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Hadronic effects on charmonium elliptic flows in heavy-ion collisions
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Transport and Langevin equations are employed to study hadronic medium effects on charmonium elliptic
flows in heavy-ion collisions. In Pb-Pb collisions, the anisotropic energy density of the quark-gluon plasma
(QGP) in the transverse plane is transformed into hadron momentum anisotropy after the phase transition.
Charmonia with high transverse momentum pT are produced via the primordial hard process and undergo
different degrees of dissociation along different paths in the QGP. They then scatter with light hadrons in the
hadron phase. Both contributions to the charmonium elliptic flows are studied at moderate and high transverse
momenta. The elliptic flows of the prompt J/ψ are found to be considerably enhanced at high transverse
momentum when the charmonium diffusion coefficients in the hadronic medium are parametrized through the
geometry scale approximation. This hadronic medium effect is negligible for quarkonia with larger mass such as
bottomonia.
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I. INTRODUCTION

Charmonium consists of charm and anticharm quarks. It
is produced in parton hard scatterings with large momentum
transfer. Charmonium has been considered as a clean probe
of the hot dense medium created in relativistic heavy-ion
collisions [1]. In the quark-gluon plasma (QGP), thermal light
partons can dissociate charmonium states through inelastic
collisions and the color screening effect, whereby the heavy
quark potential in charmonium is screened by the light par-
tons [2–7]. The charmonium dissociation rates induced by the
two mechanisms are positively correlated to the QGP energy
density [8]. At the Large Hadron Collider (LHC), QGP with
large energy density dominates the abnormal suppression of
charmonium yields compared with the effects of hadronic
medium dissociations. Therefore, hadron phase contributions
have been usually neglected in the analysis of the quarkonium
nuclear modification factor RAA in the heavy-ion collisions at
LHC collision energies. Furthermore, the hadronic medium
produced after the violent expansion of QGP carries larger
collective flows. This can affect the momentum distribution
of charmonia through elastic scattering.

In nucleus-nucleus collisions, some charmonia are also
produced through the combination of uncorrelated charm and
anticharm quarks in the QGP; this process is usually referred
to as “regeneration” [9–12]. With numerous (anti)charm
quarks moving randomly in the QGP, their combination prob-
ability at the hadronization surface becomes nonnegligible.
From both theoretical and experimental studies, it has been
found that more than half of the final J/ψ in Pb-Pb central
collisions are due to the combination of c and c̄ [13,14]. Being
strongly coupled with the bulk medium, these charm quarks
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carry collective flows from the anisotropic expansion of the
QGP [15,16]. This collective flow of charm quarks will be
inherited by the regenerated charmonia [17]. These regener-
ated charmonia are mainly located in the low pT region. In
the high pT region where the regeneration contribution is neg-
ligible, charmonium yields are dominated by the primordial
production. Primordially produced charmonia undergo differ-
ent magnitudes of dissociations when they move in different
directions in the anisotropic QGP [18]. This effect results
in an anisotropic charmonium momentum distribution after
they have moved out of the QGP. This contributes ∼2% of
the elliptic flow of J/ψ in the high pT region in semicentral
Pb-Pb collisions, which is considerably lower than that ob-
tained from experimental data [17]. In this work, the hadronic
medium effects on charmonium elliptic flows are studied,
particularly in the high pT region. Charmonium trajectories
are treated as Brownian motions in the hadronic medium
due to elastic scattering with thermal hadrons. This process
can be described through the Langevin equation. The inter-
actions between charmonium and the hadronic medium are
parametrized via the diffusion coefficients in the Langevin
equation [19].

The transport model is employed to study charmonium
evolutions in the QGP [13,20], while the Langevin equa-
tion is used to model charmonium diffusions in the hadronic
medium. This paper is organized as follows. The transport
and Langevin models are introduced in Sec. II. The numer-
ical results and analysis are presented in Sec. III. Section IV
provides a summary.

