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Specific of Heavy Quarks in QGP
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O m.p > Agcp produced by pQCD process (out of equilibrium) .
Iime
Q m., > Ty negligible thermal production

O 79 K 1ggp HQs experience the full QGP evolution

O Ttherm = Togp > Tgq carry information about initial stages, more
than light quarks
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Quasi Particle Model (QPM) fitting IQCD EoS

Non perturbative dynamics — M scattering matrices (q,g — Q)
evaluated by Quasi-Particle Model fit to IQCD thermodynamics
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S. Plumari et al, Phys.Rev.D 84 (2011) 094004

3 H. Berrehrah,, PHYSICAL REVIEW C 93, 044914 (2016)
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Relativistic Boltzmann transport at finite n/s
Describes the evolution of the one body distribution function f(x,p)

It is valid to study the evolution of both bulk and Heavy quarks

Bulk evolution

Collision Integral gauged to reproduce viscous Hydro
X .

p“0,.fo(x,p)+m(x)0,m(x)0,f,(x,p)=Cl[fy.f,] " aman nssog
p"0,.f4(x,p)+m(x)0,m(x)0yf ,(x, p)=C[f .. f ] o 1

o (n(#),T) = 10

—— 5 g(a)n(2) /s
free-streaming field interaction
Equivalent to viscous hydro at n/s = 0.1

HQ evolution
pluager(X’p]:C[qu fg!fQ]

Feynmann diagrams at first order pQCD for HQs-bulk interaction:

1 d3p' d3p ;
C o 2 2 1 ‘
[Fos o> fol 2E, J 2E,(2A)°Y 2E,(2x)

X [f()(pl')fq,g(pz')—f()(pl)fq.g(pz)]

X |M(q,g|+Q(P1P2"P1'p2')|
X (2”)464(P1+p2_p1 ’_pz')

Scattering matrices M, , by QPM fit to IQCD thermodynamics




Spatial diffusion coefficient of charm quark

(2rT)D,

F. Scardina et al.,PRC96 (2017) no.4, 044905

My, >> gT soft scattering — Brownian motion
Fokker-Planck eq.
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IQCD [Banerjee et al.]
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Not a model fit to IQCD data, but D, estimate
that comes from results of R,, (py) and v, (py)

afc,b a(pfc b) +D 2fc,b
ot op P op?
drag / \ diffusion

y=Jd*kMk,p)*p D,= —f d3k [M(k,p)|? p?

(p) =poe (Ap?®) = 3D, /y(1 — %Y%)
|M|? scattering matrix from: pQCD, QPM, T-Matrix, etc.
T T? T

D. = = = —

Space diffusion
coefficient

Fluctuation-dissipation theorem: D, = TEy

We have a probe with T¢jepm = TQGP

21T
(2aTDg) = 1.8 ——-= (T/T )2 fm/c

tth = 5or2




/ h
@»

: b a
Fragmentation: O '

production from hard-scattering processes (PDF+pQCD). d
Fragmentation functions: data parametrization, assumed “universal”

Upp—)h — PDF(xa; QZ)PDF(xbr Q2)®O-ab—>qq®Dq—>h(Zr QZ)

Coalescence: recombination of partons in QGP close in phase space

ANy adron - dgpi o
W = Ju 1_[ p; - do; Wfq (xi; pi)fw(x1; vy X Py ;pn)5 br — z_pTi)
T i=1 l

Have described first AA observations in light sector for the enhanced baryon/meson ratio and o |
elliptic flow splitting |

0 1 2 3 4 5 6 7 8

¢ Comparison between hadronization mechanisms (HF Collaboration) in Phys.Rev.C 109 (2024) 5, 054912
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Catania Model: Coalescence +

Statistical factor colour- /);/adrtqn Wigner Cy = Nf,
spin-isospin unction

n
dN d°p;
HZadT'On H Di - dO-i —pl3 fq(xir pl) X P1ree ey pn) () <pT - 2 piT)
d Pr =1 (277:) i

, _ . Wigner function width fixed by root-mean-square
Wigner function — Wave function charge radius from quark model

