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Understanding the hadronization of the quark-gluon plasma (QGP) remains a challenging prob-
lem in the study of strong-interaction matter as produced in ultrarelativistic heavy-ion collisions
(URHICs). The large mass of heavy quarks renders them excellent tracers of the color neutraliza-
tion process of the QGP when they convert into various heavy-flavor (HF) hadrons. We develop a
4-momentum conserving recombination model for HF mesons and baryons that recovers the thermal
and chemical equilibrium limits and accounts for space-momentum correlations (SMCs) of heavy
quarks with partons of the hydrodynamically expanding QGP, thereby resolving a long-standing
problem in quark coalescence models. The SMCs enhance the recombination of fast-moving heavy
quarks with high-flow thermal quarks in the outer regions of the fireball. We also improve the hadro-
chemistry with “missing” charm-baryon states, previously found to describe the large A./D° ratio
observed in proton-proton collisions. Both SMCs and hadro-chemistry, as part of our HF hydro-
Langevin-recombination model for the strongly coupled QGP, importantly figure in the description

of recent data for the AC/DO ratio and D-meson elliptic flow in URHICs.

PACS numbers: 25.75.-q 25.75.Dw 25.75.Nq

Introduction.— Ultra-relativistic heavy-ion collisions
(URHICs) at RHIC and the LHC have created a
novel state of strong-interaction matter composed of de-
confined quarks and gluons, the Quark-Gluon Plasma
(QGP) [1, 2]. The QGP behaves like a near-perfect fluid
with small specific shear viscosity, as revealed by the col-
lective flow patterns in final-state hadron spectra being
consistent with relativistic hydrodynamic simulations [3—
5]. A closely related discovery is the suprisingly large col-
lective flow observed for heavy-flavor (HF) particles and
requiring a small diffusion coefficient, Dy [6, 7], corrobo-
rating the strongly-coupled nature of the QGP. Another
interesting finding is an enhancement of baryon-to-meson
ratios (p/m and A/K), relative to pp collisions, at inter-
mediate transverse momenta, pr~3-4 GeV, together with
the so-called constituent-quark number scaling (CQNS)
of the ellpitic flow, vs, of baryons and mesons. These ob-
servations have been attributed to quark coalescence as
a hadronization mechanism of kinetic (non-thermalized)
partons with thermal partons in the QGP [8-11]. In this
paper we will argue that the diffusion and hadronization
of HF particles provide a unique opportunity to put these
phenomena on a common ground.

The diffusion of low-momentum HF' particles has long
been recognized as an excellent gauge of their interaction
strength with the medium, most notably through their
v acquired in non-central URHICs via a drag from the
collectively expanding fireball, c¢f. Ref. [7] for a recent
review. The large heavy-quark (HQ) mass, mg > Ty
(with Ty~160MeV the typical hadronization temper-
ature [12]), also opens a direct window on hadroniza-
tion processes. Thus, HF spectra simultaneously encom-

pass the strong-coupling of the QGP and its hadroniza-
tion. In particular, the chemistry of the produced HF
hadrons [13-17], has recently drawn a lot of attention
through the observed enhancements in the Ds/D® and
A./DP ratios at RHIC [18, 19] and the LHC [20, 21]. Re-
liable interpretations of these data require hadronization
models that satisfy both kinetic and chemical equilibrium
in the limit of thermal quark distributions as an input.
This is also a pre-requisite for an ultimate precision ex-
traction of the HF transport coefficients, reinforcing the
intimate relation between HQ diffusion and hadroniza-
tion. In the kinetic sector, this has been achieved in
the resonance recombination model (RRM) [22], where a
conversion of equilibrium quark- to D-meson spectra in
URHICs, including their vs, has been established on a
hydrodynamic hypersurface [23]. As the RRM is based
on resonance correlations that develop near 7Ty in heavy-
light T-matrix interactions [24], it directly connects to a
small HQ diffusion coefficient in the QGP.

