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Studying the HF in uRHIC

Initial Stage Hard scattering  clasma/em. feld

Initial production

- pQCBNLO [ FONLL ...]

mp>> Ngep Produced in hard scattering processes, - MC@NLO, PYTHIA, POHWEG

pQCD initial production - CNMeffect[pp,pAexp]

M., >> Teuicne N0 thermal production .
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Studying the HF in uRHIC

KkGP Formation
and Expansion

Initial Stage

Ap2~m,T >>@~T2 Y Brownian Motion: FOKkerPlanck
in Hydrd' transport bulk
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Different approaches

a) pQCD inspired + HTL
[Nantes(+rad.) ...Torino, LBL-Duke]
LO diagrams, propagator with reduced IR regulator

(n

ld “Y) matchsoft scale resummedin HTL

b) Quasi Particle Model + tree level diagrams
[Catania, Frankfurt-PHSD, QLBT o ColLBT,...]
g(T) from a fit to IQCD-EoS
screened propagators with my ~ gT
c) T-matrix: scatteringunder V(,T) deduced fromQCD(TAMU)
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Studying the HF in uRHIC

nitial Stgg Hﬂydsoﬁtfgrzng C;ZHSMQ/E.M. ﬁfld &GP Formation Hadronization
‘ . ey Y . and Expansion
Independent fragmentation c(b) > D(B), D(B), A[(A,) ...

String fragmentation (PYTHIA)
T. Sjostrand et al., JHEP 05 (2006), 026
C. Bierlich et al., SciPost Phys. Codeb. 2022 (2022), 8

In medium hadronization with Cluster decay
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Coalescence/recombination NkeehsihAs s M o
S. P., V. Minissale et al, EPJC 78 no. 4, (2018) 348 &8/ 66 6650 6356 | . A A
S. Cao et al., PLB 807 (2020) 135561 oy ‘ @ <Y

Resonance Recombination model
L. Ravagli and R. Rapp, Phys. Lett. B 655, 126 (2007).
L. Ravagli, H. van Hees and R. Rapp, Phys. Rev. C 79, 064902 (2009).

Statistical hadronization model (SHM)
A. Andronic et al, JHEP 07 (2021) 035

For reviews on HF hadronization:

J. Altmann, A. Dubla, V. Greco, A. Rossi and P. Skands,
EPIC 85, no.1, 16 (2025)
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: transport theory and Quasi-Particle approach (QPM)
Model extension (QPMp): Spatial diffusion coefficient Ds in QPMp

-> Effect of momentum dependence on R,, and v_(p;)

M.L. Sambataro et al, Eur.Phys.J.C 84 (2024) 9, 881
M.L. Sambataro et al , arXiv:2508.01024hep-ph]

Heavy hadrons in AA collisions:
¢ A\c, D spectra and ratio: RHIC and LHC

S. Plumari, et al. Eur. Phys. J. C 78, no.4, 348 (2018)
Heavy hadrons in small systems (pp @ 5.02 TeV):
e Ac/DO, =c/D?, Qc/D°

V. Minissale, et al., Phys. Lett. B 821, 136622 (2021)
e Ab/BY, =b/B? , Qb/B°
V. Minissale et al, arXiv:2405.19244 [hep-ph]

Multi-charm production PbPb vs KrKr vs ArAr vs OO:

V. Minissale, et al., Eur. Phys. J. C 84, no.3, 228 (2024)
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Diffusion coefficient of charm quarks

Main sources of Differences in models:

0 Initial spectra [now improved thanks to pp data & EMMI RRTF]
0 Impact of hadronization [EMMI RRTF &S TRONG2020] an
o Momentum depedence of diffusion ~
o Not all models describe data with the same quality G2 §
0 New entry s, but D, (T) estimates does not really
Include its impact on R,(p7) INn most cases
S.Acharyeet al. [ALICEoII] JHEP 01 (2022), 174
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X. Dong, Y. J. Lee and R. Rapp, ARNPS 69, 417-445 (2019)
X. Dong and V. Greco, PPNP 104, 97-141 (2019)
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':7 Several Collab. in joint activities (2018 - 2023):

EMMI-RRTF: R. Rapp et al., Nucl. Phys. A 979 (2018)
HQ-JETS: S. Cao et al.,Phys. Rev. C 99 (2019)

