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1. Introduction

Hidden heavy-flavour mesons provide valuable probes for studying the strongly interacting
quark—gluon plasma (QGP) formed in high-energy heavy-ion collisions. Due to the large heavy-
quark mass, mg > Aqcp — with Agcp denoting the QCD scale — quarkonium production can be
factorized into two stages: (i) the perturbative production of a heavy quark—antiquark pair, QQ, and
(ii) a subsequent nonperturbative process describing the formation of a color-neutral quarkonium
state from the pair.

Several approaches have been developed for the latter stage, including the Color Evaporation
Model, the Color Singlet Model, and the Color Octet Model. The latter two are unified within the
NRQCD framework (see Ref. [1] for a comprehensive review).

Recently, the rapidity and transverse momentum (p7) distributions of hidden heavy-flavour
mesons produced in pp collisions have been also successfully described within the Wigner density
matrix formalism [2—4].

We review this approach and implement it in the EPOS event generator, which describes pp
as well as AA collisions. The implementation in EPOS4 has two parts. First we study in EPOS4
the process, which leads to the production of ¢¢ pairs and to the correlations between the ¢ and ¢,
which the different production processes impose. Then we study in a second step the production
of a quarkonium from a given c¢¢ pair. We then proceed to the spectra of the J/¢ and study how
the different correlations influence the J/y pr spectra. We will show that without taking these
correlations into account by, for example, employing a single parton distribution function, the
spectra of the quarkonia cannot be reproduced.

2. QQ Production in EPOS4HQ

2.1 QQ Azimuthal Correlations
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Figure 1: Three production mechanisms for heavy quark pairs: (left) flavor excitation, (middle) flavor
creation, and (right) gluon splitting.

Kinematic considerations suggest that the three dominant production mechanisms for heavy
quark anti-quark pairs , displayed in Fig. 1, Strong correlations are observed between heavy quarks
produced in the same vertex. For flavor creation, the quarks are distributed along two distinct
bands, with maxima at y; = —y, = +1.5. This anti-correlation in rapidity reflects the expected
back-to-back emission in the pp center-of-mass frame. Since the incoming parton pair has negligible
transverse momentum, the produced heavy quarks have nearly opposite transverse momenta, leading
to strong pr correlation
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For flavor excitation, the rapidity distribution peaks near midrapidity, but the correlation
between Q and Q is weaker. One of the quarks receives a substantial momentum transfer in the hard
scattering resulting in a broader pr distribution and an imbalance in the pair’s transverse momenta.

In the gluon-splitting process, both quarks inherit the rapidity of the parent gluon, leading to
aligned rapidities. However, the transverse momenta are only weakly correlated, since a recoiling
parton opposite the gluon carries away part of the transverse momentum

The relative importance of these processes depends on the collision energy, the kinematic
region under study, and the heavy-flavor species (charm or bottom).

In addition to these primary channels, higher-order contributions are included through the
implementation of full space-like and time-like cascades (TLC) [5].

As we will see later, flavor excitation dominates c¢ production at low pr. Consequently, when
all mechanisms are combined, the overall correlation pattern in the bottom-right panels is primarily
shaped by flavor excitation.

The azimuthal correlations between the ¢ and the ¢ quarks, produced by the three processes,
are shown in Fig 2, for midrapidity quarks (left) and for forward rapidity quarks (right). We see,
as expected from the elementary kinematics, that for flavour creation back to back emission is
dominant what results in a maximum of the correlation function around ¢=180°. On the contrary,
the production of the heavy quark anti-quark pair by gluon splitting yields a correlation function
which is peaked around ¢=0, because the quark anti-quark pairs follows the direction of the initial
virtual gluon. For flavour excitation the correlation between heavy quark and anti-quark is weak
because one of the both gets a kick in the hard process, which decorrelates the pair. The relative
contribution of the different processes determines the form of the overall correlation function.
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Figure 2: Correlation of c¢ quarks with pr > 2GeV from the same vertex at creation at central rapidity (left)

and forward rapidity (right).

In Fig. 3, left, the correlation function of EPOS4 is compared with the experimental results of
the LHCb collaboration for the DD correlation at forward rapidity. We see also in the meson data
clearly the contribution of the different processes and the dominance of the gluon splitting process
over the flavour creation process. EPOS4 reproduces nicely the form of the correlation function.
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Figure 3: Experimental correlations in comparison with EPOS4 results. Left: D°D? correlations in pp
collisions at /s = 7 TeV in comparison with LHCb data [6], Right: EPOS4HQ BB correlations in comparison
with the experimental correlations of non-prompt J /i from B decays in pp collisions with /s = 7 TeV [7].