II. TRANSPORT MODEL AND LANGEVIN MODEL

The Boltzmann-type transport model has been developed
to describe the phase space evolutions of heavy quarko-
nia in heavy-ion collisions. This model explains well and
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consistently most of the experimental data, including the spec-
trum and collective flows of charmonia and bottomonia [3,20–
23]. The transport equation is written as

∂t fψ (t, x, p) + vψ · ∇x fψ (t, x, p) = −α fψ (t, x, p) + β,

(1)

where fψ (t, x, p) is the charmonium density in the phase
space. The second term on the left-hand side represents the
free streaming of charmonium with a constant velocity. In
Eq. (1), the elastic collision term in the QGP [24] has been
neglected. Hot medium effects on charmonia are parametrized
through the α and β functions. α is the charmonium dissoci-
ation rate in the QGP; it depends on the local temperatures
and inelastic cross sections (g + ψ → c + c̄) between the
charmonia and thermal partons. This cross section is obtained
from the operator production expansion (OPE) [25,26]. In the
expression for the α dissociation rate, J/ψ in-medium binding
energy is taken to be 500 MeV. For the loosely bound excited
states (χc, ψ

′), the dissociation cross sections calculated using
the OPE are no longer reliable. For this reason, we choose in
this work to obtain the dissociation rates of the excited char-
monium states by phenomenologically parametrizing them in
terms of a geometry scale with the ground state, as discussed
below. The dissociation rates of the charmonium excited states
are obtained through the geometry scale with the ground
state. These parameters regarding α are the same as those
reported in a previous work [13]. The β term represents the
charmonium regeneration rate due to the process of c and c̄
combination. As this contribution is negligible for the J/ψ
production in the high pT region, it is not included in the
following calculations of J/ψ elliptic flows.

The distributions of primordial charmonia in Pb-Pb col-
lisions are obtained through a superposition of effective
nucleon-nucleon collisions, according to

ft=0(xT , pT , y|b) = TA

(
xT + b

2

)
TB

(
xT − b

2

)

× d2σ
pp

J/ψ

dy2π pT d pT
Rs(xT , pT , y), (2)

where TA(B) is the thickness function of the nucleus
A(B), b is the impact parameter, y is the rapidity, and
d2σ

pp
J/ψ/dy2π pT d pT is the J/ψ momentum distribution in pp

collisions. Rs is the modification factor due to the shadowing
effect; it is calculated via the EPS09 model [27]. At

√
sNN =

5.02 TeV, the J/ψ prompt differential cross section is taken to
be 3.25 μb in the forward rapidity [28,29].

In the hadronic medium, all the collisions between char-
monia and light hadrons are parametrized in terms of the
drag coefficient and noise term in the Langevin equation. The
classical Langevin equation [30] for charmonium motion in a
hadronic medium is written as

dp
dt

= −ηp + ξ, (3)

where p is the charmonium momentum, while η and ξ are
the drag force and the noise from the hadronic medium,
respectively. For the simplicity of calculation, the classical
form of the Langevin equation is assumed, and the momentum

dependence of both η and ξ is neglected [31]. ξ satisfies the
correlation relation

〈ξ i(t )ξ j (t ′)〉 = κδi jδ(t − t ′), (4)

where κ is the charmonium diffusion coefficient in the mo-
mentum space; it is connected with the spatial diffusion
coefficient Dψ

s through κ = 2T 2/Dψ
s in the classical limit.

The drag force in the Langevin equation can then be deter-
mined via the Einstein fluctuation-dissipation relation η ≈
κ/2mψT . Here, mψ is the charmonium mass, and T is the
local temperature of the hadronic medium. In this equation,
only one parameter, namely Dψ

s for charmonium, is as yet
undetermined. The diffusion coefficients of open heavy fla-
vor mesons in the hadronic medium have been studied via
the effective Lagrangian model and other models [32–35].
The charmonium diffusion coefficients, in particular for the
excited states, have not yet been determined. Lacking more
rigorous calculations, we employ here the geometry scale
approximation to extract the charmonium diffusion coeffi-
cients in the hadronic medium. Due to the uncertainty in the
diffusion coefficients, different values are here considered to
calculate the J/ψ elliptic flows.

The D meson diffusion coefficient DD
s in the hadronic

medium has been calculated using the hadron resonance gas
(HRG) model. It has been found that 4 � DD

s (2πT ) � 10 in
the temperature region of 0.8Tc < T < Tc [36]. The value of
DD

s (2πT ) increases when the temperature decreases in the
hadron phase. In this work, we take DD

s (2πT ) = 8 in the
temperature region of 0.8Tc ∼ Tc for simplicity [36]. Addi-
tionally, the hadronic medium is assumed to reach kinetic
freeze-out at Tkin = 0.8Tc. The charmonium diffusion coeffi-
cients are obtained via the geometry scale, Dψ

s = DD
s × 〈rD〉2

〈rψ 〉2 .
The charge radius of the D meson is approximated to be
〈rD〉 = 0.41 fm [37]. The radii of the charmonium ground
state and excited states (χc, ψ

′) are 0.5 and 0.72 fm [4],
respectively. Based on this approximation, the charmonium
excited states with relatively small spatial diffusion coef-
ficients can develop large collective flows in the hadronic
medium, which will increase the elliptic flows of the prompt
and inclusive J/ψ at high pT through the decay process
χc(ψ ′) → J/ψX .

