arXiv:1210.7449v2 [nucl-th] 30 May 2013

Velocity Dependence of Charmonium Dissociation Temperature in High-Energy Nuclear Collisions

Yunpeng Liu^{a,b}, Nu Xu^{c,d}, Pengfei Zhuang^a

aPhysics Department, Tsinghua University, Beijing 100084, China bInstitut für Theoretische Physik, J. W. Goethe-Universität, Frankfurt, Germany cNuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA dCollege of Physical Science and Technology, Central China Normal University, Wuhan, China

Abstract In high-energy nuclear collisions, heavy quark potential at finite temperature controls the quarkonium suppression. Including the relaxation of the medium induced by the relative velocity between quarkonia and the deconfined expanding matter, the Debye screening is reduced and the quarkonium dissociation takes place at a higher temperature. As a consequence of the velocity dependent dissociation temperature, the quarkonium suppression at high transverse momentum is significantly weakened in high energy nuclear collisions at RHIC and LHC.

Keywords: quark gluon plasma, heavy flavor, QCD PACS: 25.75.-q, 12.38.Mh, 24.85.+p

Heavy quarkonia J/ψ and Υ are tightly bound hadronic states. Their dissociation temperature T_d is, in general, higher than the critical temperature T_c for the deconfinement phase transition [1] in high-energy nuclear collisions [2, 3, 4]. Therefore, the measured cross sections of quarkonia carry the information of the early stage hot and dense medium. They have long been considered as a signature of the formation of the new state of matter, the so-called quark-gluon plasma [5, 6].

The quarkonium dissociation in a static deconfined quark matter is generally described in terms of the screening effect. The heavy quark potential, which is normally taken as the Cornell form [7] and can be calculated through a non-relativistic quantum chromodynamic potential [8] and lattice simulations [9], is reduced to a Yukawa-like potential due to the Debye screening.

Preprint submitted to Phys. Lett. B May 31, 2013

When the screening radius becomes smaller than the quarkonium size, the bound state dissociates. Substituting the screened potential, extracted from lattice simulations [10, 11], into the Schrödinger equation for the wave function of the quarkonium state, one obtains the dissociation temperature that corresponds to the zero binging energy and infinite size of the di-quark system [12, 13]. For charmonia, while the excited states χ_c and ψ^′ start to dissociate already around T_c, the calculated dissociation temperature for the ground state J/ψ is much higher than the critical temperature [12].

The quarkonia produced in relativistic heavy ion collisions are, however, not at rest in the medium. There exists a relative velocity between the quarkonia and the expanding medium. The question is what is the velocity dependence of the heavy quark potential at finite temperature [14, 15, 16]. The screening effect is due to the rearrangement of the charged particles when a pair of heavy quarks (source) is present in the medium. For a moving source, it will take a longer time for the source to interact with the medium, comparing with that of a stationary source. This ‘delay’ of the response reduces the screening charges around the source and thus weakens the screening effect. In relativistic heavy ion collisions, the average transverse momentum of the initially produced J/ψs is about 2 GeV at RHIC energy [17] and 3 GeV at LHC energy. [18], corresponding to an averaged relative velocity above 0.5c. A significant modification of the Debye screening is expected for such fast moving J/ψs, especially for those produced in higher transverse momentum region [19, 20]. In this Letter, we study the velocity dependence of the heavy quark potential and the quarkonium dissociation temperature in a transport approach. The velocity induced effects on charmonium suppression at both Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC) will be discussed. In the following calculations we take the speed of light c = 1.

For a static source located at r = 0, the ambient charge density ρ_0(r) is modified by the screening potential V_0(r) at finite temperature T [21],

ρ_0(r) = ∑ i q_if_ie^{−qiV0(r)/T} ≈ − ∑ i (q^2_i f_i/T )V_0(r), (1)

where q_i is the charge of the particles of species i, and f_i is the initial particle density without the source. The neutrality condition for the total charge has been considered here. The solution of (1) with the assumption of small V gives the Debye screening of the potential. At large distance, the potential is weak, so that the approximation in (1) is appropriate, while at small distance, the solution of (1) means a small correction to the original potential, as the lattice simulations indicated [10, 11].