L — - C.-W. Hwang, EP] C23, 585 (2002)
’ ' Ori = 1/ Hiw C. Albertus et al., NPA 740, 333 (2004)
o0 = [ 47 -+ D)0 (r-2) |
(7,.2) _3 m3Q:+miQ; o . m3(Q1+Qz)+(my+my)?Q; 52
; ch=2\ (my+my)2 711 (my+my+ms3)? r2
¢ (r) meson wave function
Meson (P 0y Gy ) = =
. . . Dt = [CJ] 0.184 0.282 — Meson (r ch Opl aryon (r j)en Opl Op2
Assuming gaussian wave function =[5c] | 0.083 0.404 — B~ [ba] -0.378 0.302(|A0[udb] 0.13 0.264 0.5
. Baryon (e 0y 0, BO[bd] 0.187 0.303(|Z)[usb] 0.16 0.279 0.527
fuC.) = HSeXp< ”—pn ) = ludc] | 0.15 0251 0.424  RBo[p] 0.119 0.374||Z; [dsb] -0.21 0.295 0.557
Bt = [usc] 0.2 0.242 0.406
=, - - : B; [be] -0.043 0.74 ||Q; [ssb] -0.18 0.318 0.592
Qg = [ssc] -0.12 0.337 0.53

only one width coming from @,,(r), constraint
0r0p =1 Normalization V" of C,(...) requiring that P

=1 at p=0

coal™

The heavy quark that does not coalesce undergo fragmentation
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Catania Model: + Fragmentation M. Lisowyi, et al. EP] C76 (2016) no.7,
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Charm fragmentation fractions

i -
0.2 | -
Initial distribution are the o1 | | | g
Fixed-Order plus Next-to-Leading-Log (FONLL) ' I —— T i
M. Cacciari, P. Nason, R. Vogt, PRL 95 (2005) 122001 0 A — T—
p* D° pf D D° DI A
In AA: bulk+charm evolution with Relativistic Transport Charm Fragmentation Fraction (c—h)
Boltzmann Equation Measurement in € p, e* e and old pp data
+

Charm: Peterson fragmentation function (A_C) ~ 0.1
C. Peterson, D. Schalatter, I. Schmitt, P.M. Zerwas PRD 27 (1983) 105 DO ete—
Bottom: Kartvelishvili fragmentation function Bottom Fragmentation Fraction (c—h)
V.G. Kartvelishvili, A.K. Likhoded, V.A. Petrov, Phys. Lett. B 78 (1978) 615. BO B- B A _ O

s b =b b
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Bottom dynamics: R AA and \'A No parameters changed with respect to
] charm dynamics — same interaction

Hadronization with coalescence + fragmentation (Kartvelishvili FF) model+semileptonic decay
M.L. Sambataro, V Mmlssale et al. Phy5|cs Letters B 849 (2024) 138480
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The coupling of bottom quarks to the bulk medium is strong
9 enough to collectively drag them in the expanding fireball.



(2ntT) D : Charm quark vs Bottom quark

(2rT)D,
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QCD [Banerjee et al.]

I I I I I I 1
T_=0.155 GeV

dynamical fermions

® |QCD data are in My—o00
® (QPM use finite mass and includes

D,(T) from QPM in the infinite mass limit is the
more pertinent to compare to IQCD simulations

|
O 1QCD]
i B 1QCD [Kaczmarek (2014)] ]
Vv 1QCD [Francis (2015)]
2L & 1QCD([Brambilla 2020)] i titious super-heavy ~
10°F 4 10D [Altenkort (2023)] o o ;
- =ssssm (QPM (Catania) Charm quark staying in the limit ]
- msem (QQPM (Catania) Bottom MQ — 00 (M*=15 GeV) -
- = =m QPM (Catania) M -» oo l evaluated taking into account dynamical fermions
10 3 3
N - ® w— N
_ P L -
- ' T T
i i . D s— — Ty, ~
+——___new IQCD data M Yy M s
1+ i with 2+1 flavour & dynamical = o 1
I I I : fermii)ns (Altenlkort) =
1 1 1 1 1 1 1 = 1
08 12 1.6 2 24 28 32 36 S°
T/T =~
¢ ol
From D, we obtain ( in the 1-2T_ range): |
® t1,(c)~5fm/c 0.8

o t,(b)~11fm/c

Expected from Kin.Th. ¢, =

M,

7 T4, ~ 16.5 fm/c

M.L. Sambataro, V. Minissale et al.,,
Physics Letters B 849(2024)138480
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QPM extension: M(p,T) QOPMp vs OPM

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

H. Berrehrah, W. et al.,
(2016).
C. S. Fischer, J. Phys. G 32, R253 (2006).

3
My(T,pq.p) = (;

My (T g, p) = (

ST/ To(pg)
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72
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7
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1,."2
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2

, My
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i
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1/2 /
) + my,

M.L. Sambataro et al, Eur.Phys.J.C 84 (2024) 9, 881

Phys.Rev.C 93, 044914
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> Momentum dependent factors
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We correctly reproduce
both EoS and quark
susceptibilities

which are understimated
in the standard QPM
approach.

