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arXiv:2303.17254

Hadronization in relativistic heavy-ion collisions 

◆ A deconfined QCD matter— quark-gluon plasma(QGP) has been created.

◆ Hadronization:  a non-perturbative process

◆ Hadronization in the hot QCD medium shows a huge difference compared to the vacuum case. 

◆ Flow information will be captured in the in-medium hadronization process. 

Heavy flavor can be a nice probe to study in-medium hadronization:

◆ Produced by hard scattering, described by pQCD.

◆ HQ mass 𝑚𝑄 ≫ 𝑇𝑄𝐺𝑃 , Charm Number Conservation.

◆ Fewer excited states compared to light hadrons.
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Coalescence + fragmentation hadronization
◆ Coalescence: a precise constraint will provide a strong probe of flow !

◆ Well accepted scenario: → provide good descriptions of available data :

• CATANIA  Phys. Lett. B 821 (2021), 136622;  Eur. Phys. J. C 78 (2018) no.4, 348

• Duke  Phys. Rev.. C 92 (2015) no.2, 024907; Phys. Rev. C 88 (2013), 044907

• Nantes  Phys. Rev. C 79 (2009), 044906

• PHSD  Phys. Rev.. C 92 (2015) no.1, 014910; Phys. Rev. C 93 (2016) no.3, 034906

• TAMU  Phys. Lett. B 655 (2007), 126-131; Phys. Lett. B 795 (2019), 117-121

• ... ...

◆ ALL hadronized at the same temperature!
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https://arxiv.org/pdf/2110.09420
https://arxiv.org/pdf/2110.09420
https://arxiv.org/pdf/2110.09420


arXiv:1805.10858

Sequential hadronization = realistic 

◆ The hadrons containing heavy quarks 

- with larger binding energy, 

- survive at higher temperatures.

◆ The hadron dissociation (hadronization) 

temperature can be calculated by solving 

the Dirac equation with quark potential 

models.

Dissociation sequence :

Nucl. Phys. A 1005 (2021), 121898
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Shuzhe Shi, Jiaxing Zhao, Pengfei Zhuang CPC 
(2020)

https://arxiv.org/pdf/1805.10858
https://arxiv.org/pdf/2004.12305
https://arxiv.org/pdf/2004.12305
https://arxiv.org/pdf/2004.12305


arXiv:2505.13892 in Quark Matter 2025

Phys. Rev. C 109 (2024) no.5, 054912 

The 𝑣2 of 𝐷𝑠
+ is lower than  𝐷0 in the intermediate-𝑝𝑇

region, contradict to model predictions.
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𝑣2Hierarchy between 𝐷0 and 𝐷𝑠
+ due to conventional Coalescence 

https://arxiv.org/pdf/2505.13892
https://arxiv.org/pdf/2311.10621
https://arxiv.org/pdf/2311.10621
https://arxiv.org/pdf/2311.10621


How to consider Sequential Coalescence ?

➢ 𝐷𝑠 coalesce before other hadrons at a temperature 𝑇𝐷𝑠
= 1.2 𝑇𝑐 (By solving Dirac Equation)

➢ All other heavy-flavor hadrons hadronize on a separate hypersurface at 𝑇 = 𝑇𝑐

𝑇𝐷s
𝑇𝑐
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The momentum distribution of hadrons produced from coalescence:

Coalescence Hadronization

◆ Quark distribution function  𝑓𝑖 𝑥𝑖, 𝑝𝑖

For light quark  𝑓𝑖 𝑝𝑖 = 𝑁𝑖/(𝑒𝑢𝜇𝑝𝑖
𝜇

/𝑇 + 1)

◆ Wigner function  𝑊ℎ 𝒓, 𝒑 = ׬ 𝑑3𝒚𝑒−𝑖𝒑∙𝒚 𝜓 𝒓 −
𝒚

2
𝜓∗ 𝒓 −

𝒚

2

𝑃ℎ = 𝑔ℎ න ෑ

𝑖=1

𝑛
𝑑3𝑥𝑖𝑑3𝑝𝑖

2𝜋 3 𝑓𝑖 𝑥𝑖, 𝑝𝑖 · 𝑊ℎ(𝑥1, ⋯ , 𝑥𝑖, 𝑝1, ⋯ , 𝑝𝑖)

The total sequential coalescence probability:

𝐶 normalize the total coalescence probability when 𝑃𝑐 → 0

𝑃𝑐𝑜𝑎𝑙 𝑝𝑐 = 𝐶 · 𝑃𝐷𝑠
𝑝𝑐, 𝑇𝐷𝑠

+ ෍ 𝑃𝐷0,…(𝑝𝑐, 𝑇𝑐 )

Sequential mechanism 

1. Enhance the earlier-produced hadron yield via coalescence;

2. more coalescence → more 𝑣2 ?WD 7



The jet transport coefficient ො𝑞 = ො𝑞0(
𝑇

𝑇0
)3𝑝𝜇𝑢𝜇

𝑝0

We take ො𝑞0 = 1.5 GeV2/fm

• The elliptic flow 𝑣2 of charm quark at 𝑇𝑐 is clearly larger than that at 𝑇𝐷𝑠
. 