For a source moving with velocity υ with respect to the medium, the non-equilibrium charge density ρ(r, t) in the source-rest frame satisfies the transport equation in the relaxation time approximation, ∂_tρ − υ · ∇ρ = − (ρ − ρ_0) /τ, (2) where τ is the relaxation time of the medium. Taking the limit t → ∞, the final distribution ρ_f (r, L) ≡ lim_{t→∞} ρ(r, t) becomes stable and is characterized by the equation L · ∇ρ_f = ρ_f − ρ_0, (3) where we have introduced the relaxation length defined as L ≡ υτ which controls the velocity dependence of the Debye screening. Since the screening charge distribution is proportional to the screening potential, see equation (1), the potentials V_0 and V corresponding to a stationary and moving source, respectively, satisfy the same equation (3) which can be solved analytically,

V (r, L) = ∫_∞ 0 V_0(r + λL)e^{−λ}dλ. (4)

It is obvious that for a static source with L = 0 we have V (r, 0) = V_0(r).

With the potentials V_0 and V , the screening radius r_d can be expressed as r_d(L) = 1 2 ∫ d^3r rρ_f (r, L) ∫ d^3r ρ_f (r, L) = 1 2 ∫ d^3r rV (r, L) ∫ d^3r V_0(r)

. (5)

For the second equality, we have used the total charge conservation ∫ d^3rρ_f (r, L) = ∫ d^3rρ_0(r) for any L which is guaranteed by integrating Eq.(3) over the whole coordinate space. The screening radius r_d(L) is in general an angle dependent function. However, for a spherically symmetric potential V_0(r), the integration over the angles in the numerator of Eq.(5) can be analytically done, and the averaged screening radius can be effectively expressed as r_d(L) = ∫ drr^3V (r, L)/(2 ∫ drr^2V_0(r)) with the factorized averaged potential V (r, L) = V_0(r)W (r/L), (6) where the modification factor W is defined as

W (y) = 1 +

2 + y^3Z(y) − (y^2 − y + 2)e^{−y} 3y^2 , Z(y) = ∫_∞ y dt t e^{−t}. (7)

We emphasize that the general potential V (r, L) can be simplified as V (r, L) only in the sense of the screening radius (5). For a more detailed calculation about a general potential, one may refer to the Refs.[20, 22] based on the linear response theory.

Now we apply the above transport solutions to the quarkonium dissociation in hot and dense matter created in high-energy nuclear collisions. The interaction between two quarks in vacuum can be well characterized by the Cornell potential [12] V_0(r) = −α/r + σr with coupling constant α = π/12 and string tension σ = 0.2 GeV^2. At finite temperature, the screening potential for a stationary pair of heavy quarks can be written as [23, 12]

V_0(r) = − α r e^{−μr} − σ 2^34 Γ(^3_4 ) ( r μ )_{1/2} K 1_4 ( (μr)^2 ) , (8)

where Γ and K are the Gamma and modified Bessel functions. The temperature of the medium is hidden in the screening mass μ(T ) which can be extracted [12] from lattice QCD calculated free energy [10, 11].

To establish a unique mapping between the relaxation length and the velocity, we estimate the relaxation time of the hot and dense matter by considering its electric analogue. When an electric charge is put into a conducting medium, the medium is neutralized in a time scale of τ = 1/ (4πσ_eα_e), where σ_e is the electric conductivity of the medium, and α_e is the fine-structure constant. We replace σ_e by the conductivity σ_s ≈ 0.4T for a strong field, estimated from hot quenched lattice QCD [24], and α_e by α, the relaxation length becomes L = 15υ/(2π^2T ).

In Fig.1 one sees the velocity induced change in the heavy quark potential at a fixed temperature T = 1.5T_c. The stationary potential is taken from the lattice simulation Eq. (8). Since the screening length is proportional to the velocity and inversely proportional to the temperature of the medium, the potential well becomes deeper and screening becomes less effective, when the quarkonium velocity relative to the medium increases.

With the known potentials V_0(T, r) and V (T, r, L), the screen radius r_d(T, L) at finite temperature T can be calculated through (5), where the temperature T dependent inherited from potential V is written explicitly. In the rest frame of the di-quark system, the condition for dissociating a quarkonium should not depend on its relative velocity, namely the critical screening radius is a constant,

r_d(T_d, L(υ, T_d)) = C, (9)

Figure 1: The velocity dependence of the screening potential at a fixed temperature T = 1.5T_c. σ is the string tension and the stationary potential is taken as the free energy [10, 11, 12].