If we compare the correlation of BB pairs, produced in EPOS4, with that of experimental non
prompt J /i, the dominant decay product of the B mesons, on the right hand side of Fig. 3, we
observe that bb quarks are rarely produced by gluon excitation, simply because the virtuality of the
gluon is not large enough to provide the energy for bottom quarks. Besides flavour excitation the
dominant process is flavour creation because in this process the available energy is largest. Also for
the BB correlations EPOS4 reproduces nicely the measured correlations

3. Wigner density formalism

We come now to the construction of the quarkonium Wigner density. The Wigner density is
obtained by the Wigner-Weyl transformation of the density matrix of the quarkonia. The quarkonium
wave function is the solution of the two-body Schrodinger equation, which we solve for charmonium
and bottomonium with the Cornell potential, V(r) = —a/r + kr + ¢ with @ = 0.513, k = 0. 17GeV2,
¢ = —0.161. The masses, which we obtain, are very close to the experimental values. The
wave function is, however, not analytical, and therefore the Wigner density can only be calculated
numerically , what makes the solution of Eq. (4) complicated. It is therefore convenient to
approximate the wave function by a 3-D isotropic harmonic oscillator wave function for the potential
V(r)=1/ (2mQ0'4)r2. These wave functions are analytical and can be expressed as ¥/ ,,1,,, (1, 6, @) =
Ry (r)Y1.m(6, ¢), where Y} ,,, are the spherical harmonics. The radial part can be expressed as,

(2 Py 2 (R
Ru(r) = 0'3F(n+l+3/2)} (O') ¢ Ln (0'2)’ M

where Lf:l/ % are Laguerre polynomials. The parameters of the 3-D isotropic harmonic oscillator
wave functions are chosen to match the root-mean-square radius (r2) of the real quarkonium wave
function: (r?) = 30%2/2 for 18, (r?) = 70-2/2 for 2S. The Wigner densities for the 1S and 28 states
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4. Production of Quarkonia

The Wigner density formalism is based on the quantal density matrix projection in which the
probability that a meson i is produced is given by P; = Tr(p;p™)) with p; being the density matrix
of the meson i and pV) the density matrix of the N heavy quarks and antiquarks, produced in a pp
collision. In the Wigner density formalism this yields

dPl' _ drdp drdp] (N)
M_Z/ 20 —— Wi(r ,p)l_[/ 203V~ sV (FLPLT2, P s TN PN). ()

Wi; is the two-body Wigner density of the bound heavy quark pair and W) (ri, p1,r2, P2, - N, PN)
is the quantal density 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, which are bound in a quarkonium. We assume that the unknown quan-
tal N-body Wigner density can be replaced by the average of classical phase space distributions,
W) ~ ¢ c(llavszlca1> generated by many simulations of pp collisions.

The classical momentum space distributions of the heavy quarks, provided by EPOS4 [5, 8],
provides, however, only the coordinate information of the vertex where the QQ pair is created. For
a heavy quark pair, created at the same vertex, we assume that the relative distance between Q and
Q in their center-of-mass frame is given by a Gaussian distribution and the Wigner density for a

QO pair can be expressed as

2
W (r,p) ~ 1 exp (—2;2 )fEPOS“(p) )

where the distance is controlled by the effective width 0qq- Forcc pairs we use oz = 0.4 fm.
Having now momenta and positions of the heavy quarks we can calculate the yield of charmonium
via Eq. (4).

5. Implementation and Results

We come now to our results, which we compare with the available experimental data. Fig. 4
displays on the right hand side the transverse momentum distribution of prompt J /¢ at midrapidity
in comparisons with data from Alice and Atlas. We note in this figure also the origin of the c¢
pair which form the J/y. The flavour creation process contributes only marginally to the J/y
production. The spectra at high pr is dominated by J /iy created in gluon splitting whereas the low
pr part is dominated by flavour excitation. Thus we can conclude that the form of the py spectrum
of prompt J/y reflects the different origins of the ¢¢ production. The rapidity distribution, shown
on the right hand side of Fig. 4, is dominated by J /¢ with small py and therefore dominated by the
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Figure 4: p7 spectra (left) and rapidity distribution (right) of prompt J /¢ (thick black lines) in pp collisions
at v/s = 5.02 TeV. Red is the contribution from flavor creation, blue that from flavor excitation, and green
from gluon splitting. The experimental data are from ALICE [9, 10], ATLAS [11], and CMS [12]. The
branching ratio of B(y(2S) — u*u~) is taken as 0.8%, as given by the PDG [13].

flavour excitation process. It is not peaked at mid rapidity but since only data for y = 0 and y > 2
are available it is not possible to verify whether the double hump shape of EPOS4HQ is correct.
We see, as far as data are available, a quite good agreement with the experimental results for cc.

We can conclude that the experimentally available rapidity and transverse momentum distri-
bution of J/y can be well described in the Wigner density formalism. The only parameter which
enters the calculation is the width of the distribution of the relative distance of the QQ pair at
production. The relative contribution of the different states is then exclusively given by their wave
function.
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