arXiv:1203.3410v2 [nucl-th] 23 Mar 2012

A study of the anisotropy associated with dipole asymmetry in heavy ion collisions

Jiangyong Jia,^{1, 2} Sooraj K. Radhakrishnan,^1 and Soumya Mohapatra^1 1Department of Chemistry, Stony Brook University, Stony Brook, NY 11794, USA 2Physics Department, Brookhaven National Laboratory, Upton, NY 11796, USA The anisotropy associated with the initial dipole asymmetry in heavy ion collisions is studied via 1 the two-particle relative azimuthal azimuthal angle (Δϕ = ϕ^a −ϕ^b) correlations, within a multi-phase 2 transport model. For a broad selection of centrality, transverse momenta (p^{a,b}_T ) and pseudorapid- 3 ity (η^{a,b}), a fitting method is used to decompose the anisotropy into a rapidity-even component, 4 characterized by the Fourier coefficient v1, and a global momentum conservation component. The 5 extracted v1 values are negative for pT ≲ 0.7 − 0.9 GeV, reach a maximum at 2-3 GeV, and de- 6 creases at higher pT. The v1 values vary weakly with η and centrality, but increases with collision 7 energy and parton cross-section. The extracted global momentum conservation component is found 8 to depend on Δη = η^a − η^b for |Δη| < 3. 9 PACS numbers: 25.75.-q

A large azimuthal anisotropy is observed for parti- 10 cle production in heavy ion collisions at the Relativis- 11 tic Heavy Ion Collider (RHIC) and the Large Hadron 12 Collider (LHC). This anisotropy is understood as the re- 13 sult of pressure-driven collective flow, which converts the 14 spatial asymmetries of the initially created matter into 15 transverse momentum (p_T) space [1]. Such anisotropy 16 can be expressed as Fourier series in azimuthal angle (ϕ): 17 dN dϕ ∝ 1 + 2 ∞∑ n=1 v_n(p_T) cos n(ϕ − Φ_n), (1)

where v_n and Φ_n represent the magnitude and direction 18 of n^{th}-order flow respectively. Asymmetries giving rise to 19 non-zero v_n are associated with either an average shape 20 (for n = 2) or shapes due to the spatial fluctuations of 21 the participating nucleons [2–5]; the n = 1 term is known 22 as dipole asymmetry. Due to the approximate boost in- 23 variance of the created matter, the v_n are expected to 24 be even functions in rapidity (rapidity-even) [6, 7]. How- 25 ever, a small rapidity-odd v_n component, especially for 26 n = 1, may arise from the “sideward” deflection of the 27 created matter [8]. This rapidity-odd v_1 is expected to be 28 very small for the rapidity range and the collision ener- 29 gies considered here [9–11], and is not considered in this 30 paper. 31 The harmonics in Eq. 1 is also reflected in the two- 32 particle correlation (2PC) in Δϕ = ϕ^a − ϕ^b: 33 dN_{pairs} dΔϕ ∝ 1 + 2 ∞∑ n=1 v_{n,n}(p^a_T, p^b_T) cos nΔϕ , (2)

with 34 v_{n,n}(p^a_T, p^b_T) = v_n(p^a_T)v_n(p^b_T) . (3) Recent studies at the LHC show that the latter factor- 35 ization is valid for n ≥ 2 at low p_T for particle pairs 36 with a large rapidity gap [12, 13], but fails for n = 1 37 over the entire p_T range. This is understood to be due 38

to global momentum conservation for a finite multiplic- 39 ity system, which induces a negative dipole component 40 in Eq. 3 [6, 14–17]: 41 v_{1,1}(p^a_T, p^b_T) = v_1(p^a_T)v_1(p^b_T) − cp^a_Tp^b_T (4) c = 1 KM⟨p^2_T⟩ (5) where M is the total multiplicity in the event and K is 42 the fraction of particles that are correlated via momen- 43 tum conservation. A recent study by the ATLAS Collab- 44 oration [13] shows that v_{1,1} can indeed be described by 45 Eq. 4 over broad ranges of p^{a,b}_T . The v_1 values extracted 46 via a two-component fit are negative for p_T ≲ 1 GeV, in- 47 crease to a maximum at 4-5 GeV, and decrease at higher 48 p_T. A similar fitting method was previously applied by 49 Retinskaya et.al. [18] to the ALICE 2PC data [19], al- 50 though the data have less precision and may not be free 51 of short range correlations due to smaller Δη gap. 52 Many models based on viscous hydrodynamics or 53 transport theory have been developed to describe the v_n 54 and v_{n,n} data [6, 20–27]. They show that sizable higher- 55 oder flow (n ≥ 2) can be generated by including fluctu- 56 ations of the initial geometry. In some cases, reasonable 57 agreement with the v_n data has been achieved. However, 58 due to the complication associated with the global mo- 59 mentum conservation, most of these model attempts have 60 avoided a prediction for v_1. Recently, Gardim et.al [6] 61 performed the first calculation of the rapidity-even v_1 in 62 a hydrodynamic code by directly cancelling the momen- 63 tum conservation from v_{1,1} by chosing appropriate weight 64 for each particle (the cancellation is exact if the global 65 conservation is linear in p_T); a modified event plane (EP) 66 method based on this cancellation procedure was also 67 proposed [17]. Note that the systems that are related via 68 momentum conservation could be smaller than the whole 69 event (for example a dijet system) [28]. Therefore, the 70 value of c (Eq. 5) may depend on other kinematic vari- 71 ables such as the Δη of the particle pairs. Hence, it is 72