where the constant C can be calculated directly at υ = 0,

C = r_d(T_d(υ = 0), L = 0) = 1 μ 1 +^π_{16Γ2(3/4)}^σ_{αμ2} 1 +^1_4^σ_{αμ2}

(10)

with μ the screening mass at T_d(υ = 0). Thus when the dissociation temperature of a J/ψ at rest is given, the constant C can be calculated and Eq. (9) determines the dissociation temperature T_d(υ) for a moving quarkonium with velocity υ. When T_d(0) runs from T_c to 2.5T_c, the screening radius r_d(T_d(0), 0) runs from 0.44 fm to 0.21 fm. The velocity-dependent temperature T_d(υ) is shown in Fig.2. Since the lattice calculation of the stationary dissociation temperature T_d(0) is still with some uncertainty, we take T_d(0) as an adjustable parameter in Fig.2. Once we fix T_d(0), its velocity dependence can be obtained from the corresponding curve. As expected, when a quarkonium moves at a large velocity relative to the medium, the screening effect becomes weaker and the dissociation temperature becomes higher. The velocity induced shift of the dissociation temperature can be as large as ΔT_d(υ) ∼ T_c for fast quarkonia. For charmonium, the dissociation temperature is T_d ∼ 1-2T_c at υ = 0 [12, 13] but goes up to 1.2-2.7T_c at υ = 0.8c, see Fig.2. Considering the fact that the fireball temperature formed in heavy ion collisions at RHIC energy is in the region T ∼ 1-2T_c, the J/ψ transverse momentum spectrum should be sensitive to the velocity dependence of the dissociation temperature. The much higher dissociation temperature for fast moving J/ψs will lead to a weaker suppression in the high transverse momentum region.

Figure 2: The scaled dissociation temperature T_d(υ), starting at different stationary values T_d(0). T_c = 165 MeV is the critical temperature of the quark matter, and the upper and lower thick lines are respectively for J/ψ and the excited states ψ^′ and χ_c.

In order to quantitatively see the effect of the velocity-dependent temperature T_d(υ) on quarkonium suppression in high-energy nuclear collisions, we take a detailed transport approach [25] to describe the dynamical evolution of the hot and dense medium. The model contains transport equations for the quarkonium motion in the medium and hydrodynamic equations for the space-time evolution of the medium. The initial distribution of energy density and entropy density is based on Glauber Model. Both local temperature T (x, t) and local velocity u(x, t) that used in the transport eqaution for quarkonia are solved from the hydrodynamic equations as in our previous work [26]. In heavy ion collisions there are two sources for quarkonium production: the primordial production at the initial state and the regeneration in the hot medium. During the evolution, all of the produced quarkonia suffer from the medium induced dissociation, dominantly by the gluon interactions.

The model used here describes well both J/ψ [27, 28] and Υ [29] suppression. In order to demonstrate the velocity effect on the quarkonia suppression, it is necessary to study the transverse momentum distributions. We consider the differential nuclear modification factor R_{AA}(p_t) = N_{AA}(p_t)/ (N_{coll}N_{pp}(p_t)) as a function of quarkonium transverse momentum p_t. N_{AA}(p_t) and N_{pp}(p_t) are differential quarkonium yields in heavy ion and elementary p+p collisions, and N_{coll} is the number of nucleon+nucleon collisions in heavy ion collisions. We will focus on the high p_t behavior of R_{AA}(p_t).

Fig.3 shows the J/ψ R_{AA}(p_t) for a constant and a velocity-dependent dissociation temperature in central Au+Au collisions at top RHIC energy √ s_{NN} = 200 GeV. As one can see, at the low p_t region (≤ 3.5 GeV), the experimental results of J/ψ R_{AA}(p_t) is less than 0.4. However, in the higher p_t region, the value of the nuclear modification factor becomes higher R_{AA}(p_t) ≈ 0.6 indicating weaker suppression in J/ψ yield. Note that this p_t dependence can not be reproduced by a constant dissociation temperature unless a strong Cronin effect is assumed even at extremely high p_t [26]. As discussed in [30], the strong Cronin effect at high p_t region is not favored by the latest J/ψ data from d+Au collisions. In our calculation, the Cronin effect has been characterized by a Gaussian smearing scheme [31], which contribute little to the high p_t region p_t > 6 GeV. For the stationary charmonia, the dissociation temperature calculated from the Schrödinger equation is in between (1.1-2.1)T_c for the ground state J/ψ and T_c for the excited states ψ^′ and χ_c, depending on the used heavy quark potential [32, 33, 12].

