arXiv:1212.0696v1 [hep-ph] 4 Dec 2012

Heavy quark transport at RHIC and LHC

Thomas Lang^{1,2}, Hendrik van Hees^{1,2}, Jan Steinheimer^3, Yu-Peng Yan^{4,5}, Marcus Bleicher^{1,2}

1 Frankfurt Institute for Advanced Studies (FIAS),Ruth-Moufang-Str. 1, 60438 Frankfurt am Main, Germany 2 Institut für Theoretische Physik, Johann Wolfgang Goethe-Universität, Max-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany 3 Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA 4 School of Physics, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand 5 Thailand Center of Excellence in Physics (ThEP), Commission on Higher Education, Bangkok 10400, Thailand

Abstract. We calculate the heavy quark evolution in heavy ion collisions and show results for the elliptic flow v2 as well as the nuclear modification factor RAA at RHIC and LHC energies. For the calculation we implement a Langevin approach for the transport of heavy quarks in the UrQMD (hydrodynamics + Boltzmann) hybrid model. As drag and diffusion coefficients we use a Resonance approach for elastic heavy-quark scattering and assume a decoupling temperature of the charm quarks from the hot medium of 130 MeV. At RHIC energies we use a coalescence approach at the decoupling temperature for the hadronization of the heavy quarks to D-mesons and B-mesons and a sub-following decay to heavy flavor electrons using PYTHIA. At LHC we use an additional fragmentation mechanism to account for the higher transverse momenta reached at higher collision energies.

1. Introduction Heavy quarks are an ideal probe for the QGP. They are produced in the primordial hard collisions of the nuclear reaction and therefore probe the created medium during its entire evolution process. When the system cools down they hadronize, and their decay products can finally be detected. Therefore, heavy-quark observables provide new insights into the interaction processes within the hot and dense medium. Two of the most interesting observables are the elliptic flow, v_2, and the nuclear modification factor, R_{AA}, of open-heavy-flavor mesons and their decay products like “non-photonic” single electrons. The measured large elliptic flow, v_2, of open-heavy-flavor mesons and the “non-photonic single electrons or muons” from their decay underline that heavy quarks take part in the collective motion of the bulk medium, consisting of light quarks and gluons. The nuclear modification factor shows a large suppression of the open-heavy flavor particles’ spectra at high transverse momenta (p_T ) compared to the findings in pp collisions. This also supports a high degree of thermalization of the heavy quarks with the bulk medium.

In this letter we explore the medium modification of heavy-flavor p_T spectra, using a hybrid model, consisting of the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) model [1, 2] and a full (3+1)-dimensional ideal hydrodynamical model [3, 4] to simulate the bulk medium. The heavy-quark propagation in the medium is described by a relativistic Langevin approach

[5]. Similar studies have recently been performed in a thermal fireball model with a combined coalescence-fragmentation approach [6, 7, 8, 9, 10, 11, 5], in an ideal hydrodynamics model with a lattice-QCD EoS [12, 13], in a model from Kolb and Heinz [14], in the BAMPS model [15, 16], the MARTINI model [17] as well as in further studies and model comparisons [18, 19, 20, 21, 22].

2. Description of the model The UrQMD hybrid model has been developed to combine the advantages of transport theory and (ideal) fluid dynamics [23]. It uses initial conditions, generated by the UrQMD model [24, 25], for a full (3+1) dimensional ideal fluid dynamical evolution, including the explicit propagation of the baryon current. After a Cooper-Frye transition back to the transport description, the freeze out of the system is treated dynamically within the UrQMD approach. The hybrid model has been successfully applied to describe particle yields and transverse dynamics from AGS to LHC energies [23, 26, 27, 28, 29] and is therefore a reliable model for the flowing background medium.

The diffusion of a “heavy particles” in a medium consisting of “light particles” can be described with help of a Fokker-Planck equation [31, 32, 18, 31, 32, 33, 37, 6, 35, 36] as an approximation of the collision term of the corresponding Boltzmann equation. It can be mapped into an equivalent stochastic Langevin equation, suitable for numerical simulations.

The drag and diffusion coefficients for the heavy-quark propagation within this framework are taken from a Resonance approach [33], where the existence of D-mesons and B-mesons in the QGP phase is assumed, as well as a T -Matrix approach [6] in which quark-antiquark potentials are used for the calculation of the coefficients in the QGP.

The initial production of charm quarks in our approach is based on a Glauber approach. For the realization of the initial collision dynamics we use the UrQMD model. We perform a first UrQMD run excluding interactions between the colliding nuclei and save the nucleon-nucleon collision space-time coordinates. These coordinates are used in a second, full UrQMD run as possible production coordinates for the charm quarks.

