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Heavy quarks & heavy hadrons
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Heavy flavor transport as probes of QGP
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’chqrd*"l/ch, Brownian = L melt QGP kinetics

buildup of v diffusion OEZ?Iic?r]:ium €+ coy hadronlzatlon. hadronic
wave packet in QGP ?egeneration t,%~1/T, c+q >D phase
t,~1fm/c T.ca~5 fm/c ctqtq DA, diffusion

* mg>>T =» number conserved through diffusion/hadronization: tagged & traceable probes
* 19%92 106p > Carrying a memory of interaction history: quantitative gauge of coupling strength
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Outline of the presentation
Part I: Open heavy-hadron production in pp

* Heavy flavor hadro-chemistry: non-universal
« Statistical hadronization: grand-canonical - canonical

Part II: Open heavy-flavor transport in Pb-Pb

 Interaction of HF with medium: T-matrix approach
» Diffusion & hadronization
+ Collective flow & p;-dependent modifications of hadro-chemistry

Part II1: Heavy quarkonium transport in Pb-Pb

« Semi-classical transport of heavy quarkonia in QGP
 LO vs NLO reaction rate
o J/y & Y(2S) collective flow

Disclaimer: selection of topics constrained by my knowledge
focused on low & intermediate pr, no high p; HF jets
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Outline of Part |

Part I: Open heavy-hadron production in pp

* Heavy flavor hadro-chemistry: non-universal
 Statistical hadronization: grand-canonical - canonical

» Providing baseline heavy-hadron p-spectra for Pb-Pb
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Heavy quark hadronization in pp collisions

« Heavy hadron production cross section: factorization Q
{lch( ) y ApDE( ) - PDF( & dg'—'( ko (z = ) /
dp-I;Ic Pl Hp- Hr) = X1 Hp Xa, Hp d_p—'f- X1, X2, g Hp e—H (2 = Pu /Pe. Ur Q

Hard Fragmentation

|
|
) : | Q H
functions (PDFs) scattering function Q | N
cross section (hadronization) $ | q D g( z)= 1 S
(pQCD) : | Z[1—-(1/2)—€q /(1—2)]

o _ n 9 Ppeterson, PRD27, 105 (1983)
« Hadronization: heavy quark conservation fu + fa + fs + fearyon =1 2
- hadro-chemistry: universal? - non-universal!

Parton distribution
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Statistical Hadronization Model (SHM)

* High-energy pp collisions = light-quark-rich environment

=» stochastic/statistical coalescence of c/b with surrounding q

« Statistical hadronization model for heavy-hadrons

Hadronic population born into equilibrium = maximum entropy =» ‘thermal’ production
Khazeev & Satz, EPJC 52,187 (2007)

Relative chemical equilibrium =» primary production yields N; o< thermal densities n,

» Grand-canonical ensemble for mini.bias pp

; d; i m;

: N
rzf["“”” = Ly, -‘*mf}‘ 7.2 d
2r- 1

H

) { Y.=0.6 — strangeness suppression factor

T4=170 MeV — ‘universal’ hadronization temperature

2J)) M.He@NUST B HEEERSEEIEARS £ Apr.28,2025



Heavy-hadron mass spectra as input of SHM

» Ground-state heavy-hadron total density = primary + feed-downs

. — g primary ., primary P .
Ng = B 4% " nf BR(i — a)

(3

PDG: 5B, 4 B,,
5N, 25, 4

Py =

orLt)

1027 net yet measured;
Mass m = 5619.60

P} s the quark
017 MeVS
+ 1.4 MetS
.28 MeW

009} % 10732 5

made| prediction.

L

Mass m = 591220 £ 0.21 M

Full width 0.66 Mev, CL = 90%

Mass m = 5919.92 £ 0.19 Me\W (S = 1.1}
Full width ' < 0.63 MeW, CL = 90%

I =

N

6146)° JF =34
Maszs m = 6146.2 + 0.4 MeW
Full width ' = 29 £ 1.3 MeW
Full width ' = 52655 £ 0.34 MeW
6152)° P =3
Mass m = 6152.5 £ 0.4 MeV
Full width I' = 2.1 = 0.9 Mek
Full width I' = 53289 £ 0.28 MeV
Full width I' = 634 &+ (.32 MeV
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Heavy baryon-to-meson ratio: mini.bias pp

AJD vs pyp A, /B vs system-size
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Canonical ensemble (CE) SHM