Pressure, lteraction
measure
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QPMp — spatial diffusion coefficient D

M.L. Sambataro et al, Eur.Phys.J.C 84 (2024) 9, 881

12

- —-- QPM CHARM
— — . QPM, A BOTTOM
QPM,, (M—=)

|QCD quenched w dynamical fermions
(O  1QCD [Banerjee et al. (2011)] ] 1QCD [Altenkort(2024)] charm
O 1QCD [Kaczmarek (2014)] o 1QCD [Altenkort(2024)] bottom
\v/ 1QCD [Francis (2015)] & 1QCD [Altenkort(2024)] (M—o0)

< 1QCD [Brambilla (2020)]

Going from QPM to QPMp...

T/T.<1.6 — strong non-perturbative behaviour of Ds.
bottom: closer to D IQCD-NREFT

but still a significant deviation from IQCD-NREFT data!

IR C
My M

e Ty(c, p=0) ~ 4 fm/c (QPM) — 2.5 fm/c (QPMp)

e Ty(b, p=0) ~ 9 fm/c (QPM) — 5.5 fm/c (QPMp)

in the p — 0 limit

WOr—r 1 Largert,, at finite momentum

' T=125T
8- p~5 GeV

About ~ 40% for charm
~ 20% for bottom

Ty, [fm/c]

Larger in QPMp

Region explored

ExtractDgatpso | from phenomenology
57 ¢ % o © determine Dg
p [GeV]




(2nT)Dg

Study of [)§ (p,T): RMand Vs D,(T) from IQCD-NREFT, PRL. 132 (2024) 5, 051902

A(p) drag of TAMU: EPJA 60 (2024) 4, 92
O L LA = ALICE

oL ’ CMS
- N R I - 1QCD + 7, (p) const| O-33T L IV g e e 02
8r @/,'§> 1= -=-= 1QCD + pTAMU (),3—_[ ALICE d 2| "3 - 1QCD+pTAMU
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- 7 S S S e N 00 1T 23456701 234556 7
0 I 1 | 1 | 1 | | | | 1 [ 1 | pT [GBV] PT [GQV] pT [GGV]
0 b2 p?’[Ge(}] 6T ALICE coll. JHEP 01 (2022) 174 ALICE coll. Phys. Lett. B 813 (2021) 136054
CMS coll, Phys. Lett. B 782 (2018) 474 CMS coll., Phys. Lett. B 816 (2021) 136253
107 — T o)
B = = QPM, CHARM ¢ | . . . .
z —— fit1QCD data charm /1 - D(T) from IQCD without p dependence — fails to describe the experimental data
7 |
2 | - QPMp/IQCD + pTAMU significant difference in T, &< Dg— but comparable R,,, Vv,
4f | - Based on Ry, and v, no significant difference QPMp vs IQCD + pTAMU — additional
3 | observables needed
21
1
0 IR l - Comparison for v; needs more precise data

/T, ' M.L.Sambataro, et al. Phys.Lett.B 872 (2026) 140049



Hadronization



H eavy H ad rons @ RHIC & LHC wave function widths o, of baryon and mesons are the same at RHIC and LHC!

