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Measurements of heavy baryon production in pp, pA and AA collisions from RHIC to top LHC
energies have recently attracted more and more attention, currently representing a challenge for the
heavy-quark hadronization theoretical understanding. In such experiments there have been many
indications of the formation of a deconfined phase of quarks and gluons called the quark-gluon-
plasma (QGP). The large baryon over meson ratio A./D° ~ O(1) observed in both AA collisions
at RHIC and LHC as well as in pp collisions at 5.02 and 13 TeV has been well described by an
hadronization approach based on the recombination of heavy quarks combined with fragmentation.
The obtained ratio is, in general, quite larger than the one measured and expected in e*e™, ep
collisions. The same approach also predicts a quite large Z./D° ~ 0.15 and Q./D° ~ 0.05 in
pp collisions, in quite good agreement with experimental measurements. Given such successful
predictions, we present here a critical assessment of the elements of the hadronization modeling
that are mainly driving heavy baryon enhancement. In addition, we discuss the extensions of
the approach applied in order to supply the prediction for the multi-charmed baryon production,
i.e. Ece, Qe and Q.cc, over a wide system size scan from PbPb to KrKr, ArAr and OO, and
the bottomed hadron production in pp and PbPb collisions. We can compare the coalescence
prediction with the one coming from a statistical hadronization approach, investigating further the
impact on the production coming from non-equilibrium features in the heavy-quark distribution
that comes from the solution of relativistic Boltzmann or Langevin equation that describes the
QGP evolution.
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1. Introduction

Experimental data from RHIC and LHC have confirmed the formation of a quark-gluon plasma
(QGP). Heavy quarks, such as charm and bottom, are produced in the early stages of the collision
through well-understood mechanisms described by perturbative QCD. Due to their large mass, they
experience the entire evolution of the QGP, making them excellent probes for studying the medium’s
properties. One particularly important aspect is their hadronization to form heavy hadrons like D
and B mesons or A, and A, baryons. This process significantly influences key observables such as
the transverse momentum spectra and the nuclear modification factor (R 4 4), which provide insight
into the nature of the medium and the interactions between heavy quarks and the QGP.

Measurements of Ra4(pr) and elliptic flow vo(pr) for D mesons show that charm quarks
lose energy in the QGP and participate in the collective motion of the medium [1-13]. Moreover,
experimental results at LHC energies reveal an enhancement in the A./D° ratio in both PbPb
and high-multiplicity pp collisions. This increase is driven by a A, production much larger
than predicted by fragmentation process, as shown by comparisons with fragmentation fractions
measured in e*e” and ep collisions. These findings suggest that more complex hadronization
mechanisms, such as coalescence combined with fragmentation, are relevant not only in heavy-ion
collisions but also in smaller systems like pp collisions. Recent studies have demonstrated that
such hybrid models qualitatively reproduce experimental data well [15-17]. Several theoretical
models, both with and without recombination, have been proposed to explain these phenomena; a
comprehensive comparison can be found in reference [14].

2. Coalescence plus fragmentation model

The coalescence mechanism was originally proposed as a hadronization model for heavy-ion
collisions at RHIC, aiming to describe the transverse momentum spectra, baryon-to-meson ratios,
and the observed splitting in elliptic flow between mesons and baryons [18, 19]. This approach was
later successfully applied at LHC energies, providing a consistent description of light hadron spectra
and baryon-to-meson ratios [20]. Subsequently, it was extended to the hadronization of heavy-flavor
quarks in nucleus-nucleus (AA) collisions [21-24], and more recently to the production of multi-
charmed hadrons such as E.. and Q... [25]. The recombination model employed in this work
is based on the Wigner formalism. The hadron spectrum as a function of transverse momentum
formed by coalescence of quarks can be written as:

dNy (2) N
dydPr _gH/n o )3E pi - doi fo;(xi pi)Cr(x1..XN,, P1...PN,) O P—Zpi

Where gy represents the combinatorial factor to form a colorless hadron from quarks and antiquarks
with spin 1/2. do; refers to an element of a space-like hypersurface at a fixed proper time 7 that corre-
sponds to the QGP lifetime, while f, denotes the quark (anti-quark) phase-space distribution func-
tions for the i-th quark (anti-quark). The function CH(xl...qu) = CNq_lfH(xl...qu,pl ...qu)
is expressed in terms of the Wigner function fy (x;...xn,, p1-.-pn,) that describes the spatial and
momentum distribution of quarks in a hadron, and the factor CVa~! which is fixed to impose that

the total coalescence probability gives lim,_,o P’