As momentum distribution for the initially produced charm quarks at √ s_{NN} = 200 GeV we use 1 2πp_T dp_T = ( A_1 + p^2_T

)_2 ( 1 + A_2 · p^2_T

)_{A3} , (1)

with A_1 = 0.5, A_2 = 0.1471 and A_3 = 21 and for bottom quarks 1 2πp_T dp_T = 1 ( A_1 + p^2_T

)_{A2} , (2)

with A_1 = 57.74 and A_2 = 5.04. These distributions are taken from [37, 6]. The p_T distribution for charm quarks at 2.76 TeV is obtained from a fit to PYTHIA calculations. 1 2πp_T dp_T = 1 (1 + A_1 · ( p^2_T )_{A2} )^{A3} (3) with the coefficients A_1 = 0.136, A_2 = 2.055 and A_3 = 2.862.

Starting with these distributions as initial conditions we propagate the heavy quarks at each hydro-timestep. We use the UrQMD/hydro’s cell velocities, the cell temperature, the size of the time-step, and the γ-factor for the calculation of the momentum transfer, propagating all quarks independently. Our approach provides us only with the heavy-quark distributions. Since heavy quarks cannot be measured directly in experiments we include a hadronization mechanism for D-mesons and B-mesons, via the use of a quark-coalescence mechanism. To implement this coalescence we perform our Langevin calculation until the decoupling temperature is reached. Subsequently we add the momenta of light quarks to those of the heavy quarks.

3. Results First we performed our calculations in Au+Au collisions at √ s_{NN} = 200 GeV in a centrality range of 20%-40%. To compare our results to the single-electron spectra measured by PHENIX we use PYTHIA for the decay of the heavy quarks to heavy flavor electrons and apply a rapidity cut of |y| < 0.35. Fig. 1 (left) shows our results for the elliptic flow v_2. For a decoupling temperature of 130 MeV we obtain a reasonable agreement with the experimental data except for low p_T bins. Here a depletion effect can be seen. This effect is due to the radial velocity of the medium, which is in case of a developed elliptic flow larger in x than in y direction. Consequently there is a depletion of particles with high v_x in the low p_T region and smaller elliptic flow. This effect is more important for heavier particles and a larger radial flow [38, 39].

In Fig. 1 (right) the nuclear modification factor R_{AA} for non-photonic single electrons is depicted.

Figure 1. (Color online) Elliptic flow v_2 (left) and nuclear modification factor R_{AA} (right) of electrons from heavy quark decays in Au+Au collisions at √ s_{NN} = 200 GeV using a coalescence mechanism. We use a rapidity cut of |y| < 0.35. For a decoupling temperature of 130 MeV we get a reasonable agreement to data [40]

Also here we obtain a good agreement with the data, especially in case of using the T-Matrix coefficients or a low decoupling temperature.

Now we performed the same calculations, but in Pb+Pb collisions at √ s_{NN} = 2.76 TeV in a centrality range of 30%-50%. The analysis is done in a rapidity cut of |y| < 0.35 in line with the ALICE data. Here we made use of the coalescence mechanism with a decoupling temperature of 130 MeV only since we achieved the best results using this configuration at RHIC energies. In the ALICE experiment D-mesons are measured. Therefore we do not need to perform the decay to electrons this time. Fig. 2 (left) depicts our results for the elliptic flow compared to ALICE measurements. Additionally, apart form the calculation using the coalescence mechanism, also a calculation using a fragmentation mechanism is shown, since fragmentation might get more important at higher p_T bins, as measured at LHC. As fragmentation mechanism we used the Peterson fragmentation [42].

D^H_Q (z) = N z[1 − (1/z) − ϵ_Q/(1 − z)]^2 , Here N is a normalization constant, z the relative-momentum fraction obtained in the fragmentation of the charm quarks and ϵ_Q = 0.05.

Both v_2 calculations are in agreement with the ALICE data set. Using the fragmentation function a sharper rise of the elliptic flow at low p_T is reached, while at medium p_T the flow

Figure 2. (Color online) Left: Flow v_2 of D-mesons in Pb+Pb collisions at √ s_{NN} = 2.76 TeV compared to data from the ALICE experiment. (Talk by Z. Conesa del Valle at QM 2012, data not published yet.) A rapidity cut of |y| < 0.35 is employed. Right: R_{AA} of D-mesons in Pb+Pb collisions at √ s_{NN} = 2.76 TeV compared to experimental data from ALICE [41]. A rapidity cut of |y| < 0.35 is employed.

using the coalescence approach is stronger. At high p_T both hadronization mechanisms lead to similar results.