Since the fireball temperature in a central collision is much higher than T_c, almost all the excited states are dissociated in the medium, we will consider mainly the ground state. Considering the fact that the contribution from the decay of the excited states to the final J/ψs is about 40%, there is an upper limit of 0.6 for J/ψ R_{AA}. In Fig.3 the three dashed lines represent the results with a constant dissociation temperature T_d =1.3, 1.6, and 1.9T_c from bottom to top, respectively. As one can see in the figure, the numerical results with a constant T_d are all much less than 0.6 and overestimate the J/ψ suppression.

We now analyze the results with the velocity-dependent temperature, see the solid line in Fig.3. Fitting the experimental data of the nuclear modification factor R_{AA}(Npart) as a function of the number of participant nucleons Npart [3], we obtain T_d(0) = 1.6T_c. Note that for an expanding fireball, p_t = 0 in the laboratory frame corresponds generally to a nonzero

Figure 3: The J/ψ nuclear modification factor R_{AA}(p_t) at RHIC. The data are from the PHENIX [3] at rapidity |y| < 0.35 and STAR [34] at rapidity |y| < 0.9, the solid line is the calculation with a velocity-dependent temperature starting at T_d(0)/T_c = 1.6, and the dashed lines are the calculations with a constant dissociation temperature T_d = 1.3T_c, 1.6T_c and 1.9T_c from bottom to top.

velocity in the rest frame of the fireball, therefore the velocity-dependent temperature even at p_t = 0 is already affected by the velocity v. That is why the R_{AA} at p_t = 0 does not coincide with the calculation with a constant T_d = 1.6T_c. From Fig.2, one sees that the increase of the dissociation temperature is approximately linear at high velocity. On the other hand, the maximum temperature of the fireball in a central Au+Au collision is Tmax ≈ 2T_c [35, 36]. Therefore, at sufficiently high transverse momentum, the dissociation temperature may stay above the maximum temperature. For example, the velocity of those J/ψs at p_t ∼ 5 GeV is above 0.8c, and the dissociation temperature T_d is about 2.3T_c. As a result, those high p_t J/ψs will survive in the quark gluon plasma. For the same reason, those high p_t excited states ψ^′s and χ_cs produced in the more peripheral region where the temperature is lower than their dissociation temperature will also survive. The competition between the velocity (p_t) dependent dissociation temperature and the fireball temperature leads to R_{AA} > 0.6 at high p_t, as shown in Fig.3. It is clear in the figure that our calculation with the velocitydependent temperature is consistent with the experimental observation. High statistics data are needed in order to confirm this ansatz for quarkonium suppression in high-energy nuclear collisions.

Figure 4: The J/ψ nuclear modification factor R_{AA}(p_t) at LHC. The data are from the CMS Collaboration at rapidity |y| < 2.4 [37], the solid line is the calculation with a velocity-dependent temperature starting at T_d(0)/T_c = 1.6, and the dashed lines are the calculations with a constant dissociation temperature T_d = 1.3T_c, 1.6T_c and 1.9T_c from bottom to top.

In order to further test the model, the p_t dependence of the R_{AA}(p_t) for prompt J/ψs from minimum bias Pb+Pb collisions at LHC energy √ s_{NN} = 2.76 TeV is also calculated in our model. The results are compared with the experimental data [37] in Fig.4. For this calculation, the charm quark production cross section is taken as dσ^c_{NN} /dy = 0.62 mb at midrapidity [38, 39]. Significant regeneration has been reported with the large charm cross section [38, 39]. Since the charm quarks interact strongly with the medium, losing its initial energy, the regenerated charmonia are soft, leading to a large R_{AA} in the low p_t region. Similar to the case at RHIC, the CMS experimental value of R_{AA} ≈ 0.3 at high p_t can be reproduced only when the velocity-dependent temperature is considered, while all other results with a constant T_d underpredict the values of R_{AA}. At the same p_t ∼ 6 GeV region, the value of R_{AA} from LHC is much lower than that from RHIC, implying that a much hotter medium has been formed in heavy ion collisions at the higher energy. At p_t ∼ 10 GeV, the velocity is above 0.9c, so that T_d is about

2.5T_c, which is still smaller than the highest temperature of the fireball at LHC.

In summary, we studied the heavy quark potential and dissociation temperature for moving quarkonia in quark gluon plasma in high-energy nuclear collisions. For a moving heavy quark pair in the hot medium, the screening potential is reduced and the dissociation temperature is enhanced. As a consequence of the velocity-dependent dissociation temperature, the J/ψ suppression becomes significantly weaker at high transverse momentum.