In this work, we develop and implement several con-
cepts in quark recombination that will be critical in a
comprehensive set-up for HF phenomenology in URHICs.
First, we derive a 4-momentum conserving three-body re-
combination formula for the hadronization into baryons,
and verify its quark-to-baryon equilibrium mapping. Sec-
ond, we devise an event-by-event (EbyE) implementation
for HQ distributions obtained from Langevin simulations,
which maintains HQ number conservation and satisfies
the equilibrium limit of the HF hadro-chemistry. The
EbyE HQ number conservation is pivotal in a precise
treatment of space-momentum correlations (SMCs) of in-
dividually transported heavy quarks with anti-/quarks of



the underlying hydro background. Both hadro-chemistry
and quark SMCs have been challenging issues for instan-
taneous coalescence models (ICMs) [25, 26]; as such our
developments are pertinent well beyond the HF sector.
Third, the equilibrium limit of the HF hadro-chemistry
is improved by employing a large set of “missing” HF
baryon states not listed by the particle data group
(PDG), but predicted by the relativistic-quark model
(RQM) [27] and consistent with lattice-QCD (1QCD)
computations [28, 29]. In Ref. [30] they were shown to ac-
count for the large A./D° ratio measured in pp collisions
at the LHC (while the environment in ete™ collisions is
less conducive to charm-baryon formation).

Baryons in RRM.— We first recall the main features
of the 2-body RRM [22]. Starting from the Boltz-
mann equation, resonant quark-antiquark scattering into
mesons near equilibrium, ¢ + ¢ <> M, can be utilized to
equate gain and loss terms and arrive at a meson phase
space distribution (PSD) of the form
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where f5, are the anti-/quark PSDs, vy their relative
velocity, var(p) = En(p)/mar, and T'js the meson width.
The latter, together with the meson mass mjy; and de-
generacy factors, also appear in the resonant ¢ +q§ — M
cross section, usually taken of Breit-Wigner type.

The generalization to the 3-body case is conducted in
two steps. First, quark-1 and quark-2 recombine into
a diquark, q1(p1) + q2(p2) — dq(pi2), whose PSD is
obtained in analogy to meson formation, by replacing
M—dq, g—q1 and §—q2 in Eq. (1). Diquark configu-
rations are an inevitable component of a thermal QGP
approaching hadronization. Second, the diquark recom-
bines with quark-3 into a baryon reusing Eq. (1),
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where s12 = (p1+p2)?, s = (p1+p2+p3)?, op: resonance
cross section for dg + ¢ — B. This expression depends
on the underlying three-quark PSDs on an equal footing.

To check the equilibrium mapping of quark into hadron
spectra, we calculate the PSDs for recombination of
thermal ¢ and light quarks (g) into D° and A}, us-
ing fS4(&, P) = geqe P/ with a flow velocity u(x)
on a hydrodynamic hypersurface at Ty = 170 MeV for
0-20% Pb-Pb (/snn=5.02TeV) collisions (with quark
masses m.=1.5GeV, my=0.3GeV and diquark mass
mMyuq=0.7 GeV). The invariant hadron spectra,
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FIG. 1: (Color online) RRM mapping of thermal light- and
c-quark distributions (boxes: thermal, stars: from Langevin
simulations with large relaxation rate) into (a) pr-spectra and
(b) va of D and AL, compared to direct D° and A} hydro
results (lines).

(do,: hypersurface element), displayed in Fig. 1, con-
firm that the RRM-generated hadron pp-spectra agree
with their direct calculation on the same hypersurface
in chemical equilibrium, including their elliptic flow v,
demonstrated here for the first time for baryons.

Space-momentum correlations.— The original deriva-
tion of CQNS for light-hadron vy within ICMs assumed
spatially homogenuous (global) quark distributions in the
fireball, v3(Z, p)=vi(p) [8, 9]. This is at variance with
hydrodynamic flow fields and rendered CQNS to be very
fragile upon including SMCs [25]. The application of
RRM for mesons [31] could resolve this problem, but no
explicit signature of SMCs from recombination processes
was identified (see also Ref. [32] using an ICM). Here,
we propose that the recent results for the A./D° ratio,
as well as the pr dependence of their vy, provide such
signatures, and quantitatively elaborate them within our
strongly-coupled hydro-Langevin approach [23].

