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The production yields of the X(3872) particle in heavy-ion collisions have been suggested to be
sensitive to its internal structure. While the thermal equilibrium limit of the X(3872)abundance
only depends on its mass, its inelastic reaction rates in a hot medium are expected to be different
depending on whether it is a loosely bound hadronic molecule or a compact tetraquark dominated
by colored diquark-antidiquark configurations. Here we implement these scenarios into a kinetic
rate equation as previously used in applications to charmonium and bottomonium observables.
While the equilibrium limit, controlled by the charm-quark content in the fireball, is universal
for both scenarios (and decreases with temperature), the molecular scenario is characterized by
a much larger width in the hadronic medium than for the tetraquark. Consequently, the average
production time of the molecular X(3872)is significantly later than for the tetraquark, leading
to to a factor of ~2 smaller production of the former compared to the latter. This outcome is
qualitatively different from most coalescence model calculations to date. In addition, we calculate
pertinent transverse-momentum spectra, which turn out to be harder for the molecular scenario

due to the larger blue-shift caused by the collective flow in the fireball at later times.
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1. Introduction

The constituent-quark content of the X(3872)particle remains an open question to date. The
leading candidates are a compact tetraquark structure with a diquark of charm and light quark (cq)
and its anti-diquark vs. a loosely bound hadronic molecule structure of a D and D* meson [1]. It has
been suggested the production systematics of the X(3872)in ultra-relativistic heavy-ion collisions
(URHIC:s) can provide additional insights into this question, as the different structures should lead to
rather different reaction rates and melting temperatures in the hot fireball, especially in the hadronic
phase of its evolution. Specifically, the molecular state is expected to develop much larger reactions
rates in hadronic matter than the compact tetraquark, since the former’s wave function has a much
larger overlap with hadronic final states than the latter’s.

In the present work we implement the different scenarios into our transport approach which
has been extensively used in the simulations of charmonium and bottomonium states in URHICs at
the SPS, RHICH and the LHC [2-4]. In particular, we will compute the centrality and transverse-
momentum dependent production yields suitable for comparisons to future observables.

2. Transport Approach in Thermal Medium

The bulk medium evolution of our transport approach utilizes a time-dependent blast-wave
description with typical evolution time scales taken from hydrodynamic simulations. The total
entropy at each centrality is adjusted to the experimentally observed hadron abundances, and the
thermal freezeout temperature and flow velocities are compatible with empirical extractions from
the transverse-momentum (p7) spectra of various light-hadron species. In the present work we
focus on Pb-Pb collisions at 5 TeV, for which typical temperature evolutions are shown in Fig. (1),

Given the bulk evolution model, we evaluate the chemical reactions of the X(3872) from a rate
equation including dissociation and formation channels,
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Figure 1: Temperature evolution of thermally expanding fireball in 5 TeV Pb-Pb collisions including both
parton and hadron stages at different centralities
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The number of X(3872) particles, N, is governed by two transport parameters. The first one is the
equilibrium limit,

W) = [ X
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with the X(3872)’s degeneracy, dx = 3, and mass, my. The charm-quark fugacity factor accounts

exp(—+/k? + m2%/T), ()

for both charm and the anti-charm quarks within the X(3872), and is calculated from charm
conservation in the thermal statistical model,
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with Nz the total number of charm-anticharm pairs in the fireball at given centrality.

