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Abstract. We develop a comprehensive model for heavy-quark evolution in a
realistic QGP, from their production in the initial collision to hadronic freeze-
out. Heavy-quark transport is described by a Langevin approach including
medium-induced radiation, coupled to a 2+1D viscous hydrodynamic bulk evo-
lution. Transport coefficients are obtained from non-perturbative T -matrix cal-
culations with resonant correlations near the transition temperature. Hadroniza-
tion is implemented via two fragmentation+recombination schemes: an im-
proved sudden coalescence model and a resonance recombination model. We
present results for key open heavy-flavor observables, i.e., the nuclear modifica-
tion factor and elliptic flow, and compare to LHC Pb-Pb data at

√
sNN=5.02 TeV.

1 Introduction

Heavy quarks (HQs) are pristine probes of the quark-gluon plasma (QGP) created in ultrarel-
ativistic heavy-ion collisions (URHICs). Owing to their large mass, they are predominantly
produced in the earliest stages of the collision, with rates calculable in perturbative QCD.
Their comparatively long thermal relaxation time enables them to preserve much of their
interaction history with the medium, including transport in the QGP, hadronization, and sub-
sequent rescattering in hadronic matter. Consequently, HQs carry valuable information about
the entire evolution of the QGP.

Over the past two decades, considerable effort has been devoted to modeling HQ transport
in the QGP. Despite this, a fully comprehensive framework combining nonperturbative diffu-
sion coefficients, realistic in-medium radiation, energy-momentum conserving hadronization,
hadronic-phase diffusion, and viscous hydrodynamic evolution with realistic initial condi-
tions remains elusive. In this work, we report progress toward such a framework by com-
bining: (1) a bulk medium constrained via Bayesian analysis of light-hadron observables,
(2) HQ transport with nonperturbative T -matrix diffusion coefficients and Boltzmann radia-
tion with improved interference effects, (3) state-of-the-art hadronization with recombination
that conserves energy-momentum supplemented by fragmentation, and (4) elastic hadronic
rescattering.
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2 Framework

In this section, we summarize the main ingredients of the framework mentioned above.

2.1 Bulk evolution model

The bulk medium evolution is initialized through the deposition of energy and density in
the earliest stage of the collision. This stage is modeled utilizing the initial-condition model
TRENTo [1]. The system then undergoes free-streaming for a proper time τ f s to mimic
QGP thermalization, serving as the input for the subsequent hydrodynamic evolution. The
dynamical expansion of the thermalized QGP is described using the (2+1)-dimensional vis-
cous hydrodynamics model VISHNU [2]. All parameters have been determined via Bayesian
analysis of light-hadron observables.

2.2 Heavy quark transport in the QGP

Heavy quarks, as probes of the bulk medium’s properties, are embedded in and evolve along-
side the QGP. The hydrodynamic simulation supplies local velocity and temperature profiles
for the dynamic interactions between the HQs and the medium. The interactions are encap-
sulated in transport coefficients which are discussed in Sec. 2.3.

The HQ initial conditions are specified by momentum spectra taken from proton-proton
collisions sampled from a FONLL calculation and scaled by the number of binary collisions
in nucleus–nucleus systems. In coordinate space, the initial HQ positions are distributed
according to the binary-collision profile provided by TRENTo.

The dynamic evolution of HQs in the QGP is described by the LIDO model [3, 4], which
combines Langevin diffusion with medium-induced radiation, ∂t fQ = D[ fQ] + C1→2[ fQ],
where D is the Fokker-Planck diffusion operator and C1→2 accounts for diffusion-induced
radiation. The diffusion process is realized via the pre-point Langevin equation, p(t + ∆t) =
p(t)−ηD p∆t+ξ(t)∆t ,where the HQ-medium interactions are encoded in the drag coefficient,
ηD, and momentum diffusion coefficient, κ, related through the Einstein relation via κ =
2T EηD. The random force satisfies ⟨ξi(t)ξ j(t+∆t)⟩ = κδi j/∆t. The spatial diffusion coefficient
and jet transport coefficient are given by Ds = 2T 2/κ and q̂S = 2κ, respectively. The diffusion-
induced radiation component is calculated via elastic collision rates from the same underlying
transport coefficient. For 1→2 processes, the rate is given by R1→2 = q̂S

∫
dx
∫

dk2
⊥
αs(k2

⊥)P(x)
2π(k2

⊥+m2
∞) ,

where P(x) is the vacuum QCD splitting function and m2
∞ = m2

D/2 is the asymptotic thermal
gluon mass. We adopt a running coupling in the form αs(Q2) = 4π

9 ln[max{Q2,(µπT )2 }/Λ2] , with
Λ = 0.2 GeV and a dimensionless parameter, µ, controlling the medium scale.