FIG. 1: (Color online) v1,1(p^a_T, p^b_T) (symbols) from AMPT (left panels) and HIJING (right panels) for b = 4 fm (top panels) and b = 8 fm in AuAu collisions at √ sNN = 0.2 TeV. Lines in the left (right) panels are result of a global fit to Eq. 4 (a fit to pure momentum conservation component: cp^a_Tp^b_T).

advantageous to determine c via the data driven method 73 used by the ATLAS Collaboration. 74 In this work, we present a quantitative study of the 75 rapidity-even v_1 using a generalization of the ATLAS fit- 76 ting method within the AMPT (A Multi Phase Trans- 77 port) model [29]. This study allows us to make quantita- 78 tive predictions on how v_1 varies with p_T, η, centrality, 79 collision energy and partonic cross-section in a transport 80 framework, as well as to compare with the ATLAS data. 81 The AMPT model has been successfully used to under- 82 stand the higher-order v_n associated with initial asym- 83 metries [20, 21, 23]. It combines the initial condition 84 from HIJING [30] and final state interaction via a par- 85 ton and hadron transport model. The initial condi- 86 tion from HIJING is seeded by a Glauber model for 87 nucleon-nucleon scatterings, hence it contains the fluctu- 88 ations which generate the event-by-event spatial asym- 89 metries. The nucleon-nucleon scatterings provide both 90 minijet partons for hard scattering and strings for soft co- 91 herent interactions; these strings are then converted into 92 soft partons via a string melting scheme. The parton and 93 hadron transport is responsible for transforming the ini- 94 tial asymmetries into the momentum anisotropy. The 95 parton transport include only elastic scattering whose 96 cross-sections are controlled by the values of the strong 97 coupling constant (α_s) and the Debye screening mass (μ): 98 dσ dt ≈ 9πα^2_s 2(t − μ^2)^2

, σ ≈ 9πα^2_s /(2μ^2) (6)

where t is the standard Mandelstam variable for four mo- 99 mentum transfer. Note that the total cross-section can be 100 increased either with a larger α_s or a smaller value of μ. 101 However changing α_s is more effective for momentum dis- 102 sipation than changing μ, as decreasing μ includes only 103

softer scattering (Eq. 6). Partons are recombined into 104 hadrons at the freezeout, followed by a hadronic trans- 105 port. 106 AMPT events are generated for two different α_s values 107 for parton transport: set-A with α_s = 0.47 and set-B 108 with α_s = 0.33 from [21] [31]. We vary the total cross- 109 section from 1.5 mb to 10 mb by adjusting μ, separately 110 for set-A and set-B. Varying α_s and μ allows us to study 111 how v_1 depends on the strength of final state interactions. 112 These studies are carried out at RHIC energy (Au+Au 113 at √ s_{NN} = 0.2 TeV) and/or LHC energy (Pb+Pb at 114 √ s_{NN} = 2.76 TeV) for the impact parameters b = 4 fm 115 and b = 8 fm, corresponding to approximately 0-10% and 116 30-40% most central events, respectively. 117 We follow the procedure of extracting v_1 as docu- 118 mented in [13]. First, the correlation function for a given 119 p^a_T, p^b_T and Δη range is constructed from all final state 120 particles, and v_{1,1}(p^a_T, p^b_T, Δη) values are calculated. Sec- 121 ond, a least-square minimization of these v_{1,1} values fol- 122 lowing Eq. 4 is used to obtain v^{Fit}_1 (p_T) for a given Δη 123 range, where the v^{Fit}_1 (p_T) function is defined by its val- 124 ues at 9 p_T points (0.5,0.7,0.9,1.1,1.5,2.0,3.0,3.8,4.6 GeV) 125 via a cubic-spline interpolation procedure. 126 Figure 1 (a) and (c) show examples of such a study 127 at RHIC energy, with the fit overlaid with the v_{1,1} from 128 AMPT for set-A with a 10mb partonic cross-section. A 129 rapidity gap of 1.5 is imposed to suppress the short range 130 correlations. The v_{1,1} values for different p^a_T selections 131 cross each other and change sign as one increase p^{a,b}_T , a 132 feature qualitatively similar to the ATLAS data. 133 Figure 1 (b) and (d) show the v_{1,1} values obtained from 134 HIJING, which has no final state interaction. They vary 135 nearly linearly with p^a_T × p^b_T, consistent with behavior 136 expected for global momentum conservation. This sug- 137

