arXiv:1103.2009v1 [nucl-th] 10 Mar 2011

Forward-backward elliptic anisotropy correlation in parton cascade

L. X. Han,^{1, 2} G. L. Ma,^1 Y. G. Ma,^{1, ∗} X. Z. Cai,^1 J. H. Chen,^1 S. Zhang,^1 and C. Zhong^1 1Shanghai Institute of Applied Physics, Chinese Academy of Sciences, P.O. Box 800-204, Shanghai 201800, China 2Graduate School of the Chinese Academy of Sciences, Beijing 100080, China (Dated: March 11, 2011)

A potential experimental probe, forward-backward elliptic anisotropy correlation (CF B ), has been proposed by Liao and Koch to distinguish the jet and true elliptic flow contribution to the measured elliptic flow (v2) in relativistic heavy-ion collisions. Jet and flow fluctuation contribution to elliptic flow is investigated within the framework of a multi-phase transport model using the CF B probe. We found that the CF B correlation is remarkably different and is about two times of that proposed by Liao and Koch. It originates from the correlation between fluctuation of forward and backward elliptic flow at low transverse momentum, which is mainly due to the initial correlation between fluctuation of forward and backward eccentricity. This results in an amendment of the CF B by a term related to the correlation between fluctuation of forward and backward elliptic flow. Our results suggest that a suitable rapidity gap for CF B correlation studies should be around ± 3.5.

PACS numbers: 12.38.Mh, 25.75.Gz, 25.75.Ld

The results from Brookhaven Relativistic Heavy-Ion Collider (RHIC) indicate that a strongly-interacting partonic matter has been created in relativistic nucleusnucleus collisions [1]. Two powerful probes exposing the characteristics of the new matter are elliptic flow and jet. Elliptic flow, has been measured via the second Fourier coefficient (v_2) in the azimuthal distribution of final particles [2, 3]. The v_2 data show remarkable hydrodynamical behaviors, which implies the formed matter is thermalized in a very short time and expands collectively as a liquid with low shear viscosity/entropy. On the other hand, jet, which is produced non-collectively by initial hard scatterings, has been experimentally studied by nuclear modification factor and jet-like correlation [4–10]. These observation shows that jet losses energy when it passes through the hot and dense QCD medium formed in heavy-ion collisions. However, two probes, elliptic flow and jet, are correlated in fact. The jet contributes to the anisotropy in final azimuthal distribution and certainly to the observed v_2, especially for high transverse momentum (p_T ) because of the path length dependence of energy loss in non-central collisions [11, 12]. Nuclear community usually classify such a non-collective behavior as non-flow. Therefore, it is important for elliptic flow measurement to distinguish these two parts from observed v_2 to further separate collective and non-collective properties of the new matter. A potential experimental probe, forward-backward elliptic anisotropy correlation (C_{F B} ), has been proposed for this purpose by Liao and Koch (LK) [13]. It is believed that the new probe can distinguish how jet and elliptic flow contribute to the observed v_2 which n probably reveal the momentum scale where elliptic flow or (semi-) hard processes dominate. Using a two-component parameterization, they found the F-B correlation (C_{F B} ), which takes a maximum value of unity

∗Corresponding author: Email: ygma@sinap.ac.cn

at low transverse momentum (p_T ) and falls to zero with p_T . This indicates the jet contribution to the measured v_2 grows with increasing p_T and even jet contribution dominates at high p_T . However, event-by-event fluctuation of v_2 is also important for v_2 measurement [12, 14]. Experimental data shows that the relative nonstatistical fluctuations of the v_2 is to be approximately 40% [14]. Unfortunately it is not taken into account in LK’s calculation. Our present study considers the effect of v_2 fluctuation to further understand bulk properties and related jet effects in the early stage of heavy-ion collisions. Our paper presents the relative nonstatistical fluctuation effects on the forward-backward v_2 correlation (C_{F B} ) and the G-factor range which reflects jet contribution to observed v_2 with a multi-phase transport model (AMPT) [15]. A more generalized C_{F B} which includes F-B elliptic flow fluctuation correlation is formulated.