« Canonical ensemble partition function: strict conservation of quantum charges
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ra dJ _: I r . No. _im..4 I | T T Y
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S0 bl .

i

[y}

correlation volume ~ system size

¥ T r . r . E 3 -
{_'n'i'rj: }{" E_ ”"'r"ﬂl" aj "-r:l"*'.'r f';,-; bj z; “:2 _ Q_i']
Z(0)

coHZ {'fj — 4 chemical factor <1:
3 canonical suppression for
charged hadron with q; # U

- E.g. exact baryon-number conservation requires: simultaneous creation
of a pair of baryon and antibaryon =» energy-expensive exp(-2my/T,)
=» canonical suppression for baryon production
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Ground-state b-hadron production ratios

B,/B vs system-size A,/B vs system-size
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- A,"/B GCE saturation limit - e*e- vacuum fragmentation limit

- RQM strongly favored by data
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Take-aways from Part |
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« Heavy flavor hadro-chemistry: non-universal
- ¢/b 2> A\, enhanced & c/b—>D/B reduced in pp vs e*e

« Grand-canonical - canonical statistical hadronization
- exact conservation of quantum charges = canonical suppr.
- large volume saturation limit = vacuum fragmentation e*e" limit

« “Missing” heavy-baryon excited states highlighted =» awaiting
measurement & confirmation
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Outline of Part Il

Hadro-chemistry & p; spectra computed above in minimum bias pp collisions
= a controlled reference for studying modifications in heavy-ion collisions =

Part 11: Open heavy-flavor transport in Pb-Pb

 Interaction of HF with medium: T-matrix approach
« Heavy quark diffusion & hadronization in QGP

» Collective flow & p;-dependent modifications of hadro-chemistry
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Heavy flavor transport as probes of QGP
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;;-

’chqrd*"l/ch, Brownian = L melt QGP kinetics

buildup of v diffusion OEZ?Iic?r]:ium €+ coy hadronlzatlon. hadronic
wave packet in QGP ?egeneration t,%~1/T, c+q >D phase
t,~1fm/c T.ca~5 fm/c ctqtq DA, diffusion

* mg>>T =» number conserved through diffusion/hadronization: tagged & traceable probes
* 19%92 106p > Carrying a memory of interaction history: quantitative gauge of coupling strength
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HQ interaction & diffusion in QGP

« Heavy quark Brownian motion: Fokker-Planck/Langevin equation

9,
o “pifo(t,p)] +O)As folt,p)
thermal relaxation rate momentum diffusion coeffi.
4o~ q*/2my << q ~T <<m, y ~[|T ol (1-cos0) f7 Einstein relation D,=ym,T

« Q-qg/g soft scatterings: T-matrix resummation of lattice-constrained in-medium HQ potential

2-body scattering amplitude 1-body HQ propagator
Q AN 7 12
A,
T| = + (V) [Tl ots = = |7
j=q9g / II"H,_ _,fi
Tyi=Vy +1VyDyD; Ty, D=1/[o- a,-Hak)]

Review: MH, van Hees & Rapp, PPNP 130 (2023) 104020
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Charm quark thermal relaxation rate in QGP

y=A~/|T,? (1-cos0) [

T-matrix w/ strong potential == Resonance formation near T, == Accelerating charm thermalization

35III||- 0-6_'|""I""I""I""I_
305 m— 1=0.194 GeV ] [ —Sirong )
g — T=0.258 GeV | e Weak P
{.:._‘ 25__ i i o o i
ﬁ : — T=0.320 GeV ; 04 =wmemeee 5xpQCD T-matrlx__,.v .
O 205- — T=0.400 GE\J—E E : / _ ]
= 15L ] = 03 ot L]
= DM 3 ~ 7T
£ i eson Resonance - _-” )
= 10F - 021 L. - == .
55_ _f 0.1 :_ ------ ,..-"'"”--. _:
L T F --""""'- pQCD 7
01- 1 1 | T . i ]
_I | | | | | | | | | | | | | | | | |_
1.0 15 20 25 3.0 35 40 0.0 0.20 0.5 0.30 035 0.40

w (GeV) T(GeV)

Review: MH, van Hees & Rapp, PPNP 130 (2023) 104020
- Non-perturbative enhancement at low p & T; approaching pQCD at highp & T

- X K-factor=1.6 for mimicking spin-dependent force/radiative contributions
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HQ hadronization: resonance recombination