Y. Xu et al., Phys. Rev. C 99 (2019)

STRONG2020 J. Zhao, et al. PRC 109, no.5, 054912 (2024)
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New D_ from IQCD — small 1

2+1 flavor lattice QCD with dynamical quarks (m_ =320 MeV)

14 -

L. Altenkort et al.,PRL 130 (2023) no.23, 231902
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0 2 TDs smaller compared to previous quenched (N=0) IQCD estimates. a“ 8
0 For T/T¢ a1 close to AdS/CFT. Agreement with pQCD (NLO) at high T 2
O Suggest faster thermalization of HQs than previously estimated.
L. Altenkort et al.,PRL 132 (2024) no.5, 051902
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See talk: J. L. D. Golan Apr 7, 2025



QPM extension: QPMp vs QPM

QPM - no masses evolution wrt the momentum quark susceptibilities understimated
QPMp - following the model developed by PHSD group

H. Berrehrah, W. et al., Phys.Rev.C 93, 044914 (2016).
C. S. Fischer, J. Phys. G 32, R253 (2006).
77 M.L. Sambataro et al, Eur.Phys.J.C 84 (2024) 9, 881
\
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QPMp: spatial diffusion coefficient Ds

M.L. Sambataro et al, Eur.Phys.J.C 84 (2024) 9, 881
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M.L. Sambataro et al, arXiv:2508.01024hep-ph]
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e Tyulc,p=0)D4fm/c(QPM) - 2.5 fm/c (QPMp)

e Tyu(b,p=0)D9fm/c(QPM) - 5.5 fm/c (QPMp)

in the p - Olimit

IQCD quenched w dynamical fermions

1QCD [Banerjee et al. (2011)]
CD) 1QCD [Kaczmarek (2014)] 1QCD [Altenkort(2024)] charm
v  lQCD [Francis (2015)] o 1QCD [Altenkort(2024)] bottom
¢  1QCD [Brambilla (2020)] 0 1QCD [Altenkort(2024)] (M—o0)

Going from QPM to QPMp...
T/T.<1.6 - s t r o-pegurbativenbehaviour of D
bottom: closer to RIQCBDNREFT

but still a significant deviation wrt the IQENIREFT data!

Larger t,, at finite momentum (~5 GeV)
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Event-by-Event transport for HQ dynamics

Bulk evglution )
nt Aam) a(@ a(w "Aam)

N1 Q) a(@ & Q)

free-streaming  field interaction
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hydro n/s=0.1 o | By _;
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collision term

HQ evolution: Event-by-event Langevin
M.L. Sambataro et al, arXiv:2508.01024hep-ph]
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More detailsin:

M. L. Sambataro, et aPhys Lett. B849, 138480(2024)
M. L.Sambatarget al.,Eur Phys J. 82, n09, 833(2022
L. Oliva, S. Plumari and V. Greco, J0%:634 (2021

S. Plumari, et alRhys Lett. B805, 135460(2020

Y. Sun et al., Eur. Phys. 80Cnol, 16 (2020

S. PlumariEur Phys. J. @9, nol, 2 (2019

F. Scardina, et aPhys Rev. ®6, no4, 044905(2017)



Coalescence approach in phase space for HQ

Statistical factocolour

spinisospin

Wigner function < Wave function

W 3.0 —igr’ r * r’
olr. @)= [ e oyl re S r-

¢« (M AQi HHUVO & ©0O Q¢ &

Assuming gaussian wave function

Sm(x1,x2; p1, p2) = Aw exp ( —

For baryon N=3
N,—1
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[T Aw esp (
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Hadron Wigner function

")

ngner functionwidth fixed by rootmeansquare

charge radius fronquark model .z, _ %”}1?;;’1;‘3%%1 @

3ma(Q1 + Q2) + (m1 +m2)?Qs ,
C-W. Hwang, EPJ C23, 585 (2002): 4 sl e it on s,

C. Albertus et al., NPA 740, 333 (2004)

= 1//rio Harmonic oscillator relation
mimz _ (my +my)ms
mi+my’ Comi+ma+ms

M1 =

(r®)en op1 o2

=[cd] |0.184 0282 —
D+ 5¢| |0.083 0.404 —
Baryon (1"2)6;1 Opl  Op2
AF =[udd| 0.15 0.251 0.424
=5 =lusc| 0.2 0.242 0.406
QY = [ssc] | -0.12 0.337 0.53