The AMPT model consists of four main components: the initial conditions, partonic interactions, conversion from partonic to hadronic matter and hadronic interactions. The initial conditions, which include the spatial and momentum distributions of minijet partons and soft string excitations, are obtained from the Heavy Ion Jet Interaction Generator model. Scatterings among partons are modeled by Zhang’s Parton Cascade model, which at present includes only two-body scatterings in which cross sections are obtained from the pQCD calculation by screening mass. In the version with string melting mechanism, partons include minijet partons and partons from melted strings. The quark coalescence model is used to converte partons into hadrons. The dynamics of the subsequent hadronic matter is then described by a relativistic transport model. The detail of the AMPT model can be found in Ref. [15]. From the previous AMPT calculations, it is found that elliptic flow can be built by strong parton cascade [3, 15–19] and jet losses energy into partonic medium to excite a Mach-like cone structure [20–22]. It is clear from the above that partonic effect can not be neglected. Therefore the string melting

AMPT version is appropriate when the energy density is much higher than the critical density which is predicted for phase transition. In this work, we use the string melting AMPT model to simulate Au+Au collisions at √ s_{NN} = 200 GeV. The partonic interaction cross section is set to 10 mb.

Elliptic flow v_2 is defined as

< v_2(p_T ) > = ∫_{2π} 0 dϕ cos 2ϕ <^{d2N}_{pt dptdϕ} > ∫_{2π} 0 dϕ <^{d2N}_{pt dptdϕ} > ≡ < V_2(p_t) > <^{dN}_{pt dpt} > , (1) where the total yields^{d2N}_{pt dptdϕ} are resulted from both elliptic flow and jet [13] which then contribute to the measured v_2.

The proposed observable C_{F B} [p_T ] is the correlation of the total elliptic flow V_2[p_T ] between forward (F ) and backward (B) rapidity bins [13], defined as:

C_{F B} [p_T ] =

⟨V^F_2 V^B_2 ⟩ ⟨V^F_2 ⟩⟨V^B_2 ⟩

. (2)

With the assumption ⟨η^F ⟩ = ⟨η^B ⟩ = 0, ⟨ξ⟩ = ⟨1 − ξ⟩ =^1_2 and ξ(1 − ξ) = 0, C_{F B} changes to

C_{F B} =

(1 − g)^2⟨v^f_2 ⟩^2 + 2g(1 − g)⟨v^f_2 ⟩⟨v^j_2⟩ [(1 − g)⟨v^f_2 ⟩ + g⟨v^j_2⟩]^2 + 4⟨η^F η^B ⟩(1 − g)^2⟨v^f_2 ⟩^2 [(1 − g)⟨v^f_2 ⟩ + g⟨v^j_2⟩]^2

, (3)

where η^{F (B)} represents random deviations from the average elliptic flow yield in forward (backward) rapidity bin, v^{f (j)}_2 represents elliptic flow (jet) part in v_2, ξ represents the jet contribution to F or B rapidity bin, and g factor, giving the relative weight of the jet contribution to the total, i.e. (F+B), yield, is defined as [13] g = ∫_{2π} 0 dϕ⟨^{dN j}_{dϕ} ⟩ ∫_{2π} 0 dϕ⟨^{dN f}_{dϕ} ⟩ + ∫_{2π} 0 dϕ⟨^{dN j}_{dϕ} ⟩ . (4)

When the correlation of the fluctuation of F-B elliptic flow yield is zero, (i.e. ⟨η^F η^B ⟩ = 0), then LK found:

C_{F B} =

(1 − g)^2⟨v^f_2 ⟩^2 + 2g(1 − g)⟨v^f_2 ⟩⟨v^j_2⟩ [(1 − g)⟨v^f_2 ⟩ + g⟨v^j_2⟩]^2

. (5)

When only jet contributes to v_2, that is g = 1, C_{F B} = 0; On the other hand, if only elliptic flow contributes to v_2, then g = 0, C_{F B} = 1.

However, if the correlation of the fluctuation of F-B elliptic flow is nonzero and for example ⟨η^F η^B ⟩ =^1_4 , C_{F B} will change to

C_{F B} =

2(1 − g)^2⟨v^f_2 ⟩^2 + 2g(1 − g)⟨v^f_2 ⟩⟨v^j_2⟩ [(1 − g)⟨v^f_2 ⟩ + g⟨v^j_2⟩]^2

. (6)

When only jet contributes to v_2, then g = 1, C_{F B} = 0; However, if only elliptic flow contributes to v_2, then g = 0, C_{F B} = 2.