« 2->1 Resonance Recombination Model (RRM) via Boltzmann equation

fu(Z,p) = F( ) / (Qlﬂ)g zfq(i'.pl)fq(x.pg1're](plap2)03(p — p1— p2) d
02

- Resonant cross section o,,(s) < T-matrix resonance amplitude

- Encoding energy conservation & correct equilibrium limit

« 3->1 RRM: diquark correlations in heavy-baryons Space-Momentum Correlations
u \ °F Po+Pb 5, =502 TeV, 0-20%  (g) ]
o A Wit SMCs 3
d - 1':]_!- ;_ ™ '-- - DD _;
¢ — £ 10} - 1‘ . ;
E"_J .
Ep(p) [ &’pid’pad’py Ea(pia) 50 ithout SMC S :
¥ ' e - - = — - = E withou 5 . ]
fo(E,p) = FBm 1(%;5 3 ;ﬂf F(Z,91) f2(Z, 92) f3(Z, 73) P - . ~
o o E . + SMCs =» enhancing' A /B
— — — — —+ — — — a0 M L L N -
X 019(812) Vet (B1, D2)0 5 (803) Vit (Br2, 3) |70 +0° (B — D1 — P — i) 1075 s . - .

e
MH & Rapp PRL 124, 042301 (2020); Lu & MH, PRC 106, 064903 (2022) PriGeV)
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D-meson & A_-baryon’s flow @ 5 TeV Pb-Pb

ALICE, JHEP 01 (2022) 174

(@) M.He@NUST
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taken from our model
calculation in PRL 124, 042301 (2020)

- Simultaneous description of D's Ry, & V,

F_tEeE+

.
r=EG

ALICE highlights @ Quark Matter 2025

ﬁ 0'35 _1 T I L |' 1T |' T | 1T '| T 1T '| TTIrT I LI |' T |' T | T '| T 1_.
- E ALICE Pre”minary » PromptA; = Prompt D" E
% 0.3 - Pb-Pb, 30-50% Transport models, s, = 5.02 TeV
< 0.25F Sy =536 TeV TAMUA;  [lTamup®
o :
0 0.2- $ * AC -
o C . .
= - i ]
0.15- -
0.1 =

B o =

0.05F 13

- In particular, A_'s v, curve taken from our

predictions in PRL 124, 042301 (2020)
- Vv, at low py gauge of coupling strength
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Charm hadro-chemistry A_/D: pp->Pb-Pb

taken from our model predictions in PRL 124, 042301 (2020) & PLB 795, 117 (2019)

P

D 14FALICE  0-10%(Pb-Pbjfly| <05  30-50% Pb-Pbtysy=502Tev  (pp]

®

stroneer I ALICE PLB 839 (2023) 137796 T -
5 T T SHMc + FastReso + corona

flow push

: EIstronsger depletion | $ Eiﬁ:ompatible with pp i

1 10 p, (GeV/c) 1 10 p_ (GeV/c) 1

- Same RQM charm-hadron spectra (in particular baryons) in Pb-Pb & pp

- RRM satisfying correct relative chemical equilibrium limit =» same integrated A_/D as in pp

- RRM with SMCs capaturing full flow effects =» enhancement of A_/D at intermediate p;
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Bottom-hadron nuclear modification factors

- PbPb s, =5.02 TeV 0-10% |yl<0.5 | (b)1 [ PoPb V5, =5.02TeV 20-40% |y|<0.5 (o)
I m  ALICE non-prompt D° -
201 ’ = e ALICE non-prompt D," 8 s CMSB" 0-100% [y|<2.4
) / \ - - B 7 —b .
L =0 4 e 1~
15 " 1 \\ - Bs - B H Bﬂ |
- \ non-prompt D° i ! 5 B _ i
b \ \ ~—— non-prompt D" o c
EE -
1.0 7 Y ] 4r B, meson B
[ non-prompt D’ & D] 3r . @ .
05 } ] 2k B ]
'._ 1 B
0.0 T T . L o] 0 [ T N . . 1 Lo
0 5 10 15 20 0 5 10 15 20 25
p-(GeV) p-{GeV)
MH & Rapp, PRL 131, 012301 (2023) Zhao & MH, PLB 861, 139283 (2025)
- Enhanced strangeness coupled to b-quark - Statistical recombination of b-quark with
via RRM =» larger R,, for non-prompt D plenty of near-thermalized c-quarks =

x5-6 enhancement of B, at low p;
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Take-aways from Part Il

