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

Hadronization is a non-perturbative process 
and can only be studied via models!

Hadronization: the degree of freedom 
changes from quarks/gluons to hadrons

Relativistic heavy ion collisions & Hadronization
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✦ Mc, Mb >> ,  produced by hard scattering, described by pQCD. 

✦ Number is conserved during the evolution.
✦ Evolution (energy loss/gain) in the QGP is well studied.
✦ Hadronization probability can be managed partly based on heavy flavor effective theory.
✦ Few excited states compared to light hadrons.
✦ The Direct and Feed-down contributions can be well separated in experiments. 

ΛQCD

Heavy flavor can be a nice probe:

Hadronization mechanisms are different in a vacuum and the hot QCD medium.

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

Hadronization: the degree of freedom 
changes from quarks/gluons to hadrons

Hadronization is a non-perturbative process 
and can only be studied via models!

Relativistic heavy ion collisions & Hadronization



❖ Fragmentation：

Fragmentation functions can be determined by the experimental data ( , ,…)e+e− pp

Hadronization mechanism in vacuum
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Hadronization in the hot QCD medium shows a huge difference compared to the vacuum case. 
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j (x2, μF) ⊗ σij→QQ̄+X ⊗ 𝒟Q→H

Parton distribution 
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Hard scattering 
(pQCD)

Fragmentation function
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• Enhancement of Baryon / Meson Ratio

Hadronization mechanism in hot medium
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• Quark Number Scaling of Elliptic flow



• Enhancement of Baryon / Meson Ratio

Hadronization mechanism in hot medium
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❖ Recombination：

• Quark Number Scaling of Elliptic flow
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❖ Recombination + Fragmentation：

Hadronization mechanism in hot medium
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Pfrag.(pT) = 1 − Precomb.(pT)

Low pT heavy flavor hadronizes via recombination, while high pT through the fragmentation!

CataniaDuke

LBT

Nantes

PHSD

…

Each model with a recombination part can give a nice explanation of the experimental data!
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Systematic studies of the parameter dependence in the various hadronization models should 
fix the Hadronization hypersurface and charm distribution at hadronization hypersurface.

• Given by the Fireball model for  Pb+Pb with b=7fm and Tfo=180MeV. sNN = 2.76TeV
H. van Hees, V. Greco, and R. Rapp, Phys. Rev. C 73, 034913 (2006)

 Catania, Duke, LBT, Los Alamos, Nantes, PHSD, TAMU, Turin groups/models

Nucl. Phys. A 979 (2018) 21-86.

• Uniform distribution in the coordinate space and momentum space is given by EMMI RRTF. 
       (No Space-Momentum Correlation)  

Model comparison
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We prepared several tasks: (2021.04-2022.10)

2. Elliptic flow  of the  without the charm quark flow.v2 D, Ds, Λc

1. Final yield  of D ( ),  and  .HAA D+ + D0 Ds Λc

For pure fragmentation (assuming all c quarks proceed through fragmentation) 

For pure recombination (assuming all c quarks proceed through recombination) 

For mixed hadronization model (genuine process in each model)

HAA =
dND /dpT

dNc /dpT

3. Elliptic flow  of the  with the charm quark flow.v2 D, Ds, Λc

5.  and  of direct  meson produced by a c-quark with  and .dN(D0)/dpT v2 D0 pT = 3GeV 10GeV

Fix the parameters: , For all codes, which use the 
Wigner function choose σ = 0.5 fm for charmed mesons; σρ = σλ = 0.5 fm for charmed baryons. 

mc = 1.5GeV, mu/d = 0.3GeV, ms = 0.4GeV

4. Final yield  and elliptic flow  of direct ,  and   (no feed down contribution).HAA v2 D0 Ds Λc

New tasks: (2022.10-now)

Model comparison



Model comparison — model description

Frag. Recom. Recom. Form Charmed hadrons involved

Catania Peterson Phase space 
Wigner function

S-wave, D0,Ds, 
D*+,D*0,D*s,several excited 

states of \Lambda_c,\Sigma_c

Duke Pythia 6.4/
Peterson 

Momentum 
space Wigner 

function
S-wave,D,D*

LBT Pythia 6.4/
Peterson 

Momentum 
space Wigner 

function

S-wave,P-wave,D,Ds,D*,
\Lambda_c,\Sigma_c,\Xi_c.