A complementary view on the drag and diffusion coefficients is provided by the nuclear suppression factor R_{AA}. Figure 2 (right) shows the calculated nuclear modification factor R_{AA} of D-mesons at LHC. Here we compare to two data sets available, for D^0 and D^+ mesons. In line with the experimental data the simulation is done for a more central bin of σ/σ_{to} = 0%-20%. In case of the coalescence approach we find a maximum of the R_{AA} at about 2 GeV followed by a sharp decline to an R_{AA} of about 0.2 at high p_T . The fragmentation approach leads to a different result at low p_T . A very sharp R_{AA} drop-off from low to high p_T is seen. At high p_T the two approaches nearly converge. Concerning the difference of the results using the fragmentation and coalescence mechanism new v_2 and R_{AA} measurements, especially at low p_T , would be very helpful to draw conclusions on the hadronization mechanism at LHC.

To summarize, we presented in this letter our results on the medium modification of heavy quarks at RHIC and LHC energies using the nuclear modification factor R_{AA} and the elliptic flow v_2 as observables. At RHIC energies we compared different sets for drag and diffusion coefficients and obtained the best agreement to experimental measurements if using a Resonance model with a decoupling temperature of 130 MeV. At LHC we compared a coalescence approach and a fragmentation approach as hadronization mechanism using the Resonance model at a decoupling temperature of 130 MeV. Both approaches describe the ellitpic flow v_2 in pretty good agreement with the experimental data while for the R_{AA} a major disagreement between our models at low p_T can be seen that needs to be resolved by new measurements.

4. ACKNOWLEDGMENTS We are grateful to the Center for Scientific Computing (CSC) at Frankfurt for providing computing resources. T. Lang gratefully acknowledges support from the Helmholtz Research School on Quark Matter Studies. This work is supported by the Hessian LOEWE initiative through the Helmholtz International Center for FAIR (HIC for FAIR). J. S. acknowledges a Feodor Lynen fellowship of the Alexander von Humboldt foundation. This work is supported by the Office of Nuclear Physics in the US Department of Energy’s Office of Science under Contract No. DE-AC02-05CH11231.

[1] S. A. Bass et al., Prog. Part. Nucl. Phys. 41 (1998) 255 [Prog. Part. Nucl. Phys. 41 (1998) 225] [arXiv:nuclth/9803035].

[2] M. Bleicher et al., J. Phys. G25 (1999) 1859 [arXiv:hep-ph/9909407].

[3] D. H. Rischke, S. Bernard and J. A. Maruhn, Nucl. Phys. A 595 (1995) 346 [arXiv:nucl-th/9504018]. [4] D. H. Rischke, Y. Pursun and J. A. Maruhn, Nucl. Phys. A 595 (1995) 383 [Erratum-ibid. A 596 (1996) 717] [arXiv:nucl-th/9504021].

[5] R. Rapp and H. van Hees, arXiv:0903.1096 [hep-ph].

[6] H. van Hees, M. Mannarelli, V. Greco and R. Rapp, Phys. Rev. Lett. 100 (2008) 192301 [arXiv:0709.2884 [hep-ph]].

[7] H. van Hees, V. Greco and R. Rapp, arXiv:0706.4456 [hep-ph]. [8] V. Greco, H. van Hees and R. Rapp, arXiv:0709.4452 [hep-ph].

[9] H. van Hees, M. Mannarelli, V. Greco and R. Rapp, Eur. Phys. J. C 61 (2009) 799 [arXiv:0808.3710 [hep-ph]]. [10] R. Rapp, D. Cabrera, V. Greco, M. Mannarelli and H. van Hees, arXiv:0806.3341 [hep-ph]. [11] R. Rapp and H. van Hees, arXiv:0803.0901 [hep-ph]. [12] M. He, R. J. Fries and R. Rapp, arXiv:1204.4442 [nucl-th]. [13] M. He, R. J. Fries and R. Rapp, arXiv:1208.0256 [nucl-th].