FIG. 2: (Color online) v^{Fit}_1 vs pT at RHIC energy and LHC.

gests that the complex dependence of the v_{1,1} on p^{a,b}_T 138 in the left panels is a natural consequence of final state 139 interactions. 140 Figure 2 shows v^{Fit}_1 (p_T) extracted from the fit. The 141 v^{Fit}_1 function crosses zero at low p_T, with the crossing 142 point of p_{T,0} = 0.7 − 0.8 GeV at RHIC energy and 0.9 143 GeV at LHC energy, respectively. Since the integral 144 v_1 should be zero: ⟨p_Tv_1(p_T)⟩ = 0, the change of p_{T,0} 145 mainly reflects the change of the ⟨p_T⟩ and ⟨p^2_T⟩ (value 146 shown in the legend). One can show that if v_1(p_T) is a lin- 147 ear function of p_T, the crossing point is p_{T,0} = ⟨p^2_T⟩/⟨p_T⟩. 148 However, a change in the ⟨p_T⟩ and ⟨p^2_T⟩ should have lit- 149 tle influence on the v_1 values at high p_T; there the v_1 150 values are more sensitive to transport properties of the 151 medium. The v^{Fit}_1 (p_T) increases with p_T to a value ∼ 0.1 152 at 2-3 GeV, and then decreases at higher p_T. The v^{Fit}_1 153 values for b = 4 fm and b = 8 fm are comparable, consis- 154 tent with the lack of centrality dependence in the initial 155 dipole asymmetry [4, 5]. The v^{Fit}_1 value at LHC energy is 156 larger, consistent with a stronger collective flow at LHC. 157 158 Figure 3 shows v^{Fit}_1 (p_T) for set-A and set-B at different 159 parton cross-sections tuned by changing μ. The mag- 160 nitude of v^{Fit}_1 (p_T) clearly grows with increasing cross- 161 section. However the v_1 values are more sensitive to 162 changes in α_s: a change of α_s = 0.47 for set-A to 0.33 for 163 set-B almost leads to a 60% increase of the peak value of 164 v_1. Results for set-B with a 1.5 mb cross-section agree 165 better with the ATLAS data at low p_T. However both 166 sets fail to describe the trend of the data for p_T > 3 167 GeV. This reflects a limitation in the AMPT model for 168 predicting the behavior of v_n at high p_T: the jet quench- 169 ing physics is important at high p_T, but is not modelled 170 correctly in AMPT. Similar studies for v_2 also found that 171 the set-B 1.5 mb has the best agreement with the data 172 for p_T < 2 GeV [21]. 173 The original fitting method of ATLAS can be gener- 174 alized to measure the η dependence of v_1 in AMPT. We 175 first perform the 2PC analysis in bins of p^a_T, p^b_T, η^a, and 176

FIG. 3: (Color online) v^{Fit}_1 vs pT for set-A (left panels) and set-B (right panels) for impact parameter b = 8 fm, and compared with ATLAS Pb+Pb data.