We introduce a G factor to represent total jet contribution V^j_2 to total V_2(p_T ), which has a relation to g factor in [13] as followed:

G = ⟨v^j_2⟩ ∫_{2π} 0 dϕ⟨^{dN j}_{dϕ} ⟩ ⟨v_2⟩( ∫_{2π} 0 dϕ⟨^{dN f}_{dϕ} ⟩ + ∫_{2π} 0 dϕ⟨^{dN j}_{dϕ} ⟩) = v^j_2 v_2 g. (7) Using a different form of total V_2(p_T ) in forward (F ) and backward (B) rapidity bins, i.e. V^F_2 = (^1_2 + η^F )(1 − G)⟨V_2⟩ + ξG⟨V_2⟩ and V^B_2 = (^1_2 + η^B )(1 − G)⟨V_2⟩ + (1 − ξ)G⟨V_2⟩, we get the formula below with the assumption ⟨η^F ⟩ = ⟨η^B ⟩ = 0, ⟨ξ⟩ = ⟨1 − ξ⟩ =^1_2 , and ξ(1 − ξ) = 0, but ⟨η^F η^B ⟩ ≠ 0:

C_{F B} = 1 − G^2 + 4(1 − G)^2⟨η^F η^B ⟩. (8)

When the correlation of the fluctuation of F-B elliptic flow is zero, (i.e. ⟨η^F η^B ⟩ = 0), C_{F B} = 1 − G^2. From here, only jet will contribute to v_2 when G = 1, C_{F B} = 0. On the other hand, only elliptic flow contributes to v_2 when G = 0, C_{F B} = 1. While when the correlation is nonzero, for example ⟨η^F η^B ⟩ =^1_4 , C_{F B} = 2(1 − G). Then we can find that only jet contributes to v_2 with a condition G = 1, C_{F B} = 0. However, only elliptic flow will contribute to v_2 when G = 0, C_{F B} = 2.

The current v_2 measurement can not distinguish the deviations of elliptic flow η^{F (B)} from jet effect of ξ in experiment, since they are mixed together. One can redefine total V_2(p_T ) in forward (F ) and backward (B) rapidity bins, V^F_2 = (1 + η^{all}_F )⟨V^F_2 ⟩ , and V^B_2 = (1 + η^{all}_B )⟨V^B_2 ⟩, where η^{all}_{F (B)} includes the fluctuation of elliptic flow and jet contribution. The F-B correlation can be rewritten as: C_{F B} = 1 + ⟨η^{all}_F ⟩ + ⟨η^{all}_B ⟩ + ⟨η^{all}_F η^{all}_B ⟩ 1 + ⟨η^{all}_F ⟩ + ⟨η^{all}_B ⟩ + ⟨η^{all}_F ⟩⟨η^{all}_B ⟩ . (9)

With the assumption ⟨η^{all}_F ⟩ = ⟨η^{all}_B ⟩ = 0, we can finally get the same expression as Eq. (8).

C_{F B} has been simulated by using AMPT model for Au+Au at √ s_{NN} = 200 GeV at the centrality bin 0-20%.

The results are shown in Fig. 1, where different symbols represent different forward and backward pseudo-rapidity bins. For example, 0.5 < |η| < 1.0 represents that the forward bin is within 0.5 < η < 1.0 and while the backward bin is within −1.0 < η < −0.5. C_{F B} remains constant for different rapidity gaps at low p_T (p_T < 2 GeV/c) in 0-20% centrality bin. To our surprise, C_{F B} appears to be remarkably different from the prediction of Ref. [13], nearly two times as LK’s (unity) at low p_T (p_T < 2 GeV/c) for the mid-rapidity gap, and decreases with rapidity gap. The reason, as shown in Eq. (6) and (8), is that the correlation of the fluctuation of F-B elliptic flow ⟨η^F η^B ⟩ is nonzero, i.e. ⟨η^F η^B ⟩ is close to^1_4 at low p_T for mid-rapidity gap at 0-20% centrality bin. As rapidity gap rises to 7.0 (Fig. 1(b)), C_{F B} falls to 1.2, which indicates ⟨η^F η^B ⟩ becomes weak for a large rapidity gap.

FIG. 1: CF B for 200 GeV/c Au + Au collisions at 0-20% (circles), 20-40% (squares), and 40-60% (triangle) centrality bins. (a) 0.5 < |η| < 1.0, and (b) 3.0< |η| <4.0 (Some symbols are slightly shifted in pT -axis for clarity).

Fig. 1 also displays that C_{F B} is much larger for central collisions than non-central collisions at low p_T , which indicates that F-B elliptic flow fluctuation is strongly correlated in the most central collisions. This trend is consistent with centrality dependence of elliptic flow fluctuation [24]. In addition, ⟨η^F η^B ⟩ is near to a positive constant at low p_T for the given rapidity bins and centrality. However, at high p_T (p_T > 4 GeV/c), C_{F B} is close to zero, indicating that only jet contributes to the observable v_2 and ⟨η^F η^B ⟩ is zero. The results are similar with LK’s finding here. Therefore, ⟨η^F η^B ⟩ should positively decreases in intermediate p_T region (2 < p_T < 4 GeV/c). It means that C_{F B} can not be used to directly measure the jet contribution to observed v_2 without the knowledge of ⟨η^F η^B ⟩, especially for mid-rapidity gap.