To begin with, we illustrate the pertinent SMCs in
Fig. 2 for c-quark distributions in the transverse plane
in different pr bins at hadronization. Clearly, low-pp
(0-1GeV) and higher-pr (3-4GeV) ¢ quarks preferen-
tially populate the inner and outer regions of the fireball,
respectively. The spatial density, dN/d*z, of Cooper-
Frye generated thermal light-quark spectra at midrapid-
ity from the underlying hydro evolution on the same hy-
persuface shows a similar behavior. As recombination
occurs between partons close in both & and p space,
the SMCs (not included in studies using ICMs [16, 17])
are expected to be relevant in the formation of charm
hadrons especially at intermediate py where signals of
the baryon enhancement are prominent.

EbyE Langevin-RRM.- Since a direct implementation
of SMCs with off-equilibrium c-quark PSDs on the full
hadronization hypersurface is not straightforward, we
have developed an EbyE procedure for each diffusing ¢
quark once it enters a hydro cell at Ty. Toward this
end, we first determine the recombination probability,
Purr,g(pk), for the c-quark as a function of its momentum
in the local restframe (starred variables), convert this
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FIG. 2: (Color online) Spatial distributions of (a) c-quarks
from Langevin simulations and (b) light quarks from hydro-
dynamics in the transverse fireball plane in various pr bins.

into hadron PSDs by sampling the thermal light-quark
PSDs at Ty, and then evaluate the Cooper-Frye formula
to compute their pr spectra and vo, as follows.

Utilizing Eq. (1) for a single c-quark, f.(Z*,p5)=
(2m)363(py — pr)/d3xz* and thermal light antiquarks,
fa(@, D) =gqePW)/Tr in a hydro cell at Ty, and in-
tegrating over the meson momentum, p*, we obtain
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representing the recombination probability to form a
charm meson M from a c-quark of momentum p}. Like-
wise, one finds for baryon formation
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Here, we have introduced an overall normalization, Py, to
require the total recombination probability for a c-quark
at rest to be one when summed over all charm-hadron
species, Piot (pi=0)=>_,; Pm(0)+>_ 5 Pp(0)=1 (with in-
creasing p¥, Piot(pl) drops off and “left-over” c-quarks
will be hadronized via fragmentation [30]). The perti-
nent PSDs of hadrons from recombination of a single ¢
quark are then evaluated by sampling the thermal light-
quark PSD as f,(Z*,p77) ~ >, 03P} — p},)/d3z*, with
thermal weights in the fluid restframe. Using Lorentz in-
variance of the meson PSD, fy (Z,p) = fu (Z*,p"), and

of En(p*)8°(p* — Pl — Pe) = Ent(9)8° (9= Pin — Pe), we

plug far(Z,p) into Eq. (3) and integrate over p to obtain
dNM P dog o Urel

AN 6
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where we have further exploited boost invariance of the
underlying hydro evolution to convert the space-time ra-
pidity to momentum space rapidity. For a given c-quark
and sampling step n, the meson momentum, p' = pi, +pe,
is fully specified, i.e., the ANy[n]’s form a distribution
in p'whose sum needs to recover the recombination prob-
ability, Pys(pk), as given above. The AN)s[n|’s are then
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FIG. 3: (Color online) (a): Direct D° and AT spectra from
hydro-Langevin-RRM simulations with baseline T-matrix c-
quark thermalization rate, in comparison with the counter-
parts without SMCs. (b): The pertinent A7 /D° ratio with
(red line) and without (dash-dotted line) SMCs, and when us-
ing a K-factor of 2 (dashed line) and 50 (dash-double dotted
line) in the baseline T-matrix rate including SMCs.

binned into (pr,$p) histograms to yield the invariant
meson spectrum, dNas/prdprdo,dy for a given p.. An
analogous procedure is conducted for charm baryons by
sampling two static thermal-light quark PSDs.