The second transport parameter is the inelastic reaction rate, I', of the X(3872). Instead
of employing a specific model calculation, we parameterize the rates based on generic structure
arguments with guidance from the existing literature [5—7]. For the loosely bound molecule
we assume a range of rather large widths, F{)“Ol ~ (400 = 100) MeV at an initial temperature of
Tor=180 MeV, while for the compact tetraquark we use F(‘)e‘ = 50 — 80MeV at Tp, about an order
of magnitude smaller. This hierarchy, with T > Ty > T¥,
survive at medium temperatures higher than in the hadronic phase (i.e., in the QGP phase) while

implies that the tetraquark can

the molecule cannot. Thus we define initial conditions for our rate equation where at the beginning
of the hadronic phase the X(3872) is at its chemical-equilibrium value for the tetraquark and zero
for the molecule scenario. [8] (we neglect primordial production). The temperature dependence of
the inelastic reaction rates is simulated with a power law dependence,

T n
I(T) = Ty (70) , @

, similar to the case of the hadronic reaction rates for charmonia [4]. For definiteness, we here focus
on n=3, but variations of this exponent have rather little impact on our results [8].

3. Time Evolution and Observables for X(3872) Production

The time evolution of the X(3872) yield per unit rapidity following from the solution of our rate
equation for the two structure scenarios is displayed in Fig. 2, for central and semi-central Pb-Pb
collisions at 5.02 TeV at mid-rapidity. We first note that the X(3872)’s equilibrium number in the
fireball decreases with time; despite a large increase in the fugacity factor, the thermal penalty of its
large mass cannot be overcome. In the tetraquark scenario, the small widths in the hadronic phase
lead to a very small reduction of its chemical-equilibrium value inherited from the QGP phase.
On the other hand, for the molecular configuration, the X(3872)rather rapidly approaches chemical
equilibrium at the later stages, especially for more central collisions and for higher dissociation
temperatures (below which regeneration sets in). As a result, the molecule scenario produces
significantly smaller yields than the tetraquark. This still holds if the molecule were initialized
at the chemical-equilibrium value, due to the large reaction rates driving the yields toward the
equilibrium at later stages.

The calculated centrality dependence (normalized to the number of binary nucleon-nucleon
collisions to mimic a nuclear modification factor, Raa) are displayed in Fig. 3. For both scenarios
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Figure 2: Time evolution of the X(3872)for the molecular (lower bands) and tetraquark (upper red band)
scenarios for the hadronic phase in 0-20% (left panel) and 40-60% (right panel) Pb-Pb collisions at 5 TeV.
The bands reflect width ranges with 1"5“°1=300—500 MeV and l"(‘)e‘=50—80 MeV; the blue, green and orange
bands for the molecular scenario are for different dissociation temperatures of Tyis=180, 160 and 140 MeV,
respectively. The purple lines indicate the equilibrium limit.
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Figure 3: Centrality dependence of the X(3872) production yields with (right) and without (left) shadowing
effect, normalized to the number of primordial NN collisions (red bars: tetraquark, blue bars: molecule,
withTgiss=180 MeV). Also shown are the equilibrium values at chemical and thermal freezeout (symbols).

arising trend with centrality is found, with a tetraquark over molecule ratio of around 2 (except for
the most peripheral bin). Including up to 20% nuclear shadowing in charm production in central
collisions, the X(3872) yields are suppressed by up to =~ 40%, see right panel of Fig. 3.

The different production times also result in different p7 spectra of the X(3872) in the different
scenarios, cf. Fig. 4. The earlier formation of tetraquarks leads to softer spectra (close to the
blastwave result at 7=180 MeV), while the molecular spectra are closer to the blastwave spectra at
kinetic freezeout 7=110 MeV, more so for lower dissociation temperatures.

4. Conclusions

We have conducted transport calculations of X(3872) production in URHICs within a well-
tested rate-equation approach. Different internal structures of the X(3872), characterized by a
scale hierarchy of type '™ > T, > I', lead to a sequential formation of X(3872) states in the
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Figure 4: X(3872) pr spectra in 0-20% central Pb-Pb collisions for the molecular (blue (orange) band for
T4iss=180(140) MeV) and tetraquark (red band) scenarios, compared to blastwave spectra at chemical (dashed
line) and thermal (dash-dotted line) freezeout.

two scenarios. The resulting yields of the tetraquark are roughly twice as large (and their pr
spectra significantly softer) compared to the molecule, which differs from most coalescence model
predictions.
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