Meson 2 2
Meson (r-).n op |[Baryon (r7)ch op1 Opa

B~ [ba] -0.378 0.302||Af[udb] 0.13 0.264 0.5
B°bd] 0.187 0.303(Z)[usb] 0.16 0.279 0.527
B[bs] 0.119 0.374|Z; [dsb] -0.21 0.295 0.557
B [be] -0.043 0.74 ||Q; [ssb] -0.18 0.318 0.592

Normalizatiory,(...) fixed by requiring P.,,(p->0)=1
whichfixesA,, , additionalassumptionwrt standard
coalescencevhichdoesnot haveconfinement



Coalescence approach in phase space for HQ

Statistical factocolour

spinisospin
QU iQ
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r  Normalization irf,/...) fixed by requiring P,,.(p->0)=1 :
...othersmodify by hands, to enforceconfinementfor a
charmat restin the medium

r The charmmot “coalescencingundergofragmentation
dNpaa Zf dN tragm Dhadse(z, Q%)
d2pr dy dsz dy z?
charmnumberconservedat eachpy,
we haveemployedete FFnow PYTHIA

For thediscussiorabout Ry ,(p+), V,(py), of charm and bottonmadrons

5
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-
S
|
7

SeeM.L. Sambataro [3un2024, 09:10]

S. Plumari, Wlinissaleet al., Eur. Phys. 078 no. 4, (2018 348



New development in QPM

M.L. Sambataro et al, EPIC 84 (2024) 9, 881
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AdS/CFT |

fixed to free energy

] 1QCD [Altenkort(2024)] charm
] 1QCD [Altenkort(2024)] bottom

quenched

O QCD [Banericcctal. 201D QPM - masses wW/ o momentum d
O 1QCD [Kaczmarek (2014)] . . . .

v 1QCD [Francis (2015)] > quar k susendeestimatedbi | i t I es

< 1QCD [Brambilla (2020)]

dynamical fermions qpymp . masses w momentum de

H. Berrehrah, W. et al., PRC 93, 044914 (2016).

¢ 1QCD [Altenkort2024)] M) — describes e, P, X, X; of IQCD and is close to Dy of
IQCD(new) with dynamical fermions.

T,,(c,p=0) D 4 fm/c (QPM) Y 2.5 fm/c (QPMp)

T,,(b,p=0) D 9 fm/c (QPM) Y 5.5 fm/c (QPMp)

M.L. Sambataro et a/ arX|V2508 01024hep—ph]
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Impact of a new 1, of c quarks

10 T I T [ T [ [ T
2 T R
- T =1 25 T QPMP - CHIARM‘ ! CHARM
gl B " PbPb 5.02 TeV 30-50% 0.3~ PbPb 5.02 TeV 30-50% == = INITFONLL |
. Bottom - 1518 i — INIT THERMAL |
— -
o 6 — - _ — — INIT FONLL
E o — -7 : —— INIT THERMAL
I i £ 1k i
t.:: 4 - - ~
[ od | . / - | 05l |
¢~ Charm T T ' —_— e —
2 _
- P Ty l .
0 1 | ! | 1 %/ ! | 1 O l 2 3 4 5 6 7 8
0 2 4 6 3 10 py [GeVie] p, [GeV/c]
p [GeV]
For charm: Large t,, > more sensitivity to early stage

A with 1,( p0»~ 1 fm/c no sensitivityto initial distribution
for both Ry,andv, atp;<1.5

A atp,;>2 GeVpossibleto seeimpactof initial conditions

A Canbe expectedlargesensitivityfor v, v,

pA collisions:
-> large sensitivity to initial condition also at smaller p,
small opacity y [Kurkela and Wiedemann, EPJC79(2019)

A Thissuggestthat at p; < 2-3 GeV - could be describedby

Blastwave+ SHM
Andronic et al., JHEP 07 (2021) 035



Impact of a new 1, of c and b quarks

10717 -
2y 1T 1T 1 T "1 "1
- T =1.25 TC QPMP . gorrom BOTTOM
gl B "_PbPb 5.02 TeV 30-50% 037 popo5.02Tev30-50% — = INITFONLL
e 1.5~ —
- Bottom —_— ] — — INIT FONLL
T Gl o —— _/: —— INIT THERMAL
e i '/ ] mn‘
l-:E 4 ’/—/ T
- i
’ Charm T T
2_ —
Ds: — Tth
- My M ™ o e
O 1 1T 0 1 2 3 4 5 6 7 8 9 10
0 2 4 6 8 10 py [GeVic]
p [GeV]
For charm: Large t,, > more sensitivity to early stage