η^b. The resulting 4-D dataset v_{1,1}(p^a_T, p^b_T, η^a, η^b) is then 177 parameterized by: 178 v1,1 (p^a_T, p^b_T, η^a, η^b) = v^{Fit}_1 (p^a_T, η^a)v^{Fit}_1 (p^b_T, η^b) −c(η^a, η^b)p^a_Tp^b_T , (7) to directly obtain v^{Fit}_1 (p_T, η). A minimum |Δη| separa- 179 tion for the pairs is imposed to suppress the short range 180 non-flow correlations. Therefore the total number of v_{1,1} 181 data points used in the fit depends on this gap require- 182 ment and the binning in p_T and η. 183 In the default fit, both v^{Fit}_1 and c functions are as- 184 sumed to be symmetric in η i.e. v^{Fit}_1 (η) = v^{Fit}_1 (−η) 185 and c(η^a, η^b) = c(−η^a, −η^b). In addition, we also have 186 c(η^a, η^b) = c(η^b, η^a). We divide the |η| < 3 into 12 187 equally spaced η bins and use the same 9 bins in p_T 188 as for Fig 1 and 2. The fit uses a 12 × 9 = 108 mesh 189 in (η, p_T) space with a simple linear interpolation, which 190 has 54 independent mesh nodes due to symmetry in η. 191 This together with 24 parameters for c, gives a total of 192 78 fitting parameters. The quality of the fit is generally 193 comparable to those shown in Fig. 1. 194 Figure 4 shows the η dependence of the v_1 obtained 195 this way for two p_T bins. The error bands account for 196 the statistical uncertainty as well as the variation of the 197 fit result by changing the |Δη| gap from 0.5 to 2.5. The 198 v^{Fit}_1 (η) generally shows a weak η-dependence at RHIC 199 energy, especially in the more central collisions. At LHC 200 energy, however, the v^{Fit}_1 (η) shows a small dip at mid- 201 rapidity. The physics behind this dip is currently under 202 investigation, but probably is related to the stronger lon- 203 gitudinal flow at higher collision energy. Figure 5 shows 204 the values of c(η^a, η^b) plotted as a function of |Δη| for 205 b = 8 fm at RHIC and LHC. They fall approximately on 206 a common curve for |Δη| > 2, suggesting that c nearly 207 depends only on |Δη| for pairs with large rapidity sep- 208 aration. The values of c at large |Δη| are not sensitive 209 to the |Δη| gap used in the global fit (compare the solid 210 and open symbols), and they are three times larger than 211 that calculated via Eq. 5 assuming K = 1 at LHC (right 212 panel), but are comparable at RHIC (left panel). 213

FIG. 4: v^{Fit}_1 vs. η for two pT ranges. They are determined from global fit of v1,1 values for |Δη| > 2.

FIG. 5: c(η^a, η^b) vs. |η^a − η^b| for Δη > 0.5 and Δη > 2 obtained from the Global fit. Data points at given |Δη| value corresponds to different η^a and η^b combinations

In the original functional Eq. 4, parameter c is assumed 214 to be a single number for each centrality class. Figure 5 215 clearly show that this is not the case in AMPT, and 216 the global momentum conservation contribution changes 217 with |Δη|. Some of this dependence is due to the influ- 218 ence of the short range correlations such as jet fragmen- 219 tation and resonance decay, which tend to give a negative 220 contribution to c at small |Δη|. However, the values of c 221 still change with |Δη| up to |Δη| = 3 then seem to flat- 222 ten out at higher |Δη|, but at a level much bigger that 223 predicted by Eq. 5. This may suggest that evaluating c 224 with all particles in the event might be incorrect. In the 225 modified EP method of Ref. [17], a p_T dependent weight 226 w = p_T − ⟨p^2_T⟩/⟨p_T⟩ is calculated for each particle used 227 in the EP calculation. Note that if c depends on η of the 228 two particles, ⟨p^2_T⟩ and ⟨p_T⟩ need to be calculated in bins 229 of η, instead of a single number calculated over the full η 230 range of the EP. In other words, the weight is a function 231 of p_T and η: w(p_T, η) = p_T − ⟨p^2_T⟩(η)/⟨p_T⟩(η). 232 In summary, we study the v_1 associated with the ini- 233 tial dipole asymmetry in the AMPT Monte Carlo model 234 using v_{1,1} = ⟨cos Δϕ⟩ obtained from the two-particle cor- 235 relation technique. A global fit of the v_{1,1} using the pro- 236 cedure from the ATLAS Collaboration [13] allows the 237 simultaneous extraction of v_1(p_T) and the global momen- 238 tum conservation component. The extracted v_1 function 239 is negative at low p_T, and increases with p_T until 2-3 240 GeV, qualitatively agreeing with the behavior predicted 241

by the hydrodynamic models. The v_1 function shows 242 very little centrality dependence but increases with colli- 243 sion energy and parton cross-sections, suggesting that its 244 magnitude increases with the strength of the final state 245 interactions. By choosing the parameters in AMPT care- 246 fully, reasonable agreement with the ATLAS data can be 247 achieved for p_T < 2 GeV, but not at higher p_T. The 248 fitting method is extended to directly extract the η de- 249 pendence of v_1 and the global momentum conservation 250 component (Eq. 7). The extracted v_1 shows a weak de- 251 pendence on η. The coefficient of global momentum con- 252 servation component is found to depend on Δη and differs 253 from that given by Eq. 5. This extended method should 254 allow the extraction of the v_1(p_T, η) and validation of the 255 EP method (It requires detector acceptance to p_T = 0, 256 which is usually not satisfied in actual experiment). 257 We acknowledge valuable discussions with Matthew 258 Luzum and Jean-Yves Ollitrault, in particular, the re- 259 lation between the event plane method and two-particle 260 correlation method. We thank Roy Lacey for a careful 261 proofreading of the manuscript. This research is sup- 262 ported by NSF under award number PHY-1019387. 263