coal = = 1. The Wigner function assumed here is
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a Gaussian in both position and momentum space, i.e. fg(...) = Hj\i‘;_l 8exp ( - % - pziO'gi),
where x,; and p,; represent the relative coordinates. The widths o; are connected to the the root
mean square charge radius of the hadron produced, for details see refs.[15, 22, 25, 26]. Previous
investigations of heavy-quark (HQ) recombination [4, 20-22, 27] have consistently shown that the
coalescence probability decreases with increasing transverse momentum (pr). This trend implies
that, at high p7, hadron formation is predominantly governed by independent fragmentation rather
than recombination. To model a continuous transition between the low and high pr regimes, we
introduce a momentum-dependent fragmentation probability, Pyr,e(p7). In this framework, heavy
quarks with finite transverse momentum hadronize either through coalescence or fragmentation,
with the respective probabilities given by Pcoa(p7) and its complement Pfe = 1 — Peogr. For the
fragmentation process, we adopt the Peterson fragmentation function for charm hadrons [28] and

the Kartvelishvili parametrization for bottom hadrons [29].

3. Hadron production for single and multi-charmed particles, from pp to AA
collisions

The combined hadronization mechanism of heavy quarks through coalescence and fragmen-
tation in AA collisions at RHIC and LHC energies leads to a pronounced enhancement in baryon
production. In particular, A, yields are significantly increased at low transverse momentum
(pr < 3-4 GeV), resulting in a characteristic rise-and-fall trend in the heavy-flavor baryon-to-meson
ratio [21, 22]. For pp collisions, under the assumption of a QGP-like medium formation [31, 32],
the model predictions for DY D* D* and A, [15] are broadly consistent with those obtained from
the Statistical Hadronization Model incorporating an extended baryon spectrum [33]. However,
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Figure 1: Baryon-to-meson ratios as a function of transverse momentum for pp collisions at /s = 5.02 TeV:
(left) A./D°, Z./D° and (right) A, /B°, Z;,/B°. The shaded bands represent variations in the Wigner width.
Experimental data are taken from [34, 35].
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substantial differences emerge for multi-strange charmed baryons such as E. and .. As shown in
Fig. 1 (left panel), the coalescence-plus-fragmentation approach reproduces the charmed baryon-
to-meson ratios observed in recent LHC measurements for pp collisions [34, 35]. The right panel
of Fig. 1 displays the corresponding ratios for bottom baryons, A/ BY and Eg / B°, in pp collisions
at /s = 5.02 TeV. The hybrid model predicts a stronger baryon enhancement in the bottom sector
compared to charm. Specifically, the A, /B ratio reaches approximately 0.9 at low p7, about 50%
higher than the charmed counterpart, while maintaining a decreasing trend at larger pr. For EZ /BO,
the ratio is around 0.3 at low momenta, roughly 30% smaller than A, /BO, reflecting a pattern
similar to that observed between A, and Z. in the charm sector.

We extended our analysis of charmed and multi-charmed hadron production in AA collisions
by exploring systems of different sizes, including PbPb, KrKr, ArAr, and OO. Figure 2 shows the
yields for the main single and multi-charmed hadrons in AA collisions at mid-rapidity for 0—10%
centrality. The error bands indicate the range of the predicted yields: the lower bound corresponds to
a realistic charm-quark distribution, while the upper bound assumes full thermalization. While the
choice of distribution has little impact on D® and A, production, it strongly affects multi-charmed
baryons, whose yields increase substantially under thermalized conditions. This trend reflects
the fact that thermalization enhances the population of low-momentum charm quarks, favoring
recombination and thus boosting multi-charmed baryon formation. The observed sensitivity of these
yields confirms the expectation that multi-charmed baryons are more dependent on the underlying
charm distribution than single-charmed hadrons. Figure 2 compares production across different
collision systems PbPb,KrKr, ArAr, and OO. For these systems, the initial p7 spectra are obtained
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Figure 2: Mid-rapidity dN /dy for single- and multi-charmed hadrons in various collision systems, calculated
using the coalescence-plus-fragmentation approach. Error bands indicate the yield range, where the lower
bound corresponds to a realistic charm-quark distribution and the upper bound assumes full thermalization.
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from FONLL calculations and evolved in a QGP medium using a relativistic Boltzmann transport
approach, as detailed in [25]. A key difference arising from system size is that smaller systems have
shorter lifetimes and reduced QGP exposure, leading to less energy loss and consequently flatter
final pr distributions compared to larger systems [25]. A comparison with Statistical Hadronization
Model predictions and a discussion of expected scaling with system size can be found in [25].
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