A with 1,(p-0) ~ 1 fm/c no sensitivityto initial distribution
for both Ry,andv, atp;<1.5

A atp,;>2 GeVpossibleto seeimpactof initial conditions

A Canbe expectedlargesensitivityfor v, v,

pA collisions:
-> large sensitivity to initial condition also at smaller p,
small opacity y [Kurkela and Wiedemann, EPJC79(2019)

For bottom:
A Bottom still very sensitive to initi@lN/dpTin allp; range

vagh e Vg



LHC: results

Data from ALICE CoII JHEP 1209 (2012) 112

"""""""""""""""""""" wave function widths 0, of baryon and
10'F © D’ ALICE (0-20)% -
o~ - cham : mesons kept the same at RHIC and LHC!
0 — — fragmentation ]
P N coal+fragm STAR coll. arXiv:1910.14628
.> K ] IO_I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII LA L L R B “”:
@ 10k . L m STAR: (10-80)% Il — coal+fragm ]
& : E I IF o . coal+fragm ]
=2 _2: 1t (fraction PYTHIAS) -
S w0 = LHC: Pb+Pb@2.76 TeV =" only coal |
F o Iyl<0.5 (0-20)% N PRI
10-35_ o - / * . 4k * s
; g
N I T Ty S S B T R (7 Ogo =
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g ST ey coalescenc; . RHIC:
o [/ S — — fragmentation . Au+Au@200 GeV
10 e cOal + fragm E
< | Py (GeV)
:5 107 ~~~
g ol 1 The s /D° ratio is smaller at LHC energies:
" LHC: Pb+Pb@2.76 TeV ] : ) .
L[ k05 0200% fragmentation play a role at intermediate p;
S. Plumari, et al., Eur. Phys. J. C78 no. 4, (2018) 348




LHC: results

Results for 6L0% inPbPb@5.02TeV:

wave function widths 0, of baryon and
mesons kept the same at RHIC and LHC!

Consistent with the trend shown at RHIC and LHC @2.76 &WR coll. arXiv:1910.14628

Available data atlow, - di f ferences

D 14FALICE  0-10% Pb-Pb-
1o} @5.02TeV_:

1

0.85 TAMU -
0.65 / 7
0.4 H ;
0.2 ]

1 mp (GeVi/c)
ALICE Coll. arXiv:2112.08156v1

recbmb bTmzautsoi%o_% = @al+fr@nH M

R coal+fragm .
(fraction PYTHIAS) -
» == « only coal .
. ‘N . P
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g - N -~ N
<
i
2 ' I+ N N
m *
< e \

NL LHC:
Pb+Pb@2.76 TeV

- RHIC:
Au+Au @200 GeV

0’1_IIIIIIIIlIIIIIIIIIIIIllIIIIIIlIIIIIIIIII: FETI SNENI FRERE ARR NI SRRl ANRNE FRRRE ERRRE

The s./D° ratio is smaller at LHC energies:
fragmentation play a role at intermediate p;

S. Plumari, et al., Eur. Phys. J. C78 no. 4, (2018) 348


https://arxiv.org/abs/2112.08156

Impact of HF hadronization on v,(py)

A JD ~ O() already irpp@TeVpp ~ AA e'e’, ep

If .enhancement of the yield comes from quark coalescence it should be associated to

A Large y(N)>V,(DP) because)\ gets flow from 2 light quark®?° from 1

[

i)~ o {img)s

O

)

A Effect to be measured in AA; will it be seen also in pp?

L .dominated by coalescence:
self-consistent with L /D ratio?