A_production is dominated by coalescence contribution = enhancement in A./D° ~ 1

Energy increase = Flatter distribution = Smaller ratio (fragm./coal. increase)

STAR Coll., Phys.Rev.Lett. 124 (2020) 17, 172301 ALICE Coll Phys Lett B 839 (2023) 137796
T DR L R AR 0 A LR A RN M AR RN AR
T O STAR(10-60)% [ === Coaﬁragm ] I':l 1. 4—ALICE 0—10% Pb Pb—
JE coal+iragm ]
-_—— (fractim% PYTHIAS) | ... o [ @5.02 TeV 1
= == = Only coal . '< 12_
TN .7~ : 1

0.8
0.6f
0.4 1

0o .
AC/D ratio
\

- RHIC: 3
Au+Au@200 GeV 0.2 —$—
B e : B—— —
> (GeV) 1 10p_(Gevic)

15 . Plumari, V. Minissale et al., Eur. Phys. J. C78 no. 4, (2018) 348
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Multicharm hadrons in AA

V. Minissale,et al., Eur. Phys. |. C 84, no.3, 228 (2024)
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— We employ same volume in SHM A. Andronic et al., JHEP 07 (2021) 035

— upper limit: charm thermal distribution

16 — lower limit: PbPb distribution
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V. Minissale.et al.,

L PbPb/KrKr ﬂ=+

'PbPb/ArAr  —=— Qcc:c: N

_EI?I(PI'II)A?/EI)' - normalized with factor Nc(N,:N)2 .
Y0 1 2 3 4 5 6 7 8 9 10

pr [GeV]

Q¢ ratio in diff. systems as meter of non-
equilibrium.

Features of charm spectra at low p; to hadron
high momentum region

More sensitive to system change w.r.t. D? A,
(fragm. Effect)

Eur. Phys. J. C 84, no.3, 228 (2024)
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Small systems: Coalescence in pp
Assuming QGP formation in pp

Data from:
S. Acharya et al. (ALICE), Eur. Phys. J. C 79, 388 (2019)
ALICE Coll., Phys.Rev. Lett 127 (2021) 20, 202301 - Phys.Rev.C 104 (2021) 5, 054905
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Coalescence dominant in baryon production in the low
and intermediate momentum region

138 V. Minissale, S. Plumari, V. Greco, Physics Letters B 821 (2021) 136622

p+p @5 TeV

2 fm/c

- R 2.5 fm
- V~30 fm3

dNg  ggtmr
d2rrd2py

NO QUENCHING

(27_[)3 exp

.Thermal Distribution (p;< 2 GeV)

<_ yr(mr

FONLL Distribution

T

-Minijet Distribution (p;> 2 GeV)

—DPr- ,BT))

wave fuction widths o, of baryon and mesons
kept the same from AA to pp
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Small systems: Coalescence in pp
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Reduction of rise-and-fall behaviour in A/ DP° ratio:
-Comparing with AA: Coal. contribution smaller w.r.t. Fragm.
-FONLL distribution flatter w/o evolution trough QGP
-Significantly larger than fragmentation fraction ratio.

The increase of A production in pp have effect on R,, _of A and D°
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V. Minissale,et al. Physics Letters B 821 (2021) 136622

Measurements of heavy hadrons at ALICE:

- EJ/DPratio, same order of A/DP: coalescence gives

enhancement

- large QJ/DP°ratio w.r.t. other theoretical predictions,
experimental data shows bigger enhancement

Uncertainties bands
coming from the
Branching Ratio error
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Small systems: Coalescence in pp for bottom hadrons

Data from: V. Minissale et al, Phys.Lett.B 860 (2025) 139190
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Small systems: Coalescence in pp for bottom hadrons
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Small systems: Coalescence in pp for bottom hadrons

Data from:

A. M. Sirunyan et al. (CMS), PRL 119, 152301 (2017).
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Conclusions

Spatial diffusion coefficient D(T): charm vs bottom and the infinite mass limit:

-For the charm mass scale: the infinite mass limit used in IQCD is not yet reached;

-For the bottom mass scale: discrepancy of only about a 20% w.r.t. the infinite mass limit
QPMp: Good description of both EoS and susceptibilities

-Decrease of D at small T but still larger than IQCD Ds for charm

Comparison D, from model/phenomenology : p-dependence very relevant

-D(T) from IQCD-NREFT w/o p-dependence totally out of phenomenology

Charm hadronization in AA different than in e*e- and ep collisions
-Coal.+frag. Model enhancement of A_ production at intermediate py -> A/D° ~1 for p; ~ 3 GeV
-The yield of multi-charm affected by non-equilibrium distribution function

In p+p assuming a medium:
- Coal.+fragm. good description of heavy baryon/meson ratio
- B,Bs good agreement with exp. Data - Coal.+fragm. Enhancement of A,
- Predictions for A, /B°, &,/B°, €,/B°
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