Hot medium evolutions are simulated using the (2 +
1)-dimensional ideal hydrodynamic equations, and the longi-
tudinal expansion is approximated with the Bjorken expansion

∂μT μν = 0, (5)

where T μν = (e + p)uμuν − gμν p is the energy-momentum
tensor, while e and p are the energy density and pressure,
respectively. Corrections due to viscous stresses in the hy-
drodynamic equations have been neglected here [38]. In the
deconfined phase, the QGP is treated as an ideal gas of mass-
less u, d quarks and gluons, and s quarks with 150 MeV [39].
The hadronic medium is treated as an ideal gas consisting of
hadrons and resonances with mass up to 2 GeV [3,40]. The de-
confined and confined phases are combined with a first-order
phase transition at the critical temperature Tc = 165 MeV.
At

√
sNN = 5.02 TeV, the initial maximum temperatures of
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FIG. 1. Elliptic flows of the primordial J/ψ as a function of
the transverse momentum in cent.40–60% in

√
sNN = 5.02 TeV

Pb-Pb collisions. The dashed line represents v2 of the primordial
J/ψ with QGP dissociations. The solid lines include both the QGP
dissociations and diffusions in the hadronic medium. The diffusion
coefficients determined by the geometry scale, Dψ

s (2πT ) = 8, and
Dψ

s (2πT ) = 15, are plotted with black, red, and blue solid lines, re-
spectively. The decay contributions (χc → J/ψX, ψ ′ → J/ψX ) are
included in all lines. The regeneration and B-hadron decay parts are
not included in the theoretical lines. The experimental data represent
the inclusive J/ψ from the ALICE collaboration [17].

the QGP are fixed to be 450 MeV in the forward rapidity
2.5 < y < 4 in Pb-Pb collisions [13].

III. ELLIPTIC FLOWS OF CHARMONIUM

Charmonium production is dominated by the regeneration
mechanism at low pT , while it is dominated by the primor-
dial production at high pT . The J/ψ elliptic flows at low
pT are mainly due to the kinetic thermalization of charm
quarks and the regeneration process in the QGP. The ALICE
collaboration presented a large elliptic flow of inclusive J/ψ
even at high pT ; which is higher than that of the theoretical
calculations [17]. The regeneration contribution is negligible
at high pT . One of the factors neglected in the theoretical
studies is the charmonium diffusion in the hadronic medium.
In this work, the hadron phase effects on J/ψ collective flows
are investigated using the Langevin equation.

The obtained charmonium elliptic flows are plotted in
Fig. 1. The dashed line includes contributions from the cold
nuclear matter effects and QGP dissociations. The solid lines
include contributions from cold nuclear matter effects, QGP
dissociations, and diffusions in the hadronic medium. As we
focus on the J/ψ elliptic flows at high pT , the regeneration
contribution, which is mainly located in the pT � 4 GeV/c
region, is deliberately neglected in these calculations. Based
on the geometry scale approximation, different charmonium
states (J/ψ, χc, ψ

′) take different values of the diffusion co-
efficients in the hadronic medium. The charmonium excited
states can therefore obtain larger collective flows from the
expanding hadronic medium due to a smaller diffusion coef-
ficient. This will increase the v2 of the inclusive J/ψ through
the χc(ψ ′) → J/ψX decay process after the evolutions in the

FIG. 2. Elliptic flows of the primordial J/ψ as a function of the
transverse momentum in cent.20–40% in

√
sNN = 5.02 TeV Pb-Pb

collisions. The dashed line represents v2 of the primordial J/ψ
with QGP dissociations. Solid lines include both QGP and hadronic
medium effects. The other parameters are the same as in Fig. 1.
The experimental data represent the inclusive J/ψ obtained from the
ALICE collaboration [17].

