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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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Intro

hadronic phase
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Heavy flavor can be a nice probe to study ; p, (Gevic)
o , E D 14fALCE © T 0C10% Pb-PbE|y| < 0.5  30-50% Pb-Pb]
hadronization: = R 1 :
7 I E
= | 1
€ Produced by initial hard scattering O'°G§ H ]
_ T0O5E Centralty 30-50%, || < 0.8 .
€ HQ mass my » Tygp number conservation 070 L A ]
1 2 3 4 567890 20 30 ]
€ Few excited states p, (GeVvlc) ]
e CATANIA Phys. Lett. B 821 (2021), 136622; Eur. Phys. J. C 78 (2018) no.4, 348 ]
€ The direct and feed—down contributions can  ° Duke Phys. Rev. C92 (2015) n0.2, 024907; Phys. Rev. C 88 (2013), 044907 o
* Nantes Phys. Rev. C779 (2009), 044906 10,0 GeVvic)

be well separated in experiments *  PHSD Phys. Rev. C92 (2015) 10.1,014910; Phys. Rev. C93 (2016) no.3, 034906
*  TAMU Phys. Lett. B 655 (2007), 126-131; Phys. Lett. B 795 (2019), 117-121 Phys. Lett.B 839 (2023) 137796
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€ Considering a more realistic picture —

Sequential hadronization inspired by charmonium

Digal, Petreczky, Satz, PRD 64(2001)094015
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In vacuum : g3 interaction described by Coulomb A N /'3

+ linear potential — R. Averbeck in Quark Matter 2025

hadronization sequence ( by Zhuang et al.) :

40-80% 20-40% 0-20%
(94 1.6f ® STARRu:Ru&ZrZr, 200 GeV, y| < 1
V(T") =——F kr O ALICE Pb+Pb, 5.02 TeV, 25 <y <4
v 14F ¢  NASOPD+Pb, 17.3GeV,0<y<1
1.2 TM:Tsinghua Ru+Ru & Zr+Zr, 200 GeV, |y| <1
In medium : confinement term vanishes, Coulomb st
158

term is color screened beyond a Debye length —
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€ 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. C78 (2018) no.4, 348

Duke Phys. Rev.. C 92 (2015) no.2, 024907; Phys. Rev. C 88 (2013), 044907
Nantes Phys. Rev. C79 (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!
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Coalescence + fragmentation hadronization ™ .}
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Phys. Rev. C 109 (2024) no.5, 054912

The v, of D; is lower than D? in the intermediate-p;

region, contradict to model predictions.
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How to consider
Sequential Coalescence ?

Tp

S

» D coalesce before other hadrons at a temperature T, = 1.2 T, (By solving Dirac Equation)

» All other heavy-flavor hadrons hadronize on a separate hypersurfaceat T = T,
WD JAQ 2026



How to consider
Sequential Coalescence ?

The total sequential coalescence probability:

Pcoal(pc) =C- (PDS(pc: TDS) + Z PDO,...(pc: Tc ))

m3
. )
afl: - r @ C normalize the total coalescence probability when P, — 0
- m :
m1 : b = F
0 I r g_s simultaneous coal. probability sequential coal. probability
3 r3 - b i
] r total c—D; T, ,=12T
Py P . 1 —_— D’ D s had c
5 c— D
c— A,

Cc— =
c—Q,

107"

The momentum distribution of hadrons produced from coalescence:

n 1072F 3
d3xid3pi C -
Ph = Y9n j ani(xi'pi) ) Wh(x1;"';xi;p1;"':pi)
i=1 10*3— -
¢ Quark distribution function f;(x;, p;) O N O ON N N
®/r 0 . 0 Gev/ : 0 Gevi
For light quark f;(p;) = N;/(e*#Pi/T + 1) P, (GeVic) p, (GeVic)
o Wigner function W, (r,p) = fd3ye-i"‘yz/)(r—§) 1/,*(,._g) %< Sequential mechanism

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

WD JAQ 2026 2. more coalescence 2 morev, ?



Methodology & Parton-level elliptic flow

@ Initial momentum and position:

FONLL JHEP 10 (2012) 137

Monte Carlo Glauber model EPJC 72 (2012) 1896

. In-medium evolution:

Collisional

medium

E-AE

Radiative

medium

SHELL model Chin.Phys.C 44 (2020) 104105
Collisional: Langevin transport equations

(2nT)Dg = 2.5 based on lattice QCD calculation.