\Omega_c

Nantes HQET Phase space 
Wigner function S-wave, D0

PHSD Peterson Phase space 
Wigner function

S-wave, P-wave D+,D0,Ds, 
D*+,D*0,D*s

TAMU
 thermal density 

correlated  
HQET

Resonance 
amplitude 

D+,D0,Ds and few excited 
states. Charm baryons+missing 

baryons

Turin
Pythia 6.4/

String 
fragmentation 

Invariant mass 
criterion 

(prompt) D+,D0,Ds,\Lambda_c,
\Xi_c,\Omega_c 

Los 
Alamos HQET — — S-wave, D+,D0,Ds, charm-

baryons

MD < MCluster < Mmax.

γM

Γ
vrelgσ

4π
k2

(Γm)2

(s − m2)2 + (Γm)2

W(xQ, xq, pQ, pq) = exp (
(xq − xQ)2 − [(xq − xQ) ⋅ uQ]2

2R2
c

− α2
d (uQ ⋅ uq − 1))

W(x, p) =
Nq−1

∏
i=1

AW exp (−
x2

i

σ2
ri

− p2
i σ2

ri)
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Model comparison — model description

Frag. Recom. Recom. Form Charmed hadrons involved

Catania Peterson Phase space 
Wigner function

S-wave, D0,Ds, 
D*+,D*0,D*s,several excited 

states of \Lambda_c,\Sigma_c

Duke Pythia 6.4/
Peterson 

Momentum 
space Wigner 

function
S-wave,D,D*

LBT Pythia 6.4/
Peterson 

Momentum 
space Wigner 

function

S-wave,P-wave,D,Ds,D*,
\Lambda_c,\Sigma_c,\Xi_c.

\Omega_c

Nantes HQET Phase space 
Wigner function S-wave, D0

PHSD Peterson Phase space 
Wigner function

S-wave, P-wave D+,D0,Ds, 
D*+,D*0,D*s

TAMU
 thermal density 

correlated  
HQET

Resonance 
amplitude 

D+,D0,Ds and few excited 
states. Charm baryons+missing 

baryons

Turin
Pythia 6.4/

String 
fragmentation 

Invariant mass 
criterion 

(prompt) D+,D0,Ds,\Lambda_c,
\Xi_c,\Omega_c 

Los 
Alamos HQET — — S-wave, D+,D0,Ds, charm-

baryons

MD < MCluster < Mmax.

γM

Γ
vrelgσ

4π
k2

(Γm)2

(s − m2)2 + (Γm)2

W(xQ, xq, pQ, pq) = exp (
(xq − xQ)2 − [(xq − xQ) ⋅ uQ]2

2R2
c

− α2
d (uQ ⋅ uq − 1))

W(x, p) =
Nq−1

∏
i=1

AW exp (−
x2

i

σ2
ri

− p2
i σ2

ri)
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✤ Peterson fragmentation:

Model comparison — Fragmentation function
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𝒟c→H ∝
1

z[1 − 1
z − ϵ

1 − z ]2

There are mainly three kinds of fragmentation function used in these models

✤  HQET fragmentation function (for the pseudoscalar and vector meson):

 
in Catania, LBT(Duke), and PHSD model.

ϵ = 0.02,0.05,0.01

𝒟c→P ∝
rz(1 − z)2

[1 − (1 − r)z]6 [6 − 18(1 − 2r)z + (21 − 74r + 68r2)z2 − 2(1 − r)(6 − 19r + 18r2)z3 + 3(1 − r)2(1 − 2r + 2r2)z4]
𝒟c→V ∝

rz(1 − z)2

[1 − (1 − r)z]6 [2 − 2(3 − 2r)z + 3(3 − 2r + 4r2)z2 − 2(1 − r)(4 − r + 2r2)z3 + 3(1 − r)2(3 − 2r + 2r2)z4]