The same tend is also seen in Fig. 1(b), rapidity bin 3.0 < |η| < 4.0. For centrality bins 20-40% and 40-60%, C_{F B} looks near to unity at low p_T , which means ⟨η^F η^B ⟩ is close to zero. The structures are similar with LK’s finding here. Therefore, C_{F B} with large rapidity gap is a clean probe to extract jet contribution to elliptic flow, as Ref.[13] expected.

As we discussed in previous section, two limits of C_{F B} , i.e. C_{F B} = 1 − G^2 and C_{F B} = 2(1 − G) which can be deduced assuming ⟨η^F η^B ⟩ approaching to zero at high p_T or ⟨η^F η^B ⟩ approaching to^1_4 at low p_T , respectively. Fig. 2 shows the above two limits. We can see that the factor G, which reflects the jet contribution to the observed v_2, cannot be strictly quantified by the observed C_{F B} . This gives only a range of G-value which can be estimated for mid-rapidity gap. This is due to the reason that we do not know the quantitative relation of ⟨η^F η^B ⟩ and G for intermediate p_T region. With the decreasing of C_{F B} , the uncertain range of G becomes narrower.

On the other hand, elliptic flow, as is shown in Ref. [2, 25], is converted from initial collision geometry.

FIG. 2: The relation of G and CF B for different F-B elliptic flow fluctuation correlation ⟨η^F η^B ⟩ in 200GeV/c Au + Au collisions, where ⟨η^F η^B ⟩ =^1_4 corresponds to the case with rapidity gap 0.5 < |η| < 1.0 at centrality bin 0-20%.

FIG. 3: CF B for initial eccentricity (open symbols) and elliptic flow (solid symbols) in Au + Au collisions at √ sNN = 200 GeV at centrality bin 0-20% within different rapidity gaps represented by different symbols. Some symbols are slightly shifted in pT -axis for clarity).

It means that fluctuation of elliptic flow should reflect the information on fluctuation in the initial state geometry. Moreover, the fluctuation due to the magnitude and centrality dependence of observed elliptic flow are consistent with fluctuation of the initial geometry shape of the collision region [26]. It has been found that such a initial geometry irregularity can be transferred into final momentum anisotropies by strong partonic interactions [22, 27] (eg. triangular flow). It becomes more interesting to compare C_{F B} for elliptic flow (v_2) and initial eccentricity (e_2).

In AMPT model, partons, which are melted from string, are initially distributed in momentum and coordinate spaces. We can similarly define C_{F B} for initial eccentricity (e_2) as C_{F B} (e_2) =^{⟨EF2 EB2 ⟩}_{⟨EF2 ⟩⟨EB2 ⟩} , where E^{F (B)}_2 are the total eccentricity (E_2) in forward (F ) and backward (B) rapidity bins, and ⟨E_2(p_T )⟩ =^{⟨y2−x2⟩}_{⟨y2 +x2⟩} ⟨^{dN}_{pt dpt} ⟩.

Similar to V^{F (B)}_2 , E^{F (B)}_2 can be written as E^F_2 = (^1_2 + η^′_F )⟨E_2⟩ and E^B_2 = (^1_2 + η^′_B )⟨E_2⟩, where η^′_{F (B)} represents random deviations from the total eccentricity in forward (backward) rapidity bin. If one compare with the former analysis of v_2, C_{F B} (e_2) presents similar trend to C_{F B} (v_2), if the correlation between fluctuation of forward and backward elliptic flow is mainly due to the initial correlation between fluctuation of forward and backward eccentricity.

As shown in Fig. 3(a), it is an obvious fact that C_{F B} (v_2) is efficiently transferred from C_{F B} (e_2) at small rapidity gap. However, at large rapidity gap (in Fig. 3(b)), C_{F B} (v_2) is suppressed much deeply in contrast to C_{F B} (e_2). This indicates that parton cascade are not strong enough for larger rapidity gap to transfer the F-B correlation of initial e_2 fluctuation to final F-B correlation of v_2 fluctuation. This is because of the fact that parton interactions are weak at higher rapidity. Therefore, the measurement of C_{F B} for elliptic flow (v_2) may give us more information about the correlation of initial geometry fluctuation.