. Heavy quark diffusion ¢/b transport coefficient

e=———D-meson,HRG =~ ' ' b b 7 ]
LO pQCD, v =0.4
30

- spatial diffusion coefficient: D =T/my = <x*>~Dt i fom UKot )
model & lattice D (2nT)~1-3 near T, x10 smaller than pQCD 2 [~ - cquark used in He&Rapp 20

— b-quark, used in He&Rapp 23
20

2nT)

 lattice QCD
- collisional width T',,~3/D; ~1 GeV >M, , = thermal partons o s} * 2/ sver Hoo ruzs
melted, while HQs as Brownian markers survive 0

- maximum coupling strength near T_ =» strongly coupled

QGP Iqu|d 076 078 ‘ITO 172 174 1?6 178 2I.O :

TIT,

« Heavy-quark hadronization

- recombination on top of diffusion = characteristic flow features (c vs b, meson vs baryon)

- recombination - p-dependent modifications of hadro-chemistry, but only kinematic
redistribution in p; with integrated A /D unchanged

H
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Outline of Part Il

Part 111: Heavy quarkonium transport in Pb-Pb

« Semi-classical transport of heavy quarkonia in QGP
* Reaction rate: LO vs NLO

o J/p & Y(29) collective flow
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Semi-classical transport of charmonium in QGP

D |
» Boltzmann =» rate equation for charmonium yields [Regeneration]
dN
—L =Ty (Ny — N/
dt /\V ( hd \\V)
dissociation/ regeneration
reactionrate I, toward equilibrium

Review: MH, van Hees & Rapp, PPNP 130 (2023) 104020
» Transport coefficients

- equilibrium limit N, “(T) = YCZHW(T)VFBS with y.oc & | Dissociation] 1y

ccbar

- dissociation/reaction rate T',, [Ex(T)]:

LO: gluo-dissociation g+y = c+cbar NLO: parton-inelastic g/q+y - g/g+c+cbar
g ¢ 81 gq
~ ‘
|l C 'L C
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Charmonium dissociation rate in QGP

« Heavy quarkonium-gluon coupling: pNRQCD color-electric dipole

g

I A
(0.alVsol$) = (0.l 30,7 (5 -5 ) - Bl

Singlet J/y D”Octet (ccbar)g

« Second-order quantum-mechanical perturbation

Feynman diagrams Cross sections Dissociation rates
LA L L L L L B L L L e 100 T
(el (el , T (=] —
o b K [ " ' e e 1ATLO  —--11T,{ath) | ---LO: g+Jy—ctec
\ _I._-.""f_ N £y aL2. ° 0 - 14T.LO - --14T.(ath) ] 80 ——NLO:g+Jly—>g+c+c
T N e 1ok . N WO A0 - . —— 1.1 T (c+d)
] KAy & TEN KARTE K 0L I —— 1.4 T, (c+d) :
i O ool T (e =3
fi y; \I !‘\» . 2L ' - ~ 40
.I ) '* / dﬂﬂl
o e g I kA a%.l. 1| 20
T L Z '::fll"' |i'?'!::l'::i"|'1|.1-.-"r|'!-.} : E . . o lmemm-o 3
f B —Em +ic ©o o 1o s 20 25 a0 90 1T i3 13 T4 13 16
Eg . (GeV) T

. Chen & MH, PLB 786 (2018) 260-267; Zhao & MH, PRD 110, 074040 (2024)
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Resolving the ‘J/y v, puzzle’

« RRM for J/y pr-shape: normalized to Nregeneration
- L Eu(p) [ &pid®py

Ju(7,p) = ('J'sz(lﬂ;); (21?-\}3 ‘

, I./

X qu(-S'J'Urel(ﬁ1,}72J53(}7— 1”3’1 — '}72)

