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Outline

•  Elliptic flow of Ds as evidence of the sequential hadronization 
mechanism in the hot QCD medium

•  Bayesian Inference of Heavy-Quark Dissipation and Jet Transport 
Parameters from D-Meson observables

•  Radial flow of Ds as evidence of the sequential hadronization and 
its NCQ scaling
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multi-stage， multi-messenger

Constraint provided by Data-learning

Heavy flavor can be a nice probe to study 

hadronization:

◆ Produced by initial hard scattering

◆ HQ mass 𝑚𝑄 ≫ 𝑇𝑄𝐺𝑃 number conservation

◆ Few excited states

◆ The direct and feed-down contributions can 

be well separated in experiments

?
All hadronize at the same time !

Phys.Lett.B 839 (2023) 137796
Phys.Lett.B 839 (2023) 137796

• 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

• ... ...

https://arxiv.org/pdf/2112.08156


WD JAQ 2026 3



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

• ... ...

       hadronized at the same temperature!

JHEP 01 (2022), 174WD JAQ 2026 4

https://arxiv.org/pdf/2110.09420
https://arxiv.org/pdf/2110.09420
https://arxiv.org/pdf/2110.09420


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


➢ 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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How to consider 
Sequential Coalescence ?



The momentum distribution of hadrons produced from coalescence:

◆ 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 JAQ 2026 7

How to consider 
Sequential Coalescence ?
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Initial momentum and position:

FONLL  JHEP 10 (2012) 137

Monte Carlo Glauber model  EPJC 72 (2012) 1896

In-medium evolution:

SHELL model  Chin.Phys.C 44 (2020) 104105

Collisional: Langevin transport equations

2𝜋𝑇 𝐷𝑠 = 2.5 based on lattice QCD calculation. 

Hydrodynamic information:

(3+1)D CLVisc hydro 

Phys.Rev.C 97 (2018) 6, 064918

Higher-twist approach is implemented to 

describe the medium-induced gluon radiation: 

𝑑𝑁𝑔

𝑑𝑥𝑑𝑘⊥
2𝑑𝑡

=
2𝛼𝑠𝐶𝐴𝑃 𝑥 ො𝑞

𝜋𝑘⊥
4 𝑠𝑖𝑛2(

𝑡 − 𝑡𝑖

2𝜏𝑓
)(

𝑘⊥
2

𝑘⊥
2 + 𝑥2𝑀2

)4

The jet transport coefficient ො𝑞 = ො𝑞0(
𝑇

𝑇0
)3𝑝𝜇𝑢𝜇

𝑝0

We take ො𝑞0 = 1.5 GeV2/fm

PRL 130 
(2023) 
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Hadronization:

Simultaneous & sequential coalescence 

plus Peterson fragmentation function:

𝒟𝑐→𝐻 ∝
1

𝑧[1 −
1
𝑧 −

𝜖
1 − 𝑧]2

charm-quark fragmentation fraction

Eur.Phys.J.C 76 (2016) 7, 397

Earlier-produced hadron obtain a smaller 𝑣2

Methodology & Parton-level e l l iptic flow 

https://arxiv.org/pdf/2302.08501


Model constraint by spectrum, 
                                        particle ratios and 𝑣 2  
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Enhancement of 𝐷𝑠/𝐷0 in the lower 𝑝𝑇 might also be evidence 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 ) .

    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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Conclusion 01

➢ 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.

➢ charm quark number conservation --- > a hill rather than a plateau of the 

ratio 𝐷𝑠/𝐷0at low 𝑝𝑇

➢ They provides compelling evidence of the sequential hadronization 

mechanism and supplies a unique opportunity to further constrain the 

hadronization processes of charm hadrons.
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Backup 01
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Backup 01
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Initial momentum and position:

FONLL  JHEP 10 (2012) 137

Monte Carlo Glauber model  EPJC 72 (2012) 1896

In-medium evolution:

SHELL model  Chin.Phys.C 44 (2020) 104105

Collisional: Langevin transport equations

2𝜋𝑇 𝐷𝑠 = 2.5 based on lattice QCD calculation. 

Hydrodynamic information:

(3+1)D CLVisc hydro 

Phys.Rev.C 97 (2018) 6, 064918

Higher-twist approach is implemented to 

describe the medium-induced gluon radiation: 

𝑑𝑁𝑔

𝑑𝑥𝑑𝑘⊥
2𝑑𝑡

=
2𝛼𝑠𝐶𝐴𝑃 𝑥 ො𝑞

𝜋𝑘⊥
4 𝑠𝑖𝑛2(

𝑡 − 𝑡𝑖

2𝜏𝑓
)(

𝑘⊥
2

𝑘⊥
2 + 𝑥2𝑀2

)4

The jet transport coefficient ො𝑞 = ො𝑞0(
𝑇

𝑇0
)3𝑝𝜇𝑢𝜇

𝑝0

We take ො𝑞0 = 1.5 GeV2/fm

PRL 130 
(2023) 
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Hadronization:

Simultaneous & sequential coalescence 

plus Peterson fragmentation function:

𝒟𝑐→𝐻 ∝
1

𝑧[1 −
1
𝑧 −

𝜖
1 − 𝑧]2

charm-quark fragmentation fraction

Eur.Phys.J.C 76 (2016) 7, 397 and also 

84 (2024) 12, 1286

Fixed Hadronization to constrain transport coefficient

arXiv:2409.18773

2𝜋𝑇𝐷𝑠 = 𝑘 ∗ 𝑇/Tc + 𝑏

https://arxiv.org/pdf/2302.08501
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Conclusion 02

1. First time simultaneously extraction of both 2𝜋T𝐷𝑠 and ො𝑞/𝑇3

2. It show that the temperature dependence learned from the D-meson 

experimental data 

     aligns well with the 2𝜋T𝐷𝑠 previously extracted (calculated) by others in the 

heavy-flavor sector, 

     while also being consistent with the ො𝑞/𝑇3 extracted (calculated) in the light- 

   flavor sector.

3. the constraints on the direct relationship between these parameters gain 

stronger physical relevance and can provide valuable guidance

and references for other theoretical studies focusing on these two parameters.
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Radial  f low in heavy f lavor sector

Sambataro, Maria Lucia and Plumari, Salvatore and Das, Santosh K. and Greco, 

Vincenzo, “Probing the QGP through pT-differential radial flow of heavy quarks,”

arXiv: 2510.19448

Using pT -differential radial flow to probe the dynamics 

of HQ in-medium interactions:

◆ a weakly coupled regime – pQCD

◆ a strongly interacting medium – lattice QCD

◆ Middle scheme - Quasi-Particle model QPMp

Radial flow for Charm quark
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w/o Hadronic phase simultaneous sequential

The effect of sequential hadronization 
revealed in Radial  f low？
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Heavy flavor v0 NCQ scaling ---- rough tests
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Thank you !
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