• Thermal s quark 𝑣2 is slightly higher than u,d quark at 𝑝𝑇 < 2GeV/c.

• 𝑣2 of thermal u, d, s obtained at 𝑇𝑐 and 𝑇𝐷𝑠
are nearly identical.

the earlier-coalesced charm hadron obtain a smaller 𝑣2, mainly 

attribute to  different degree of charm quark thermalization. 

Initial momentum and position:

FONLL  JHEP 10 (2012) 137

Monte Carlo Glauber model  EPJC 72 (2012) 1896

In-medium evolution:

Improved SHELL model  WD et al  Chin.Phys.C 44 (2020) 104105

Spatial diffusion coefficient is taken as

2𝜋𝑇 𝐷𝑠 = 2.5 based on lattice QCD calculation. 

Parton-level elliptic flow at different hypersurface

Hydrodynamic information:

(3+1)D CLVisc hydro 

Phys.Rev.C 97 (2018) 6, 064918
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Model constraint by spectrum, 
                                        particle ratios and 𝑣2 
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Enhancement of 𝐷𝑠/𝐷0 in the lower 𝑝𝑇 might also be phenomenon for sequential Coalescence.

Calculation for different centralities is on the way.



Hadronic re-scattering

Phys. Rept. 1129-1131 (2025), 1-53

D-meson hadronic re-scattering is realized in Langevin 

simulation:

𝑑𝑥𝑗 =
𝑝𝑗

𝐸
𝑑𝑡

𝑑𝑝𝑗 = −Γ 𝑝 𝑝𝑗𝑑𝑡 + 𝜅𝑑𝑡𝜌𝑗

Phys. Rev. C 105 (2022) no.2, 025203

The spatial diffusion coefficient 𝐷𝑠 for D 

meson is taken from Torres-Rincon et al. 

Phys. Rev. C 105 (2022) no.2, 025203

The fluctuation-dissipation relationship:

𝜅 = 2Γ𝐸𝑇 =
2𝑇2

𝐷𝑠

:  BREAKING  𝑣2 hierarchy for D⁰ and Dₛ

requires a mechanism beyond 

hadronic scattering ！

Treatment：
Min He, Ralf et al  1204.4442
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https://arxiv.org/pdf/2406.13286
https://arxiv.org/pdf/2406.13286
https://arxiv.org/pdf/2406.13286
https://arxiv.org/pdf/2406.13286
https://arxiv.org/pdf/2406.13286
https://arxiv.org/pdf/2406.13286
https://arxiv.org/pdf/2406.13286
https://arxiv.org/pdf/2106.01156


Sequential & simultaneous coalescence + Hadronic phase

◆ The coalescence mechanism dominates the contribution 

to the elliptic flow at lower and intermediate-p𝑇.

◆ Simultaneous coalescence leads to

                     𝑣2 (𝐷0) < 𝑣2 (𝐷𝑠 ) .

After considering  sequential mechanism -

◆ The coalescence contribution for 𝑣2 of 𝐷𝑠 drops 

dramatically after considering sequential mechanism.

◆ Sequential coalescence + Hadronic rescattering

reproduces the ALICE measurements.

◆ The reverse of such a 𝑣2 hierarchy is observed

                     𝑣2 (𝐷0)  >  𝑣2 (𝐷𝑠 ) .
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Summary and Outlook

➢ An updated Langevin dynamic description with sequential coalescence 

plus fragmentation approach to successfully predict the elliptic flow of 𝐷0

and 𝐷𝑠 in 30-50% centrality Pb+Pb collisions. 

➢ Although the hadronic re-scattering indeed contributes additional elliptic 

flow to 𝐷0 , it can still not lead to the reversal of the 𝑣2 hierarchy between 

𝐷0 and 𝐷𝑠.

➢ Sequential coalescence effect cause the 𝑣2 of 𝐷𝑠 mesons significant 

suppressed at 𝑝𝑇 ≈ 2 − 5 GeV/c, the reverse of such a 𝑣2 hierarchy is 

observed.

➢ The elliptic flow of 𝐷𝑠 provides compelling evidence of the sequential 

hadronization mechanism and supplies a unique opportunity to further 

constrain the hadronization processes of charm hadrons. 12
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Thank you !



Model constraint by spectrum, 
                                        particle ratios and 𝑣2 
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Enhancement of 𝐷𝑠/𝐷0 in the lower 𝑝𝑇 might also be phenomenon for 
sequential Coalescence 
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