Off-equilibrium Langevin c/cbar distributions constrained by D-meson observables

1.2 T T T T T T T T T T T 0.20 T T T T T T T T T T T
Pb + Pb, vsy= 5.02 TeV, 20-40%, Jiy 2.5<y<4 Pb + Pb, vs\n= 5.02 TeV, 20-40%, Jiy 2.5<y<4
0 = ALICE
' s ALICE | 015 inclusive [w/ SMCs]
[]inclusive [w/ SMCs] T [ inclusive [w/o SMCs] |
[Jinclusive [w/o SMCs] | - full equil. '
s I . Ref.[20] ' e .
e !' 2 B | >N 01 0 [ ey % 4 K ]
ST o amens
LT e T T T cF e o, P 1
N LSS PR SO P RSP R ] o s EPPEECs. O I
I ] 005} E E"E:F&ﬁ&m : %x;‘?ﬁ-
DG ! : ! : : : ! : ! : ' 0 00 .'i 1 . 1 . ] . \I ${§i'}*) ﬂgi
0 2 4 6 8 10 12 0 2 4 6 g 10 12
Pr(GeV)  MH, Wu & Rapp, PRL 128, 162301 (2022) o (GeV)

- Intermediate p: harder off-equi. c/cbar spectra + SMCs =» p; reach of regeneration much extended

- High p+: hydro simulation of suppression of primordial ¢ =» path-length dependent v,~0.05
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Sequential regeneration: v, of y(2S)

« Binding energy J/y > y(2S) -> dissociation temperature T,J/y > @(2S)
=» regeneration of w(2S) at T,~ T, in hadronic phase, significantly later than J/y

N A3 d> 5 :
. — Ly LT pl p;.’ . —  — . —  — — — 3= — —
fur(Z,p) = Cyr == = ID(Z,P1) [p(Z, P2)oy (s)vrel(P1, P2)0° (P — P1 — Pa)
]._ﬁ;.f (QTTJ
0.25 T T T T T T T T T 0.40 T T T T T T T I
[ Pb+Pb 5.02 TeV 20-40%, 2.0A-Langevin --> D° ] ! Pb+Pb 5.02 TeV 20-40% <T,,>=6.93 mb
_ _ 035 fdirect y(2S) regeneration
020 | = = charm quark at T, ] [~ primordial left-over
' D at const. =N +15=7.8 fm/c | 030 p= = regenerated/RRMw/o S component v,

- regenerated/RRM w/
025 ke = totalwio SMCs /[
f—total w/ SMCs

0.15 [
o | D-meson 1 020

i 0.15
0.10 '

010 |

0.05 | 005

000 L z-zzé . . . . .. CMIS PA.S HIF:J-21-I008, ?D-BO.%
Py (GeV) MH, in preparatioil 2 ' by (gev) i ’ ’
- Regeneration ¢ + cbar =2 J/y - Y(2S) v, ~17% vs. JIy ~ 11%, a strong
but D + Dbar - @(2S) indication of sequential regene. if confirmed

)i/ MHe@NUST S+ EEDSEERIIEAS g Apr.28,2025 26



Take-aways from Part lli

« Heavy quarkonia melt through large reaction rates (<> small HQ D) , rather than
static screening of color force

- lattice QCD: strong HQ potential ReV with little screening near T, but large ImV ~ I ;.

- probe of in-medium force via in-medium “spectroscopy”, not “thermometer” via static screening

ImV(r,T)
ReV(r,T) i
. 4 T=352MeaV
| E o T= a
b 2.0k O T=305MeV
. O T=293MeV Samt
) Tm251MeV e i
i T=250MeV TEr

; °l 1L5F T=244Me\ gt

o N o -

2 |/ S

9 & o T=352Mev | | E 1ol 1

= I T=305Mev

—1000 | J -
e > T=251MeV
* T=250MeV s
T=203MeV - .
T=182MeV ; .
% © T=0 Landau damping
2000 . e
00 02 04 06 08 10 12 0.0 'S " -

rlfm] rT

HotQCD Collab., QM2025

* Quantitative connections between open- <> hidden-charm transport

- transported c/cbar distributions & docc/dy via regeneration
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Summary & outlook

» HFs: excellent probes of sSQGP transport properties, hadronization mechanisms,
in-medium force & and inner structure/working

- a small open HF diffusion coefficient D, A

- recombination/color neutralization important strongly coupled QGP likely
>~supported by significant remnant

- quarkonia melting by large reaction rates confining force well above T,

- close connection between open- & hidden-HE/

* Outlook: LHC Run 3/4, sPHENIX, SHINE/NAG61, ALICES ...
- pp: =, production puzzle, rapidity dependence of A /D?
- p-dependence of D_: nonperturabtive diffusion = perturbative radiative e-loss

- quantum effects in open & hidden HF transport

H
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Back-up: 2_/D & @y(2S)/J/y in pp collisions

