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Abstract. In QCD, the production of heavy quark–antiquark pairs can pro-
ceed through different mechanisms, each imprinting characteristic correlations
between the heavy quarks. In this work, we use the EPOS4 event generator to
study how these correlations affect quarkonium production in pp collisions. Our
results demonstrate that the observed correlations between heavy mesons di-
rectly reflect the underlying production mechanisms and simultaneously shape
the transverse-momentum distributions of quarkonia.

Quarkonia, bound states of a heavy quark and its antiquark (such as charmonium and bot-
tomonium), serve as unique and powerful probes of Quantum Chromodynamics (QCD) under
extreme conditions and the creation of the quark-gluon plasma (QGP) [1]. Due to the large
mass of heavy quarks, their production predominantly occurs in the early stage of high-energy
collisions via hard partonic scatterings. Formation of quarkonia related to both the perturba-
tive and non-perturbative aspects of QCD, which has been studied via many approaches, such
as the Color-Evaporation Model, Color-Singlet Model, Color-Octet Model, NRQCD and so
on. In recent times, we have advanced a new approach, which is based on the quantum
density matrix and which has turned out to give a very good description of the quarkonium
production in both pp [2, 3] and heavy-ion collisions [4, 5]. In this paper, we take charmo-
nium as an example to illustrate the clear connection between quarkonium production and the
correlations of heavy quark–antiquark pairs. This study is carried out using the EPOS4 event
generator (version EPOS4.0.1.s9), which incorporates different QQ̄ production processes.

Based on the quantum density formalism, the probability that a meson i is produced is
given by Pi = Tr(ρiρ

(N)) with ρi being the density matrix of the meson i and ρ(N) the density
matrix of the N heavy quarks and antiquarks, such as produced in a pp collision. A partial
Fourier transformation of the density matrices yields,

dPi

d3Rd3P
=
∑∫ d3rd3 p

(2π)6 WΦi (r, p)
∏
j>2

∫
d3r jd3 p j

(2π)3(N−2) W (N)(r1, p1, ..., rN , pN), (1)
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where WΦi is the quarkonium Wigner density and W (N)(r1, p1, ..., rN , pN) is the quantal den-
sity matrix in Wigner representation of the ensemble of N heavy quarks produced in a pp
collision. r (R) and p (P) are the relative (center of mass) coordinate and momentum of the
heavy quark and antiquark pairs. We assume that the unknown quantal N-body Wigner den-
sity can be replaced by the average of classical phase space distributions, W (N) ≈ ⟨W (N)

classical⟩.
The classical momentum space distributions of the heavy quarks is provided by EPOS4 [6, 7].
However, only the coordinate information of the vertex where the QQ̄ pair is created is pro-
vided. For a heavy quark pair, created at the same vertex, we assume that the relative dis-
tance between Q and Q̄ in their center-of-mass frame is given by a Gaussian distribution,
r2

cm exp(−r2
cm/(2σQQ̄)2), where the relative distance is controlled by the effective width σQQ̄,

which is chosen, σcc̄ = 0.35 fm, for all charmonium states.

Figure 1. Wigner density of ψ(2S ). Different panel shows the angle θrp-dependent and averaged Wigner
density. The width σ = 0.452 fm for ψ(2S ) [3].

The vacuum properties of quarkonia can be well described by the relativistic or non-
relativistic potential model [8]. Aim to get a analytical Wigner density, one usually assume
that the potential between the heavy quark pairs can be approximated by a 3-D isotropic har-
monic oscillator potential. Then, the Wigner density can be constructed via a Wigner trans-
formation in spherical coordinates. For any given quarkonium state Φ, the Wigner density
can be found in Ref. [3]. For charmonia,

WJ/ψ(r, p) = 8e−ξ,

Wχc (r, p) =
8
3

e−ξ
(
2ξ − 3

)
,

Wψ(2S)(r, p) =
8
3

e−ξ
(
3 + 2ξ2 − 4ξ − 8[p2r2 − (p · r)2)]

)
, (2)

where ξ = r2/σ2 + p2σ2. The Wigner density of ψ(2S ) depends not only on r = |r| and
p = |p|, but also on the angle θrp between r and p, as clearly shown in Fig. 1. If averaged
over the angle θrp, the Wigner densities can be shown as a function of r and p in Fig. 2. The
width in the Wigner density is related to the root-mean-radius of the quarkonium, as shown
in Ref. [3]. Similar results are also shown in Ref. [9].
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Figure 2. Wigner densities of different charmonium states. The width σ = 0.348, 0.426, and 0.452 fm
for J/ψ, χc, and ψ(2S ), respectively [3].
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Figure 3. The correlation between c and c̄ (a). pT spectra of prompt J/ψ (b) in pp collisions at√
s = 5.02 TeV, where red, blue, and green curves correspond to flavor creation, flavor excitation, and

gluon splitting, respectively. The black solid line denotes their total contributions. The magenta line
in (c) represents the result obtained without correlations between c and c̄. (d) shows the pT spectra of
ψ(2S ) with the θrp-dependent Wigner density.