Our numerical calculations below are carried out
at Typ=170MeV with resonance widths I'};~0.1 GeV,
I'4q~0.2GeV and I'g~0.3 GeV, compatible with the val-
ues from the thermodynamic T-matrix [24], as in our
previous work [23]. We have checked that upon dou-
bling all widths, our final results for the D-meson ob-
servables change by less than 10% while the A. suffers
additional suppression, by up to ~30% at intermediate
pr=~6GeV (not included in our uncertainty estimates
shown below). However, for large widths the quasipar-
ticle approximation implicit in the current RRM needs
to be replaced by off-shell energy integrals over spectral
functions, which will be deferred to a future study. Also
note that we utilize a light diquark as “doorway state”,
as the heavy-light color-spin interaction is HQ mass sup-
pressed (in either case, the same equilibrium benchmark
for the formed baryon applies, irrespective of its substruc-
ture). Our charm-hadron spectrum includes all states
listed by the PDG plus additional charm baryons as pre-
dicted by the RQM and 1QCD [30], and essentially figur-
ing in our recent study of 5.02TeV pp data for A. pro-
duction [33]. Based on this spectrum, the probability
normalization in Egs. (4) and (5) amounts to Py=3.6.
Note that this does not affect the relative abundances of
the various hadrons nor their pr dependence. The last in-
gredient needed to obtain the overall norm of the charm-
hadron spectra (equivalent to a ¢ quark fugacity at Ty)
is the total charm cross section (which again does not af-
fect any ratio or pr dependence). With do.:/dy~1.0mb
from midrapidity ALICE 5.02 TeV pp data [30], a binary
nucleon-nucleon collision number of N.,~1370 and a
~20% shadowing [34] for 0-20% /sxn = 5.02TeV Pb-
Pb collisions, we obtain dN./dy~15.4.

Direct AT /DY ratio from RRM.— We now deploy the



EbyE Langevin-RRM simulation with 7T-matrix trans-
port coefficients in the QGP [24], first focusing on di-
rect production of A. and D° (i.e., without feeddown
from excited states). The initial c-quark spectra are
taken from the FONLL package [35] as used in our recent
study of 1/s=5.02 TeV pp data [30]. The resulting RRM-
generated spectra of DY and AT and their ratio right af-
ter hadronization are shown in Fig. 3, with and without
the inclusion of SMCs (the latter scenario corresponds to
our previous implementation [36], where c-quark conser-
vation was implemented on average, not EbyE, i.e., in
momentum space only). The SMCs cause the DY and
A spectra to be significantly harder, and the pertinent
AF/DP ratio is much enhanced at intermediate pr=3-
6 GeV, relative to their counterparts without SMCs. The
key mechanism is relatively fast ¢ quarks moving to the
outer parts of the fireball where they find a higher density
of significantly harder light-quark spectra for recombina-
tion, an effect that enters squared for production of A.
baryons. Consequently, their RRM yield toward larger
labframe pr is further enhanced relative to D° mesons.
We have numerically verified that in the limit of large
c-quark thermalization rates, the absolute pr spectra and
vg of DY and A} from the EbyE Langevin-RRM imple-
mentation agree well with the direct hydro calculation
(recall Fig. 1), i.e., the “equilibrium mapping” is main-
tained in the presence of SMCs. Figure 3 also illustrates
that, relative to the baseline calcualtion (soid line), a K-
factor of 2 in the HQ thermalization rate enhances the
A./DP ratio only a little, much less than the SMC effect.
Charm-Hadron Spectra and Ratios.— To enable quan-
titative comparisons of our EbyE-Langevin-RRM simu-
lations to observables, we include two further ingredi-
ents. First, we continue the Langevin simulations for
all hadrons through the hadronic phase, starting from
their PSDs right after hadronization until kinetic freeze-
out of the hydrodynamic evolution at Tyi,=110MeV (as
obtained from fits to bulk-hadron pr spectra and ws).
For D-mesons we employ our previous thermalization
rates [37]; for charm baryons we (conservatively) scale
the D-meson rates with a factor of Ep(p*)/Ea, (p*) to
account for their higher masses; pertinent uncertainties
will be illustrated in our plots below. Second, since our
approach currently does not include radiative energy loss,
we utilize a temperature- and momentum-independent
K-factor of 1.6 in the QGP diffusion rate, chosen to im-
prove the overall description of the LHC and RHIC data.
The spectra of all excited states are used to perform
decay simulations [30] to obtain the inclusive spectra of
the ground-state D°, D+, D} and A}, which are then
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FIG. 4: (Color online) Raa (left panels) and vz (right panels)
of D°, D} and A} in Pb-Pb(5.02 TeV)(upper panels) and Au-
Au(0.2TeV) collisions (lower panels), compared to data [20,
21, 38, 39]. The uncertainty bands for the AF Raa are due
to a 50-100% BR for feeddown from excited states above the
DN threshold [30], and for the other observables due to the
effects of hadronic diffusion.