PRL 130 (2023) no.23, 231902

2T Dy

14

12

10

8

6

T T T T
Ny=2+1QCD w
Ny =0QCD &

B ALICE »& 1
Bayesian @
(o]
L L
-
-
L -
-
T-matrix
L ‘[ -
)1( } — }' “pert. NLO
_ii— Ad‘%/(‘FT

1 1.2 14 1.6 13
/T,

2 22 24 26

Higher-twist approach is implemented to

describe the medium-induced gluon radiation:

aNg ZaSCAP(x)q ; (t -t )( k2 yo
dxdk?dt mk? k2 + x2M?
The jet transport coefficient § = §, (—)3ppu“
We take §, = 1.5 GeV?/fm
Hydrodynamic information:
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Earlier-produced hadron obtain a smaller v, 10°

. Hadronization:

Simultaneous & sequential coalescence

plus Peterson fragmentation function:
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charm-quark fragmentation fraction
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EurPhys.J.C 76 (2016) 7, 397
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Model constraint by spectrum,

particle ratios and v,

=) 2
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Enhancement of D /D° in the lower pr might also be evidence for sequential Coalescence.
Calculation for different centralities is on the way.
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0.3 — PbPb |s,,, = 5.02TeV, 30-50% D°D;:|y| < 0.8
Treatment : u NN >+

Min He, Ralf et al 1204.4442 - ® D’ ALICE Preliminary
T W D prompt D° sim.
D-meson hadronic re-scattering is realized in Langevin o 5

Hadronic re-scattering

s ) Meson at Tkin

0.2
simulation: N e prompt D sim.
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Xj =7
dp; = —I'(p)p;dt + Vkdtp;
The fluctuation-dissipation relationship:
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DS 40 T
] - ] o 355_ —— Heet al. E
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E 205_ — 30:_ = charm quar
Phys. Rev. C 105 (2022) no.2, 025203 & o & |
10f Q' 200
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hadronic scattering ! Phys. Rept. 1129-1131 (2025), 1-53 05 1 15
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Sequential & simultaneous coalescence + Hadronic phase
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€ The coalescence mechanism dominates the contribution

to the elliptic flow at lower and intermediate-pr.

Simultaneous coalescence leads to

v, (D°) <y (Dy).

sequential mechanism -
€ Sequential coalescence + Hadronic rescattering
reproduces the ALICE measurements.

€ The reverse of such a v, hierarchy is observed
0
Uy (D ) > Uy (Ds)-

JAQ 2026 11



Conclusion 01

» Although the hadronic re-scattering indeed contributes additional elliptic
flow to D , it can still not lead to the reversal of the v, hierarchy between
D® and D..

» Sequential coalescence effect cause the v, of D, mesons significant
suppressed at pr = 2 — 5 GeV/c, the reverse of such a v, hierarchy is
observed.

» charm quark number conservation --- > a hill rather than a plateau of the
ratio D,/D%at low p;

» They provides compelling evidence of the sequential hadronization
mechanism and supplies a unique opportunity to further constrain the

hadronization processes of charm hadrons.

WD JAQ 2026 12



Backup 01

Baryon M I(J%)  (pyr. (N7 B.R.
Meson M(GeV) JP  (r)r (fm)  B.R. (GeV) (fm) (fm)
O 1869 0-(18) 07 ) AF 2286 0(:%)(1S) 0.75 0.75 ; CHl 2469 3(37)(1S) 0.75 0.75 -
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D**(2010) 2.010 17(1S) 0.77  68% — D° Ac(2860)" 2.856 0(27)(1D) 0.8 08 50% — AF E.(2790) 2.792 L(37)(1P) 0.8 0.8 100% — E.
D;(2300) 2343 0F(1P)  0.77  68% — D° Ao (2880)" 2.881 0(37)(1ID) 08 08 50% — Af =.(2815)(H0 2.818 L(37)(1P) 0.8 0.8 100% — =.
Dy(2420) 2422 1Y(1P) 077 68% — D° Ac(2765)" 2766 0(37)(28) 0.8 08 100% — Al 2.(2923)+0) 2.923 1(27)(1P) 0.8 0.8 100% — A}
DY(2430) 2412 1*(1P) 077 68% — D° Ac(2940)7 2.939 0(3 )(2P) 0.8 0.8 50% — A 2.(2930)(+) 2.940 L(37)(1P) 0.8 0.8 100% — A}
D3(2460) 2461 2t(1P) 077 68% — D° e(2455) 000 2,453 1(37)(1S) 075 0.75 100% — AL =c(2970)09 2,965 1(37)(1P) 0.8 0.8 50% — AL
D§(2550) 2549 07(2S) 0.77  68% — D° 2e(2520) 000 2518 1(37)(18) 075 0.75 100% — AL 50% — Ee
Dt 1968 07 (1S)  0.66 ] Do) 2713 1(3 )(1P) 08 08 100% — AZ Qo 2.695 0(1")(1S) 0.75 0.75 ]
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TP 0+((1P)) o o Y 1(§;§1P; b5 0s 100 e QC(Z?TU)U 2.765 U(f_)(lb) 0.7.5 0.75 100%—>$1:
Di)(2460) 2460 1t(1P)  0.72  100% — D7 £c(2800) 9 2,800 1(537)(AP) 08 0.8 100% — AL (3000 000 0z P08 08 H00% =
o1 ' ' © ) _ 2 ‘ 0.(3050)° 3.050 0()(1P) 0.8 0.8 100% — QY
D%(2536) 2535 1Y(IP) 072 79% — D, RS 2789 1(3)(1P) 0.8 0.8 100% — A/ 0. (30651° a- - % s O
o s Dt G 3041 101)(1D) 08 08 100%— A* <(3065) 3.065 0(2+)(1P) 0.8 0.8 100% — Q0
Do@5T3) 2560 2V(IP) 072 34% s DO - 3040 1(31)(1D) 0.8 0.8 100% — A* 02:(3090)° 3.090 0(%+ (28) 0.8 0.8 100% — Q7
16% — D+ G40 3043 1(31(ID) 08 08 100% — AF 02.(3120)° 3.119 0(27)(28) 0.8 0.8 100% — Qf
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pitH 0 2901 1(1")(28) 0.8 08 100% — A}
pitH 0 2936 1(37)(28) 0.8 08 100% — A}
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Backup 01