In conclusion, jet and flow fluctuation contribution to elliptic flow are investigated by forward-backward elliptic anisotropy correlation (C_{F B} ) within the framework of a multi-phase transport model. We found that the C_{F B} correlation is remarkably different from LK’s and is about nearly double of that proposed by Liao and Koch. It stems from the correlation between fluctuation of forward and backward elliptic flow at low transverse momentum, which is mainly due to the initial correlation between fluctuation of forward and backward eccentricity. This leads to an amendment of the C_{F B} by a term related to the correlation between the fluctuation of forward and backward elliptic flow. The present study shows that C_{F B} correlation decreases with rapidity gap and a suitable rapidity gap for C_{F B} correlation studies should be around ± 3.5.

This work was supported in part by the NSFC of China under Grant No. 11035009, 10979074, 10875159, and the Shanghai Development Foundation for Science and Technology under contract No. 09JC1416800, and the Knowledge Innovation Project of the Chinese Academy of Sciences under Grant No. KJCX2-EW-N01.

[1] I. Arsene et al. (BRAHMS Collaboration), Nucl. Phys.

A 757, 1 (1990); B. B. Back et al. (PHOBOS Collaboration), Nucl. Phys. A 757, 28 (2005); J. Adams et al. (STAR Collaboration), Nucl. Phys. A 757, 102 (2005); S. S. Adcox et al. (PHENIX Collaboration), Nucl. Phys. A 757, 184 (2005).

[2] S. A. Voloshin, A. M. Poskanzer, and R. Snellings, arXiv:0809.2949.

[3] J. H. Chen, Y. G. Ma, G. L. Ma et al., Phys. Rev. C 74, 064902 (2006).

[4] S. S. Adler et al. (PHENIX Collaboration), Phys. Rev.

Lett. 91, 072301 ; B. B. Back et al. (PHOBOS Collaboration), Phys. Rev. Lett. 91, 072302; S. S. Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 91, 072303; J. Adams et al. (STAR Collaboration), Phys. Rev. Lett. 91, 072304 (2003); I. Arsene et al. (BRAHMS Collaboration), Phys. Rev. Lett. 91, 072305 (2003).

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

[6] B. Adler et al. (PHENIX Collaboration), Phys. Rev.

Lett. 105, 142301 (2006).

[7] B.I. Abelev et al. (STAR Collaboration), Phys. Lett. B 655, 104 (2007).

[8] J. Adams et al.(STAR Collaboration), Phys. Rev. Lett.

97, 162301 (2006).

[9] B. I. Abelev et al. (STAR Collaboration), Phys. Rev.

Lett. 105, 022301 (2010).

[10] W. Li, S. Zhang, Y. G. Ma et al., Phys. Rev. C 80, 064913 (2009); G. L. Ma, S. Zhang, Y. G. Ma et al., Eur. Phys. J. C 57, 589 (2008).

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

86, 2537 (2001); X.N. Wang, Phys. Rev. C 63, 054902 (2001).

[12] A. Drees, H.D. Feng, and J.Y. Jia, Phys. Rev. C 71, 034909 (2005).

[13] J.F. Liao and V. Koch, Phys. Rev. Lett 103, 042302 (2009).

[14] C. Loizides, J. Phys. G: Nucl. Part. Phys. 34 S907 (2007);

P. Sorensen, arXiv:0808.0356; B. Alver et al., Phys. Rev. Lett. 104, 142301 (2010).

[15] Z.W. Lin et al., Phys. Rev. C 72, 064901 (2005). [16] Z.W. Lin, C. M. Ko, Phys. Rev. C 65, 034904 (2002). [17] Che Ming Ko, Lie-Wen Chen, Nucl. Phys. A 774, 527 (2006).

[18] Bin Zhang, Lie-Wen Chen, Che-Ming Ko, Nucl. Phys. A 774, 665 (2006).

[19] J. Tian, J. H. Chen, Y. G. Ma et al., Phys. Rev. C 79, 067901 (2009).

[20] G. L. Ma, S. Zhang, Y. G. Ma et al., Phys. Lett. B 641, 362 (2006).

[21] H. L. Li, F. M. Liu, G. L. Ma et al., Phys. Rev. Lett.

106, 012301 (2011) [22] G. L. Ma and X. N. Wang, arXiv:1011.5249, Phys. Rev.

Lett., in press (2011).

[23] J. Xu and C.M. Ko, Phys. Rev. C 83, 021903 (2011). [24] H. Petersen, M. Bleicher, Phys. Rev. C 81, 044906 (2010).

[25] R. Nouicer, arXiv:0707.4424.

[26] B. Alver et al. (PHOBOS Collaboration), Phys. Rev. C 81, 034915 (2010).

[27] B. Alver and G Roland, Phys. Rev. C 81, 054905 (2010).