QGP and hadron phase, as shown by the black solid line in
Fig. 1. Due to the uncertainty in the charmonium diffusion
coefficients, different values are also considered (refer to the
red and blue lines in Fig. 1). In the case of the red line, all
charmonium states take the same value, i.e., Dψ

s (2πT ) = 8.
The hadronic medium effects become smaller. In the case of
the blue line, all charmonium states take a different value,
namely Dψ (2πT ) = 15. Both these situations yield smaller
elliptic flows of the inclusive J/ψ , as the diffusion coefficients
in these two scenarios are larger than the value obtained from
the geometry scale approximation.

In the 40–60% centrality, some of the charmonium excited
states can survive the QGP dissociations and carry elliptic
flows from the hadronic medium if their spatial diffusion
coefficients Dψ

s are small. Considering that hadron elastic
scatterings can increase the v2 of B mesons by ∼2% [15,16],
a larger effect in the case of charmonium excited states is
expected since their masses are smaller and the geometry size
is larger. As Fig. 1 shows, the hadronic effects result in an
increase of v

J/ψ
2 from ∼2% to ∼6% at pT ∼ 6 GeV/c when

the charmonium diffusion coefficients are extracted using the
geometry scale approximation. It should be noted that at low
pT , after including the regeneration contribution, the inclusive
J/ψ v2 is still dominated by the regeneration process.

Figure 2 shows the calculations in cent.20–40%. The
hadronic effects result in an increase in the elliptic flow of the
primordial J/ψ from ∼2.5% to ∼5%. The effect is slightly
smaller than that observed in cent.40–60%. This is because
a larger proportion of the charmonium excited states is dis-
sociated in the QGP, and their contribution to the final v

J/ψ
2

is suppressed. In more central collisions such as cent.5–20%,
the hadronic effects become smaller than those illustrated in
Figs. 1 and 2. The addition of the hadron phase leads to an
enhancement of v2 of the primordial J/ψ ; furthermore, this
addition reduces the nuclear modification factor RAA of J/ψ
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FIG. 3. J/ψ nuclear modification factor RAA as a function of pT

in cent.40–60%. The other parameters are the same as in Fig. 1.
The dashed line is obtained considering QGP effects only, while the
black, red, and blue solid lines correspond to the situations where the
charmonium diffusion coefficients are determined by the geometry
scale, Dψ

s (2πT ) = 8 and Dψ
s (2πT ) = 15, respectively.

at pT � 5 GeV/c where the primordial production dominates,
as shown in Fig. 3.

Figure 4 shows the hadronic effects on ϒ(1S) (red solid
line). As bottomonia are tightly bound states, the QGP dis-
sociations contribute only ∼1% to the v2 of ϒ(1S) through
the path length difference effect [18]. The difference be-
tween the red solid line and the red dashed line in Fig. 4
represents the effect of the hadronic medium on the v2 of
ϒ(1S); this effect is negligible due to the upsilon large mass
and small geometry size. In addition, the substantial differ-
ence between the elliptic flows of J/ψ and ϒ(1S) in Fig. 4
indicates that the former come from the final state interactions
rather than from the initial cold nuclear matter effects [42].
This is beneficial to the understanding of the origin of the
charmonium collective behaviors in the hot medium.

IV. SUMMARY

The transport and Langevin equations were employed to
study the elliptic flows of primordial charmonium in the QGP
and hadron phase. Charmonium diffusions in the hadronic
medium were simulated using the Langevin equation. When

FIG. 4. Elliptic flows of the inclusive J/ψ and ϒ(1S) as a func-
tion of pT in the forward rapidity 2.5 < y < 4 in cent.5–60% in√

sNN = 5.02 TeV Pb-Pb collisions. The theoretical calculations of
J/ψ are the same as those presented in Fig. 2. The diffusion co-
efficients of J/ψ and ϒ(1S) are obtained using the geometry scale.
Regeneration is absent here. The experimental data are obtained from
the ALICE collaboration [41].

the spatial diffusion coefficients in the Langevin equation
are parametrized via the geometry scale approximation, the
charmonium v2 can be enhanced by ∼5% at high pT after con-
sidering the hadronic medium effects. This contribution would
be suppressed if a larger value of the diffusion coefficient was
considered. The J/ψ nuclear modification factor at high pT is
also suppressed by the diffusion process. The bottomonium
v2 is not substantially affected by these hadronic medium
effects due to the large bottomonium mass. The difference
between the charmonium and bottomonium experimental data
indicates that the elliptic flows of charmonium at high pT

come from the final state interactions in the hot medium. The
study of charmonium diffusions in the hadronic medium aids
the understanding of the experimental data of quarkonium
collective flows in ultrarelativistic heavy ion collisions.
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