Model comparison — model description

WD

Frag. Recom. Recom. Form Charmed hadrons involved
- S-wave, DO,Ds
. Phase space N x? P
Catania Peterson Wigner fUFI:')lCti on W(x,p) = H Ay exp (_2 - p?(ff{-) D*+,D*0,D*s,several excited
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Momentum :
Pythia 6.4/ : 2ymo)? _ 2 o
Duke FS’[;telerson space ngner W(p) = gh#ca%; ‘ S-wave,D,D*
function
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Fixed Hadronization to constrain transport coefficient

@ Initial momentum and position:

FONLL JHEP 10 (2012) 137
Monte Carlo Glauber model EPJC 72 (2012) 1896

. In-medium evolution:

Collisional Radiative

E E-AE

medium medium

SHELL model Chin.Phys.C 44 (2020) 104105
Collisional: Langevin transport equations

(2nT)Dg = 2.5 based on lattice QCD calculation.

14 T T T T
S Ny=2+1QCD
a Ny =0QCD e

12 +
o ALICE »&
(@]
) 10 Bayesian @
N Q
O =» L
cqQ 8 L
—~ & -
™M a5 6 - - o -
g =
~ T-matrix
~ 4 | ‘[ -
Q X » l— “bert. NLO
= | & 1 ©  AdS/CFT
Q~ 0 1 L

1 12 14 16 18 2 22 24 26

/T,

Higher-twist approach is implemented to

describe the medium-induced gluon radiation:

t—t; k%

. Hadronization:

plus Peterson fragmentation function:

dN,  2a,,P(x)§ sin?(

dxdk?dt  mk* 21 )

. . ~ A Ty3P"
The jet transport coefficient § = §, (;)3%
0

We take §, = 1.5 GeV?/fm
Hydrodynamic information:
(3+1)D CLVisc hydro
Phys.Rev.C 97 (2018) 6, 064918

)4-

kJ2_+X2M2 1

2)c—>H X

_-_ 2
z[1 z 1—2]

charm-quark fragmentation fraction
EurPhys.J.C76 (2016) 7, 397 and also
84 (2024) 12, 1286

q qo ge s T —Tg ds ;P uy
2nTDs =k *T/Tc + b TA [(f‘f Lo T T (e
arXiv:2409.18773
qA = QECA/CF
o
K = DS

Simultaneous & sequential coalescence
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TABLE III: Experimental observables used in the
likelihood function.

PbPb 5.02TeV
Centrality Class Observable Particle Reference
Lok 3 o d&®N/dprdy D°, D  ALICE[75, 76]
q./7T; :4-426-’—-0:75%; . 0 ALICE[75]
S —— Centrality Class Ty (GeV - Raa D
y Class To | o T b sy
A 0-10% 0.505 DY/D° D° Df ALICE[76]
30-50% 0.445 &#N/dprdy D°, DI  ALICE[75, T6]
N - Raa D° ALICE[75]
- omrp, = 16421038 30-50% va  DP, DF CMS[74], ALICE[76]
A B Df/D° D° Df ALICE|[76]
Ll byer, = 04707021 TABLE II: Prior ranges of the model parameters
S i Parameter Prior Range
do/T} 0-6.0
- 6.'.:&..% e/ T2 0-9.0
a0/ T} bonTD, 0-4.5
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Conclusion 02

1. First time simultaneously extraction of both 27TD, and §/T3
2. It show that the temperature dependence learned from the D-meson
experimental data

aligns well with the 2nTD, previously extracted (calculated) by others in the
heavy-flavor sector,

while also being consistent with the §/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 flow in heavy flavor sector
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0.2

The effect of sequential hadronization
revealed in Radial flow?
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Heavy flavor vO NCQ scaling ---- rough tests
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Thank you !
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