[1] J. Y. Ollitrault, Phys. Rev. D 46, 229 (1992). 264 [2] B. Alver and G. Roland, Phys. Rev. C 81, 054905 (2010) 265 [Erratum-ibid. C 82, 039903 (2010)]. 266 [3] B. H. Alver, C. Gombeaud, M. Luzum, J. -Y. Ollitrault, 267 Phys. Rev. C 82, 034913 (2010). 268 [4] P. Staig and E. Shuryak, Phys. Rev. C 84, 034908 (2011). 269 [5] D. Teaney and L. Yan, Phys. Rev. C 83, 064904 (2011). 270 [6] F. G. Gardim, F. Grassi, Y. Hama, M. Luzum and J. - 271 Y. Ollitrault, Phys. Rev. C 83, 064901 (2011) 272 [7] P. Bozek, W. Broniowski and J. Moreira, Phys. Rev. C 273 83, 034911 (2011) 274 [8] S. A. Voloshin, A. M. Poskanzer, R. Snellings, 275 arXiv:0809.2949 [nucl-ex]. 276 [9] PHOBOS Collaboration, Phys. Rev. Lett. 97, 012301 277 (2006). 278 [10] STAR Collaboration, Phys. Rev. Lett. 101, 252301 279 (2008). 280 [11] ALICE Collaboration, J. Phys. G 38, 124167 (2011). 281 [12] CMS Collaboration, arXiv:1201.3158 [nucl-ex]. 282 [13] ATLAS Collaboration, arXiv:1203.3087 [hep-ex]. 283 [14] N. Borghini, P. M. Dinh, J. -Y. Ollitrault, Phys. Rev. C 284 62, 034902 (2000). 285 [15] N. Borghini, P. M. Dinh, J. -Y. Ollitrault, 286 A. M. Poskanzer, S. A. Voloshin, Phys. Rev. C 66, 287 014901 (2002). 288 [16] N. Borghini, Phys. Rev. C 75, 021904 (2007). 289 [17] M. Luzum and J. Y. Ollitrault, Phys. Rev. Lett. 106, 290 102301 (2011). 291 [18] E. Retinskaya, M. Luzum and J. -Y. Ollitrault, 292 arXiv:1203.0931 [nucl-th]. 293 [19] ALICE Collaboration, Phys. Lett. B 708, 249 (2012). 294 [20] J. Xu and C. M. Ko, Phys. Rev. C 84, 044907 (2011) 295 [21] J. Xu and C. M. Ko, Phys. Rev. C 84, 014903 (2011), 296 Phys. Rev. C 83, 034904 (2011) 297

[22] J. Xu and C. M. Ko, Phys. Rev. C 83, 021903 (2011) 298 [23] G. -L. Ma and X. -N. Wang, Phys. Rev. Lett. 106, 162301 299 (2011) 300 [24] B. Schenke, S. Jeon and C. Gale, Phys. Rev. C 85, 024901 301 (2012) 302 [25] Z. Qiu and U. W. Heinz, Phys. Rev. C 84, 024911 (2011). 303 [26] Z. Qiu, C. Shen and U. W. Heinz, Phys. Lett. B 707, 151 304 (2012) 305 [27] J. Takahashi, B. M. Tavares, W. L. Qian, R. Andrade, 306 F. Grassi, Y. Hama, T. Kodama and N. Xu, Phys. Rev. 307

Lett. 103, 242301 (2009) 308 [28] Z. Chajecki and M. Lisa, Phys. Rev. C 79, 034908 (2009) 309 [29] Z. -W. Lin, C. M. Ko, B. -A. Li, B. Zhang and S. Pal, 310 Phys. Rev. C 72, 064901 (2005) 311 [30] M. Gyulassy, X. -N. Wang, Comput. Phys. Commun. 83, 312 307 (1994). 313 [31] set-A and set-B also uses different parameterization of 314 the Lund fragmentations in HIJING, which affect mainly 315 the total multiplicity but not v1. 316