(]
014
=
E1.2F

0.8F

0.25

0.20

0.05

0.00 &

0.15

M. He and R. Rapp, PRL 124, no.4, 042301 (2020)
[ Pb + Pb, vsppn=5.02 TeV, 30-50%

CMS D, 30-50%

10 12

See QM2025 talk: M.L. Sambataro 9 Apr 2025
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o prompt A [ALICE]
m prompt D [ALICE]

NEW DATA
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Small sygtems



Vi

Traditional view:
e QGP in Pb+Pb
 no QGP in p+p (“baseline”)

SuperSONIC for p+p, vs=5.02 TeV, 0-1%

superSONIC for p+Pb, vs=5.02 TeV, 0-5%

Small systems

Fragmentation
production from hard-scattering processes

SUperSONIC for Pb+Pb, vs=5.02 TeV, 0-5%
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Small systems: Coalescence in pp? (Charm hadrons)

Data from: ALICE coll. EPJ C79 (2019) no.5, 388
ALICE coll. Meninno Hard Probes 2018
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V.Minissaleet al.,Phys.Lett.B 821(2021)136622

+Thermal Distribution (p< 2 GeV)
Q0 Qta A Nt
. AQDF( "nT)
Qi Qn (") ‘ Y
|

# Collective flow 1 I v
+ Fireball radius+radial flow constraints
dN./dy and dE/dy

+ Minijet Distribution (p> 2 GeV)
# NO QUENCHING

p+p @ 5 TeV

- tpp:1.7 fm/c

- R=2.5fm

- V~30 fm3

wave function widths 0, of

baryon and mesons kept the
same at RHIC and LHC!




Small systems: Coalescence in pp? (Charm hadrons)
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Other models:
He-Rapp, Phys.Lett.B 795 (2019) 117-121:

| ncr e afmoduttion: SHM with resonance

not present in PDG
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length minimization @

(@) (@)
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-Volume size effect
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Small systems Coalescence in pp? (Charm hadrons)
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Data from: A. M. Sirunyan et al. (CMS), PRL 119, 152301 (2017).

Small systems: Coalescence in pp? (Bottom hadrons)
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Small systems: Coalescence in pp? (Bottom hadrons)

Data from: A. M. Sirunyan et al. (CMS), PRL 119, 152301 (2017).
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Yelds in PbPb: coalescence vs SHM 10—
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Yelds in PbPb: coalescence vs SHM

V.Minissale S. Plumari, Y. Sun and V. Gréoa,Phys. J. C 84, no.3, 228 (2024)
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Conclusion

« QPMp: Good description of botEoSand susceptibilities
- Decrease of Dat small T but still larger thd@CDDs for charm
-, Effect on observables for realistic simulations: momentum dependence of Ds?
Comparison D, from model/phenomenology : p-dependence very relevant

A Charm hadronization in AA different than in ee- and ep collisions
-Coal+frag/Resonance Recombination Model enhancement of L. production at
intermediatep;->L /D°~1 for p; ~ 3 GeV

A In p+p assuming a medium:
- Coal+fragm gooddescriptionof heavybaryon/mesonratio
(closerto the datafor L /DY, X /D%, WJ/DY)
- B,Bggoodagreementwith exp. Data- Coal+fragm Enhancemenof L
Predictiondor L ,/B°, X,/B°, W,/B°
- D/B,LJ L, X./X,provideinformationabouthadronizationandf(c)/f(b)

A The yield of multcharm decreases slowly with A in a coalescence approach
- role of nonequilibrium distribution function



Thank you for the attention!



Yelds in PbPb: coalescence
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Small systems: Coalescence in pp? (Charm hadrons)

ol Data taken from ALICE coII JHEP 04 (2018) 108
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Other models:
He-Rapp, Phys.Lett.B 795 (2019) 117-121:

Increase2 to /\ production: SHM with resonancy

not present in PDG

PYTHIAS8 + color reconnection
CR with SI3) weights and string

length minimization O ®
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Error band correspond to & uncertainty in quark model

Reduction of risand-fall behaviourin A_/ D° ratio:

-Confronting with AA: Coal. contribution smaler.t. Fragm

-FONLL distribution flatter w/o evolution trough QGP

-Volume size effect
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Small systems: Coalescence in pp? (Bottom hadrons)

V. Minissale et al., PLB 860, 139190 (2025)
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Relativistic Boltzmann eq. at finite n/s
Bulk evolution

Nt QAadn) a(@f (@ "Aan) 6'HQ  Equivalent to viscous
e i a et e e i o oo hydro n/s=0.1
Nt Q) a(@r a( Qo)  6['aHQ
S. Plumari et al.,J.Phys.Conf.Ser. 981 012017 (2018).
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