In EPOS4, QQ̄ pairs can be produced through three leading-order or next-to-leading-
order processes: flavor creation, flavor excitation, and gluon splitting [7]. Flavor creation
leads to a back-to-back correlation, but its overall contribution is relatively small. Gluon split-
ting dominates charm production at high pT and results in a same-direction correlation with
a small azimuthal opening angle. Flavor excitation, typically associated with gluon emission
carrying significant momentum, produces almost no visible correlation between c and c̄, as
illustrated in Fig.3-a. The cc̄ correlation can be measured directly in the experiment, for ex-
ample, via DD̄ correlations [10]. Charmonia are formed via the Wigner projection method,
and the corresponding results are presented in Fig. 3-b. We observe that J/ψwith pT ≳ 4 GeV
are produced almost exclusively from charm quarks originating in gluon-splitting processes
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(green line), where the c and c̄ quarks remain close in phase-space, creating favorable con-
ditions for charmonium formation. If such correlations are ignored (preserve the pT of each
particle but randomize the relative angle between them), charmonium production at high pT

is clearly suppressed, leading to an underestimation relative to experimental data as shown in
Fig.3-c. Finally, we examine the influence of the angle-dependent Wigner density for ψ(2S ).
In the calculation, we consider θrp = 0◦ (brown), 60◦ (orange-dashed), 90◦ (fully negative,
therefore not shown), and the θrp-averaged (black) Wigner density. The results (Fig. 3-d)
show a clear difference. While such an angle-dependent Wigner density can be neglected in
pp collisions, it may become important for excited-state production in anisotropic systems.

In conclusion, our results show that the measured heavy-meson correlations provide a
direct fingerprint of the underlying production mechanisms, each leaving a distinct imprint
on the transverse-momentum distributions of quarkonia in high energy pp collisions.

Acknowledgements: We acknowledge support by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) through the grant CRC-TR 211 ’Strong-interaction
matter under extreme conditions’-Project number 315477589-TRR 211.

References

[1] A. Andronic et al., Heavy-flavour and quarkonium production in the LHC era: from
proton–proton to heavy-ion collisions, Eur. Phys. J. C 76, 107 (2016), 1506.03981.
10.1140/epjc/s10052-015-3819-5

[2] T. Song, J. Aichelin, E. Bratkovskaya, Production of primordial J/ψ in relativistic p+ p
and heavy-ion collisions, Phys. Rev. C 96, 014907 (2017), 1705.00046. 10.1103/Phys-
RevC.96.014907

[3] J. Zhao, P.B. Gossiaux, T. Song, E. Bratkovskaya, J. Aichelin, Quarkonium produc-
tion in high energy pp collisions, EPJ Web Conf. 296, 09014 (2024), 2312.11349.
10.1051/epjconf/202429609014

[4] D.Y.A. Villar, J. Zhao, J. Aichelin, P.B. Gossiaux, New microscopic model for J/ψ
production in heavy ion collisions, Phys. Rev. C 107, 054913 (2023), 2206.01308.
10.1103/PhysRevC.107.054913

[5] T. Song, J. Aichelin, J. Zhao, P.B. Gossiaux, E. Bratkovskaya, Bottomonium produc-
tion in pp and heavy-ion collisions, Phys. Rev. C 108, 054908 (2023), 2305.10750.
10.1103/PhysRevC.108.054908

[6] K. Werner, Revealing a deep connection between factorization and saturation: New
insight into modeling high-energy proton-proton and nucleus-nucleus scattering in the
EPOS4 framework, Phys. Rev. C 108, 064903 (2023), 2301.12517. 10.1103/Phys-
RevC.108.064903

[7] K. Werner, B. Guiot, Perturbative QCD concerning light and heavy flavor in the
EPOS4 framework, Phys. Rev. C 108, 034904 (2023), 2306.02396. 10.1103/Phys-
RevC.108.034904

[8] J. Zhao, K. Zhou, S. Chen, P. Zhuang, Heavy flavors under extreme conditions in high
energy nuclear collisions, Prog. Part. Nucl. Phys. 114, 103801 (2020), 2005.08277.
10.1016/j.ppnp.2020.103801

[9] M. Kordell, II, R.J. Fries, C.M. Ko, Angular momentum eigenstates of the isotropic 3-
D harmonic oscillator: Phase-space distributions and coalescence probabilities, Annals
Phys. 443, 168960 (2022), 2112.12269. 10.1016/j.aop.2022.168960

[10] R. Aaij et al. (LHCb), Observation of double charm production involving open charm in
pp collisions at

√
s = 7 TeV, JHEP 06, 141 (2012), [Addendum: JHEP 03, 108 (2014)],

1205.0975. 10.1007/JHEP06(2012)141

Acknowledgments.

4

EPJ Web of Conferences 364, 08006 (2026)	 https://doi.org/10.1051/epjconf/202636408006
Quark Matter 2025


