A. Maruhn and C. D. Munz, J. Comput. Phys. 105, 92 (1993).

[31] D. H. Rischke, S. Bernard and J. A. Maruhn, Nucl. Phys.

A 595, 346 (1995).

[32] D. H. Rishke, arXiv:nucl-th/9809044.

[33] M. Gyulassy, I. Vitev and X.-N. Wang, Phys. Rev. Lett.

86, 2537 (2001).

[34] E. Wang and X.-N. Wang, Phys. Rev. Lett. 87, 142301 (2001); 89, 162301 (2002).

[35] C. A. Salgado and U. A. Wiedemann, Phys. Rev. Lett.

89, 092303 (2002).

[36] H. L. Lai et al. [CTEQ Collaboration], Eur. Phys. J. C 12, 375 (2000).

[37] N. Kidonakis and J. F. Owens, Phys. Rev. D 63, 054019 (2001); B. W. Harris and J. F. Owens, Phys. Rev. D 65, 094032 (2002).

[38] S. Albino, B. A. Kniehl and G. Kramer, Nucl. Phys. B 803, 42 (2008).

[39] A. Adare et al. [PHENIX Collaboration], Phys. Rev.

Lett. 101, 232301 (2008).