known branching ratios (BRs) of excited states, espe-
cially those above the DN threshold which may not de-
cay into a A. final state. As in Ref. [30], we illustrate
that by a range of BRs of 50-100% of these states into A,
final states (while keeping the denominator of the Raa
fixed using a fit to the A, pp spectum). Note that their
large masses augment the collective flow effect in their
contributions to the A. spectra toward higher pp. For
the D-meson results, we illustrate uncertainties due to
the effects of hadronic diffusion.

A selection of our results is compared to RHIC and
LHC data in Figs. 4 and 5. The suppression hierarchy
observed in the Raa data for D°, D and A} at the LHC
is fairly well reproduced, while the A./D° ratio tends to
be slightly overpredicted. On the other hand, our results
tend to underpredict this ratio at RHIC toward lower pp.
Since the calculated A /DO ratios approach the chemical
equilibrium limit at low pp, improved data in this regime
at both energies will be very valuable. Another remark-
able consequence of the SMCs in the RRM is a much im-
proved description of the D-meson v, data out to higher
pr compared to our previous results. At RHIC, our re-
sults for the D°-R 5, without nuclear shadowing, over-
estimate the low-pr STAR data [38] significantly. As-
suming a ~20% shadowing works better, although most
nuclear PDFs do not favor such a scenario. The RHIC
results for the D° vy and the A./D° and D} /D ratios
are essentially independent of shadowing.

Summary.— In the present paper we have advanced the
description of HQ hadronization in three critical aspects.
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FIG. 5: (Color online) (a): AF/D° and (b): DF/D° ratios
compared to LHC [20, 21] and RHIC [18, 19] data. The uncer-
tainty bands in the A} /D ratios are due to a 50-100% BR
for A. feeddown from excited states above the DN thresh-
old [30], and due to hadronic diffusion in the DI /D° ratio.
The horizontal arrows denote pertinent pp data.

First, we developed a 4-momentum conserving recombi-
naton model for baryons, which is essential for theoret-
ically controlled calculations. Second, we implemented
space-momentum correlations between c-quarks and the
hydro medium on an event-by-event basis. Third, we in-
corporated an improved charm-hadrochemistry, as previ-
ously tested in pp collisions. We have deployed these de-
velopments within our non-perturbative hydro-Langevin-
RRM framework, including a moderate K factor in the
QGP diffusion coefficients to simulate hitherto missing
contributions from, e.g., radiative interactions. The new
components have significant consequences for the inter-
pretation of RHIC and LHC data, and an ultimately
improved extraction of HF tranport coefficients in QCD
matter. Most notably, the SMCs of fast-moving c-quarks
with high-flow partons in the fireball markedly extend
the pr reach of recombination processes, providing sign-
ficant enhancements in A, and D, production at inter-
mediate pp. This also increases the charm-hadron v in
this region, in good agreement with RHIC and LHC D-
meson data. Our developments are relevant well beyond
the open HF sector in URHICs. We expect the effects of
SMCs to shed new light on the large vy of J/v [40] and
light hadrons at intermediate py where current transport
and coalescence models tend to underpredict pertinent
data. Even for the “HF puzzle” in pA collisions, where
a large vy but Raa~1 is observed [7], the SMCs could
prove valuable, given the explosive nature of the fireballs
conjectured to form in these systems.
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