✤  String fragmentation in PYTHIA:

𝒟c→H ∝
1

z1+rbm2
Q

zaα ( 1 − z
z )

aβ

exp (−
bm2

T

z )
. r = 1.32, b = 0.98, α = 0.68 mc = 1.5GeV, pT = 3GeV 0.0 0.2 0.4 0.6 0.8 1.00

1
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4
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6

z

D
c�

D

Catania

PHSD

LBT,Duke

Nantes,TAMU (pseudoscalar)

Turin

Vitev (pseudoscalar)

 in Nantes and TAMU models;   in Los Alamos model.r = 0.1 r = 0.2



Model comparison — model description

Frag. Recom. Recom. Form Charmed hadrons involved

Catania Peterson Phase space 
Wigner function

S-wave, D0,Ds, 
D*+,D*0,D*s,several excited 

states of \Lambda_c,\Sigma_c

Duke Pythia 6.4/
Peterson 

Momentum 
space Wigner 

function
S-wave,D,D*

LBT Pythia 6.4/
Peterson 

Momentum 
space Wigner 

function

S-wave,P-wave,D,Ds,D*,
\Lambda_c,\Sigma_c,\Xi_c.

\Omega_c

Nantes HQET Phase space 
Wigner function S-wave, D0

PHSD Peterson Phase space 
Wigner function

S-wave, P-wave D+,D0,Ds, 
D*+,D*0,D*s

TAMU
 thermal density 

correlated  
HQET

Resonance 
amplitude 

D+,D0,Ds and few excited 
states. Charm baryons+missing 

baryons

Turin
Pythia 6.4/

String 
fragmentation 

Invariant mass 
criterion 

(prompt) D+,D0,Ds,\Lambda_c,
\Xi_c,\Omega_c 

Los 
Alamos HQET — — S-wave, D+,D0,Ds, charm-

baryons

MD < MCluster < Mmax.

γM

Γ
vrelgσ

4π
k2

(Γm)2

(s − m2)2 + (Γm)2

W(xQ, xq, pQ, pq) = exp (
(xq − xQ)2 − [(xq − xQ) ⋅ uQ]2

2R2
c

− α2
d (uQ ⋅ uq − 1))

W(x, p) =
Nq−1

∏
i=1

AW exp (−
x2

i

σ2
ri

− p2
i σ2

ri)
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✤ Phase space criterion:
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Model comparison — Recombination probability
There are mainly two kinds of recombination processes:

✤ Momentum space criterion:

Catania, Nantes, and PHSD model, phase-space Wigner function.

Duke and LBT model, momentum-space Wigner function.

TAMU model, Resonance amplitude, which is only related to the momentum of heavy and light quarks

Turin model, invariant mass, which is only related to the momentum of heavy and light quarks

W(p) =
(2 πσ)3

V
e−p2σ2

W(r, p) = 8e− r2
σ2 −p2σ2 for LBT and Duke

(Charm and light quark are at same point)



Model comparison — Recombination probability

• Total recombination probability ~1.0 at zero  required by all charm quarks 
hadronize via recombination at .

pT
pT ∼ 0
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c → all D(D+ + D0 + Ds + D* + . . . ) c → all chamred hadrons
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• Huge difference when  > 3 GeV; 
    Phase space criterion give a steep recombination probability ? 

pT



1. Yield  HAA =
dNH /dpT

dNc/dpT



Turin

Model comparison — HAA
Include strong decays
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The large difference may come from the branching ratios between various charmed-hadrons

R =
∫ dNc /dpT × HAAdpT

∫ dNc /dpTdpT

Model comparison — HAA

Hr
AA ≡

dNH /dpT

RdNc /dpT
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Turin

Model comparison — Hr
AA

Rescale the various  by their weights HAA

D
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Turin

Model comparison — Hr
AA

Rescale the various  by their weights HAA

D
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Almost consistent with the fragmentation function 
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TurinRescale the various  by their weights HAA

D
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D, normalized to dNc/dy=1

A large  in Wigner density (small average relative 
momentum) and small light quark mass will give a large  