30.8_'| ! T LI LI | |__IIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIII|I||

2 _FALICE  A7/D° I S0 x 3/2/D° foo A==ty x32/ a7 | @ Croundand excited
= 0.7 T © PP, {@ff;'vv E = pp, {s=13TeV _55“':“'\'_'-\ + pp. Vs =13 TeV E charm baryons
S06F gy~ TN X pyTHIAS243 Monash 2013 F \'»QZ\,, ] enhanced compared to
¥ PYTHIA 8.243, CR-BLC: I '7;;_\ .
F --:-Mode 0 =::Mode 2 =:=Mode 3 T ”~:‘-’¢-‘,, ] ete” collisions
SN oL e ;
T . SHM:RQM T YOS
I . Catania 1 L1 e e
s o IR
| NN N TRTENE PUTE FERT FOTE PPN It AU PR T PR T P & ALICE, PRL 128 (2022) 012001
1 10 2 4 6 8 10 12 14 2 4 6 8 10 12 14
P; (GeV/c) p; (GeV/c) P, (GeV/c)
_%- 1-4: L L I =
< 13 LHCb pp Vs=13Tev
o = 3
s 1.2F H LHCDb collab. 3
- F N\ JHEP05(2024)243 3
g 11 — E:: . @ —
= - ] -
£ | SNl T - — H_:
Z 09F SR =
- AR =
0.8:+pr0mpt IR H—_
F - non-prompt NN
0.7F -
F[]co-mover model 3
0.6 [ 1 1 1 1 I 1 1 1 ] I 1 1 1 1 I 1 1 1 1 I 1 -

0 | 2 ’%
thkﬁj( tracLs NB
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Ground-state b-hadron densities/ratios
» total density & production fractions of ground state b-hadrons @ T,=170 MeV

; __ pprimary . primary .

ne (1072 fm~* B~ B" BY A} ET fa B~ B° BY A By
PDG 1.0094 1.0089 0.29308 0.31501 0.10097 0.002341 PDG 0.3697 0.3695 0.1073 0.1157 0.03698
RQM 1.2045 1.2041 0.32513 (L61702 0.19548 0.0063204 RQM 0.3391 0,3389 0.09152 0.1737 0.05503

—> Agree with Tevatron p-pbar

"'T-I:"QI -I:_ _::_ | I I I | | | | | | | | | _:
b 0.70 3 LHCh pp IEI= 13 TeV 1
<o06F £+ P70 >4t = - production ratios at large dN_./dn:
O C T 7] Ch
05E + ++++"—+ RQM > RQM favored!
0af T ++++ | - —
- I . 50 — B0 Y A —0,— _
0.3F —::—_|_Jr PDG => /B~ B./B @KED =y /B
D]E—{’—E— —*—ppﬁE}E—X. global uncertamty: +i:"—f w004 0.3129 0.1000
ol I b renzionn E RQM 0.9994 0.2699%0.5122 0.1623
E EE 1 1 1 I 1 1 1 | 1 1 1 | 1 E
0 2 4 6
LHCb, PRL132, 081901 (2024) NVELO/\JVELO-,
tracks’ ~ “tracks” NB
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Fragmentation & p-spectra

« FONLL b-quark p,-spectrum + fragmentation into all primary states + decay simulations

=» ground-state b-hadrons p,-spectra: z= p;/p,
‘ weight o primary density (relative chemical equilibrium)

= _ay _
Dh_.,r.,r_,_l (Z)x T\ | — g M

ag=49, 0g=29, Ay,,0,=8 to tune the slope of spectra

T T T T T T T 10'

T i T T T | T T T T | T T T F T .I T T | T T T T | T T T T T T T E
5=7/13 TeV 2<y<2.5 F pp Vs=5.02 TeV |y|<0.5 ]
ot P y (a)_ F PP Y ; Iyl u - (b):
: LHCb B™ + B° ] [CMS = B * B, RQM: do"/dy=39.30 yb ]
m 7TeV e 13TeV | [ — B '
10° 3
=S 15 .
[ @D
Q. . Q
210 120
= ) 110
o 1o
g 1 £ :
B 1% : do™/dy=35.70 ub
=] _ p= _ ~
10? ——RQM: 13 TeV B x2, dc""/dy=68.87 ub 107 F B . ]
[ RQM: 7 TeV B x2, do®*/dy=34.55 b F Bsn ~
[~ — PDG: 13 TeV B x2, do""/dy=62.61 ub =T M '
- 1 - 1 F::I[l:'Gl ? ;re‘l:f BI- x?’ dlﬂbt?‘dylzaj 4;1 I-llt:' | 1 1 1 1 | ] 103 1 1 |Ehﬂ-| | I I 1 1 | I I I I | I 1 1 1 |
0 5 10 15 20 0 5 10 15 20
p; (GeV) pr (GeV)