Acknowledgement: The work is supported by the NSFC under grant No. 11079024, the MOST under grant No. 2013CB922000, and the Helmholtz International Center for FAIR within the framework of the LOEWE program launched by the State of Hesse.

References

[1] M. Asakawa, T. Hatsuda, Phys. Rev. Lett. 92 (2004) 012001.

[2] M. Gonin, et al., Nucl. Phys. A610 (1996) 404c–417c.

[3] A. Adare, et al., Phys. Rev. Lett. 98 (2007) 232301.

[4] P. Pillot, J. Phys. G38 (2011) 124111.

[5] T. Matsui, H. Satz, Phys. Lett. B178 (1986) 416.

[6] J.-P. Blaizot, J.-Y. Ollitrault, Phys. Rev. Lett. 77 (1996) 1703–1706.

[7] E. Eichten, K. Gottfried, T. Kinoshita, K. D. Lane, T.-M. Yan, Phys.

Rev. D17 (1978) 3090, [Erratum-ibid.D21:313,1980].

[8] N. Brambilla, A. Pineda, J. Soto, A. Vairo, Nucl. Phys. B566 (2000) 275.

[9] D. Chen, R. C. Brower, J. W. Negele, E. V. Shuryak, Nucl. Phys. Proc.

Suppl. 73 (1999) 512–514.

[10] O. Kaczmarek, F. Karsch, F. Zantow, P. Petreczky, Phys. Rev. D70 (2004) 074505, [Erratum-ibid.D72:059903,2005].

[11] S. Digal, O. Kaczmarek, F. Karsch, H. Satz, Eur. Phys. J. C43 (2005) 71–75.

[12] H. Satz, J. Phys. G32 (2006) R25. [13] C.-Y. Wong, Phys. Rev. C72 (2005) 034906.

[14] H. Liu, K. Rajagopal, U. A. Wiedemann, Phys. Rev. Lett. 98 (2007) 182301.

[15] M. A. Escobedo, J. Soto, M. Mannarelli, Phys. Rev. D84 (2011) 016008. [16] G. Aarts, et al., arXiv:1210.2903.

[17] A. Adare, et al., Phys. Rev. Lett. 98 (2007) 232002. [18] B. Abelev, Phys. Lett. B718 (2012) 295–306. [19] M. C. Chu, T. Matsui, Phys. Rev. D39 (1989) 1892.

[20] M. G. Mustafa, M. H. Thoma, P. Chakraborty, Phys. Rev. C71 (2005) 017901.

[21] P. Debye, E. Hckel, Physikalische Zeitschrift 24 (1923) 185–206. [22] P. Chakraborty, M. G. Mustafa, M. H. Thoma, Phys.Rev. D74 (2006) 094002.

[23] V. V. Dixit, Mod. Phys. Lett. A5 (1990) 227.

[24] G. Aarts, C. Allton, J. Foley, S. Hands, S. Kim, Phys. Rev. Lett. 99 (2007) 022002.

[25] L. Yan, P. Zhuang, N. Xu, Phys. Rev. Lett. 97 (2006) 232301. [26] Y.-p. Liu, Z. Qu, N. Xu, P.-f. Zhuang, Phys. Lett. B678 (2009) 72–76. [27] X.-l. Zhu, P.-f. Zhuang, N. Xu, Phys. Lett. B607 (2005) 107–114. [28] Y. Liu, Z. Qu, N. Xu, P. Zhuang, J. Phys. G37 (2010) 075110. [29] Y. Liu, B. Chen, N. Xu, P. Zhuang, Phys. Lett. B697 (2011) 32–36. [30] A. Adare, et al., arXiv:1204.0777.

[31] X. Zhao, R. Rapp, Phys. Lett. B664 (2008) 253–257.

[32] S. Digal, P. Petreczky, H. Satz, Phys. Rev. D64 (2001) 094015. [33] C.-Y. Wong, Phys. Rev. C76 (2007) 014902. [34] Z. Tang, J. Phys. G38 (2011) 124107.

[35] P. F. Kolb, U. W. Heinz, P. Huovinen, K. J. Eskola, K. Tuominen, Nucl.

Phys. A696 (2001) 197–215.

[36] U. W. Heinz, P. F. Kolb, Nucl. Phys. A702 (2002) 269–280. [37] S. Chatrchyan, JHEP 05 (2012) 063. [38] R. Averbeck, et al., arXiv:1107.3243. [39] B. Abelev, JHEP 01 (2012) 128.