σ
HAA

W ( p) =
(2 π σ)3

V
e−p2σ 2

 at very low  and  at a higher HAA < 1 pT HAA > 1 pT

Model comparison — Hr
AA
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2. Yield  ratio



Ds /D

Λc /D

Model comparison — Yield Ratio

TAMU model gives a larger  ratio than others; may be caused by “missing” baryonsΛc /D0

Turin
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Reflects the number of charmed meson and baryons involved!
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3. Elliptic flow v2



C-quark
Model comparison — v2

20
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C-quark
Model comparison — v2
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Fragmentation (a)
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•  in each model !v2(mixed) > v2(pure recombination)

Include strong decays

• v2(pure fragmentation) ≈ v2(charm)

•  v2(Λc, mixed) > v2(Ds, mixed) > v2(D, mixed)
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Model comparison — v2

v2(mixed fragmentation) ≈ v2(charm) < v2(mixed) < v2(mixed recombination)

v2(mixed) ≈ v2(mixed fragmentation) ≈ v2(charm)

• For a steep recombination probability, the fragmentation domintate the hadronization at 
almost all pt regions.

• For a given meson (such as many resonance states, D*, Ds*,.., charmed baryons), the 
fragmentaion part dissapeared or is very weak. Then:

of charm quark
0 5 10 15 20
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100

pT (GeV)

P r
ec
om
b.

Pcoal.=exp(-pT ,c)

v2(mixed) ≈ v2(mixed recombination)
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Model comparison — v2
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Pure Recomb.

Pcoal.=0.1
Pcoal.=exp(-pT ,c)
Pcoal.=exp(-1.5*pT ,c)

of charm quark

➡ If the recombination probability is independent :pT−

v2(mixed recombination) > v2(pure recombination)

(Different concept between the recombination part in the mixed process and pure recombination!)

➡ If the recombination probability is dependent:pT−

v2(mixed recombination) ≈ v2(pure recombination)

A given  of D meson mainly from a recombination of softer charm and harder light quark in 
the mixed process; light quarks carry large v2!

pT

•  v2(mixed) > v2(pure recombination)



4.   of D mesondND/dpT
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Model comparison —dND/dpT

• Peak is broadening around 10GeV than 3GeV

 of the direct  meson produced by a c-quark with  and .dND /dpT D0 pT = 3GeV 10GeV

D0

Recombination(a)
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3 3

0 5 10 15 20

10-3

10-2

10-1

100

pT [GeV]

P r
ec
om
b.
(c

-
>
al
lD

)

of charm quark
3

• 3GeV charm quark hadronizes via fragmentation 
and recombination, but 10GeV charm hadronizes 
almost via fragmentation.



Summary
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Finish the data collection and find more physics behind it.

We prepared several tasks for different groups with the same hadronization hypersurface 
and charm distribution functions at hadronization hypersurface. After preliminary 
comparison, we get the following take-home messages so far:

• The prompt yield ratio is sensitive to the number of resonances involved.                

• Hadronization changes the  spectra substantially, .       pT pc
T ≠ pD

T

Heavy flavor is a nice probe to study the hadronization mechanism in HIC!
Comparing different models is essential to understand the hadronization mechanism!

What next ?

• The mangnitude of hadron  comes from: charm quark , light quark , 
recombination probability, and also fragmentaion ratio!  

   The -dependent recombination probability has an important influence on !
   The existence of  sequence: . 

v2 v2 v2

pT v2
v2 v2(Λc) > v2(Ds) > v2(D)

The hadronization model used by several groups are reviewed.

•  of charmed hadrons as a function of  strongly depends on both the 
fragmentation function and recombination probability.          
HAA pT

Considering the SMC and energy conservation effect in each model.



Thanks for your attention!

Hard Probes 2023, Aschaffenburg (Germany), 26-31 March.



Pure Frag. Pure Recom. Mixed New tasks

Catania

Duke

LBT

Nantes(new)

Nantes

PHSD

TAMU

Turin

Vitev charm-
baryons

D(D0 + D+) Ds Λc

Model comparison

So far, what we get: 
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