« Fitting meson spectra =» predicting baryon & total dg®°°ar/dy= 39.3 ub for 5.02 TeV
mid-y based on SHM chemistry =» baseline for b-hadron production in Pb-Pb collisions
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Ground-state b-hadron ratios vs Volume

0.8

0.7 |

0.6
0.5

0.4
@

T o3}
0.2
0.1}
0.0t

L ' ' ' | ' ' ' | | ' ' ' i
L CE-SHM (RQM) ALUB 7
: . B.YB"
rcanonical 0=
: - —=,"B"
suppression A, /B :

3 B/B E

f-_ p—

-/ E,/B

- 1 1 1 1 | 1 1 ] 1 1 ] 1 L]
0 a0 100 150 200

V. (fm?)

Grand-canonical
limits

- As volume/system size reduces, B,/B, A,/B suppressed by a factor 2;
=,/B suppression stronger, two-fold role of baryon + strangeness

« All ratios tend to the corresponding GCE-SHM values at large system size

REL
® S
%%M ;) M.He@NUST
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AJD & A, R,,, ALICE PLB 839 (2023) 137796

o i T T T T T T T T T T T T L UL L
e 1.4-ALICE 0-10% Pb-Pb—+|y| < 0.5 30-50% F’b—Pb—__—\ISN =502 TeV PP
+ o - - +
<1 2 I SHMc + FastReso + corona 3
1: T Catania g
0.8 + 77271 TAmu .
0.6F ] ~
0.4¢ =

<< 2_ T T T — T T T T T T 7] T T L
« | gF 0-10% Pb-Pb_F Prompt AL, |y| < 0.5 30-50% Pb-Pb ]
= VS =502 TeV T :
1.6F S © = SHMc + FastReso + corona
1_42_ _f_ == Catania _f

1 oF _ e TAMU 3
1F— . i E]
08F 7% = -
087 - —% E
0.4 _$_ = =
DIEE_I 11 I 1 1 1 _;;_lcgpp)egl fgli‘t.rrka?prs:I-‘:zr':zr:::.r‘lccI 1 1 | - | 1 1 1 _;

1 0 p (Gevie)' b (Gevio)
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HF elliptic flows, ALICE highlights @ QM2025

iy, 0;40 1 I T T [ 1 T T T I I 1 T | T I T
i N T T T T I T T T I I = n_ : | i [. [ ] ] :
@ 4" ALICE Preliminary ¥l <08 & _© ALICE Preliminary :
A " Pb-Pb {5y = 5.36 TeV, 30-50% } =" """E Pb-Pb |5, = 5.36 TeV, 30-50% .
= E ] - .
a i DB TAMU |5, =5.02TeV - 0.30- 1AW =
- 0 3__ 0 ] - % Prompt A. * Prompt D" AL DY ]
% I * Prompt Prompt D ] 0.25 <+ Prompt DI = Inclusive Jiy D: —Jhy —
= ~ e Non-prompt Non-prompt D° - - -
> 0.2 E 0.201 iﬂ’ =
| M “nw%ﬁ_ s e B
_0.1__ | 1 1 | | 1 | | 1 1 | L1 I _|_._ U'UU:_D_IMTTWE{]—IBEH:‘II_SI EIEE:;TI&.H;E__—_E
Ceovovoo b o b b by 1T
4x10™ 1 2 3456 10 20 5 10 15 20 25
p, (GeVic) p. (GeV/c)
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Recombination: space-momentum correlations

« Inhomogeneous distribution: SMCs =» recombination beyond momentum space
Langevin charm quarks p_.=3.0-4.0 GeV, T

at freezeout T =170 Me' _ Pb+Pb &, = 5.02 TeV, 0-20% (a)

T T T W = : -

WSS R E i with SMCs E

o.00010 -1V LT ! ! e = ]