2.3 Heavy quark medium interaction

Figure 1. Left: Friction coefficient for
charm quarks from T -matrix calculations in
the VCP (red) and WLC (blue) scenarios at
T=180 MeV (solid) and 300 MeV (dotted).
Right: Spatial diffusion coefficient for
charm quarks in comparison to recent
lattice data [8, 9].

The transport coefficients encode the interactions of HQs with the QGP. In the T -matrix
framework, these interactions are treated nonperturbatively by resumming ladder diagrams
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of an in-medium potential, solving one- and two-body correlations selfconsistently with full
off-shell dynamics, and treating scattering and bound states on equal footing, and linking HQ
transport to the QGP equation of state [5]. After partial-wave expansion, the HQ interaction
with thermal partons can be reduced to a 1D integral equation, T = V + V ⊗ G0 ⊗ T , with
G0 the in-medium two-parton propagator and V the potential, modeled after a Cornell-type
form including Coulomb and string-breaking terms. We focus on two recent implementations
of lattice-QCD (lQCD) constraints: (a) Vector confinement potential (VCP): constrained by
HQ free energies with 1/M spin corrections from vacuum spectra, requiring a vector compo-
nent in the string force which enhances the interaction strength at high momentum [6]; (b)
Wilson line correlators (WLC): as recently computed in QCD results, which are sensitive to
the imaginary part of the potential, yielding a weaker screening at high temperature and a
reduced vector admixture (∼ 20%) while still reproducing vacuum spectroscopy [7].

From the heavy-light T -matrices (including all available spin and color channels), the
HQ friction coefficient, A(p, T ), can be calculated by a convolution over thermal distributions
with an angular weighting. In Fig. 1 left, we show A(p) for charm quarks at T = 300 MeV
and T = 180 MeV: it decreases with momentum, with the VCP generally yielding larger
values than WLC, indicating stronger coupling to the QGP. The corresponding spatial diffu-
sion coefficients, Ds(T ) = T/[MA(T )]p=0, are shown in the right panel. Compared to recent
lQCD results [8, 9], the VCP scenario agrees better at low temperature, while the WLC better
reproduces the mild temperature dependence suggested by the lattice.

2.4 Heavy quark hadronization

As the QGP cools toward the transition temperature, HQs hadronize via fragmentation and
recombination. We discuss two sets of hadronization models:

(1) improved Sudden Coalescence Model (iSCM) + Peterson Fragmentation Function
(FF): In the SCM, HQs hadronize by recombining with thermal light quarks according to
Wigner functions derived from bound-state wave functions, which encode the probability for
partons to form hadrons. The improved version [10] extends the hadronic spectrum to include
both S - and P-wave states with full spin and spin–orbit couplings, covering most states listed
by the Particle Data Group (PDG), and implements energy–momentum conservation through
the decay of virtual states into a pion and an on-shell HF hadron. HQs that do not recombine
hadronize via Peterson fragmentation.

(2) Resonance Recombination Model (RRM) + Heavy Quark Effective Theory (HQET)
FF: RRM models HF meson formation via resonant q + q̄ → M scattering using a rela-
tivistic Breit–Wigner cross section, derived from evaluating recombination and dissociation
rates near equilibrium. The latest version [11] treats off-equilibrium HQs by computing a
self-consistent recombination probability in the local fluid frame, partitioning each HQ be-
tween recombination and a HQET-based fragmentation. The model includes all PDG-listed
charmed hadrons and additional baryons predicted by the Relativistic Quark Model.

3 Results

In this section, we present and discuss our results for basic HF observables in Pb–Pb collisions
at a center-of-mass energy of

√
sNN = 5.02 TeV for the 30-50% centrality class, obtained

within the framework we have developed here, focusing on D mesons. It should be noted that
the present results do not account for hadronic rescattering effects.

In the left panels of Fig.2 we show the results for the RAA of D mesons compared to corre-
sponding ALICE data [12]. We observe significant sensitivity to the microscopic interactions
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from the different in-medium potentials. For both hadronization models, the data favor VCP
over WLC. The D-meson v2 results (right panels in Fig. 2), compared to ALICE [13] and
CMS [14] data, exhibit a larger sensitivity to the in-medium QCD force at lower pT: the VCP
scenario captures the experimental trends better than the WLC which leads to systematically
smaller flow values.

Figure 2. Nuclear modification factor (right 2 panels) and elliptic flow (left 2 panels) of D-mesons at
central rapidity in 30-50% central Pb-Pb(

√
sNN = 5.02 TeV) collisions, compared to ALICE [12, 13]

and CMS [14] data. Red and blue curves correspond to calculations with VCP and WLC potentials,
respectively. Results from different hadronization models are compared in the subpanels.

4 Summary
We have introduced a comprehensive state-of-the-art framework for HQ evolution in QGP.
Our results demonstrate sensitivity to the microscopic HQ medium interactions and support
the hadronization models that were used. The preliminary data-theory comparison is
promising. The incorporation of hadronic transport is ongoing. In future work, we will also
extend the present framework to event-by-event simulations and investigate the bottom sector.
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