[14] J. Aichelin, P. B. Gossiaux and T. Gousset, Acta Phys. Polon. B 43 (2012) 655 [arXiv:1201.4192 [nucl-th]]. [15] J. Uphoff, O. Fochler, Z. Xu and C. Greiner, Phys. Rev. C 84 (2011) 024908 [arXiv:1104.2295 [hep-ph]]. [16] J. Uphoff, O. Fochler, Z. Xu and C. Greiner, Phys. Lett. B 717 (2012) 430 [arXiv:1205.4945 [hep-ph]]. [17] C. Young, B. Schenke, S. Jeon and C. Gale, Phys. Rev. C 86 (2012) 034905 [arXiv:1111.0647 [nucl-th]]. [18] G. D. Moore and D. Teaney, Phys. Rev. C 71 (2005) 064904 [arXiv:hep-ph/0412346]. [19] I. Vitev, A. Adil and H. van Hees, J. Phys. G34 (2007) S769 [arXiv:hep-ph/0701188]. [20] P. B. Gossiaux, J. Aichelin, T. Gousset and V. Guiho, J. Phys. G37 (2010) 094019 [arXiv:1001.4166 [hep-ph]]. [21] P. B. Gossiaux, S. Vogel, H. van Hees, J. Aichelin, R. Rapp, M. He and M. Bluhm, arXiv:1102.1114 [hep-ph]. [22] P. Gossiaux, J. Aichelin and T. Gousset, Prog. Theor. Phys. Suppl. 193 (2012) 110 [arXiv:1201.4038 [hep-ph]]. [23] H. Petersen, J. Steinheimer, G. Burau, M. Bleicher and H. Stocker, Phys. Rev. C 78 (2008) 044901 [arXiv:0806.1695 [nucl-th]].

[24] S. A. Bass, A. Dumitru, M. Bleicher, L. Bravina, E. Zabrodin, H. Stoecker and W. Greiner, Phys. Rev. C 60 (1999) 021902 [arXiv:nucl-th/9902062].

[25] A. Dumitru, S. A. Bass, M. Bleicher, H. Stoecker and W. Greiner, Phys. Lett. B 460 (1999) 411 [arXiv:nuclth/9901046].

[26] J. Steinheimer, M. Bleicher, H. Petersen, S. Schramm, H. Stocker and D. Zschiesche, Phys. Rev. C 77 (2008) 034901 [arXiv:0710.0332 [nucl-th]].

[27] J. Steinheimer, V. Dexheimer, H. Petersen, M. Bleicher, S. Schramm and H. Stoecker, Phys. Rev. C 81 (2010) 044913 [arXiv:0905.3099 [hep-ph]].

[28] H. Petersen, G. Y. Qin, S. A. Bass and B. Muller, Phys. Rev. C 82 (2010) 041901 [arXiv:1008.0625 [nucl-th]]. [29] H. Petersen, Phys. Rev. C 84 (2011) 034912 [arXiv:1105.1766 [nucl-th]].

[30] J. Steinheimer, S. Schramm and H. Stocker, Phys. Rev. C 84 (2011) 045208 [arXiv:1108.2596 [hep-ph]]. [31] B. Svetitsky, Phys. Rev. D 37 (1988) 2484.

[32] M. Golam Mustafa, D. Pal and D. Kumar Srivastava, Phys. Rev. C 57 (1998) 889 [Erratum-ibid. C 57 (1998) 3499] [nucl-th/9706001].

[33] H. van Hees and R. Rapp, Phys. Rev. C 71 (2005) 034907 [nucl-th/0412015]. [34] H. van Hees, V. Greco and R. Rapp, Phys. Rev. C 73 (2006) 034913 [nucl-th/0508055]. [35] P. B. Gossiaux and J. Aichelin, Phys. Rev. C 78 (2008) 014904 [arXiv:0802.2525 [hep-ph]]. [36] M. He, R. J. Fries and R. Rapp, Phys. Lett. B 701 (2011) 445 [arXiv:1103.6279 [nucl-th]]. [37] H. van Hees, V. Greco and R. Rapp, Phys. Rev. C 73 (2006) 034913 [arXiv:nucl-th/0508055]. [38] P. Huovinen, P. F. Kolb, U. W. Heinz, P. V. Ruuskanen and S. A. Voloshin, Phys. Lett. B 503 (2001) 58 [arXiv:hep-ph/0101136].

[39] D. Krieg and M. Bleicher, Eur. Phys. J. A 39 (2009) 1 [arXiv:0806.0736 [nucl-th]]. [40] A. Adare et al. [PHENIX Collaboration], Phys. Rev. C 84 (2011) 044905 [arXiv:1005.1627 [nucl-ex]]. [41] et al. [ALICE Collaboration], JHEP 1209 (2012) 112 [arXiv:1203.2160 [nucl-ex]]. [42] C. Peterson, D. Schlatter, I. Schmitt and P. M. Zerwas, Phys. Rev. D 27 (1983) 105.