& 10°f W\. 0° 1

0.00008 E RN J:a A

—  0.00006 =10k ~ e 4

Z 000004 Z 105k ¢ ey P

0.00002 11 = F without SMCs = __SMGSE..%_ ]

i , - P -r o D - ""h.-:

0.0000¢, - X% 6 10 3 D . -~ :

L A ]

1':]':' c 1 1 1 =

tm) 5 0 ? 4 B C

6 0 priGeV)
« Left-over b-quarks: fragmentation in the same manner as in pp
o° E LHC Pb+Pb 5.02 TeV, 20-40% = direct A1
e excited state " RRMatT, ]
——————— fragat Ty . . H H
—— RRM + frag at T  Excited state more massive: recombination

10’ -

3 7

r ground stat\é\\

spectrum harder than ground state (SMCs/flow)

I e + RRM vs frag. crossing at p;~14 GeV for A, 1
107 é:;?M?:;rHag atTor o v vy L .\—’\ VS /\b6 at pT>25 GeV

il

)i/ MHe@NUST B HESENSRMIEAS i Apr.28,2025 35




Modifications of bottom hadro-chemistry

T — I — T —
pp =713 T 5 i i vE= T3 Tal 2aycd5 1 f =13 Tay Daogcd 5 PPy s =h 0F Ty
8 pp =T TeV 2ey<d.§ . [ (b PP 8 W ] C) po =13 Tey 2eopc, 0P 45, =502 Ta
[ } LHCH [N, = 7TaV » 13 Tal _[ ]I B LHCH T Te¥ f,l-.lT‘ ] |I ]I — A0 13 TaV ?Dhﬂjli'?'-lg.'ﬂ.h
—— ROM: 13 TaV o 0/D- * LHGD 13 Tav 2, M H ) - 04 | - = PDG 13 TeV a
e - BOS/B' FOG 13 Ta - : Ab /B ROM B3 TaY " —— ROME 5,02 TaV [yi<i,5

R 5.0 Tl [yl 5

POG: 13 Tel o
ROM: 502 Tel <5 A

04
: - _* -=.='T\_r=.ﬁ-""\-ﬁ--
. . - 1 = ¥
I:"E ™ it KT Fal - 7 " i TR = = ¥
PR =0 02 Tal 02 P o in e il . )
* CMS BB 0-90% <24 [ PEPS W, =502 TaV ] STt T e - ==
|:.|:| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ':'.:l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |:.|'.| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
a " 0 15 0 0 5 10 15 21 { & 10 15 N
piGaV] o {GaY) PGV
* pp =2 PbPb

4 B./B — enhancement at low p+: b coupled to equilibrated strangeness via recombination

4 A,/B — flow-bump at intermediate p;~5-15 GeV [significantly higher than c-sector]:
stronger flow push on baryons, captured by 3-body RRM with SMCs

4 =,/B — enhancement more pronounced: combining two-fold role of containing
a s-quark & being a 3-body baryon
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b-hadron nuclear modification factors

* Rua: hierarchy of flow effects and suppression driven by their quark content

ANAA Jdppdy ~— = dNPPP2r/dy~0.9 for 0-10%

Raalpr) =
" < Tpp > doPP [dppdy == pp reference from SHM
25 " " | ! I ! " " N | " ! ! ! I ! ! ! ! 25 " " 'I ! I ! ' " " | ! " ! ! I ! ! ! !
- PbPD s,,=5.02 TeV 20-40% |y|<0.5 (@) - PbPb Vs, =5.02 TeV 0-10% Jyl<0.5 (b):
[ = CM3B"0-100% ly|<2.4; [ m  ALICE non-prompt DY ]
“or s * ALICE non-prompt D,
L, \ - - B
\ O
15 . -~ B _ .
[ non-prompt D
IIE - —— non-prompt 0,
1.0
0.5
po - eyl g e
a 5 10 15 20 0 & 10 15 20
p-GeV) polGaV)

« B,: b-quark coupled to equilibrated strangeness via recombination
N\,: 3-body baryon recombination, RRM with SMCs
=,. combining two-fold role of being baryon + containing a s-quark
« Non-prompt D° & Ds: weak decays of all b-hadrons via PYTHIAS8
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Transport coefficient D (21rT)

« HQ spatial diffusion coefficient: D =T/m,A(p=0)=T/myy = <x*>~Dt

¥ I—Bmison, ARG~ * " ~ " T

Lo pQcD, asiof/// ]
a0k ] D,2aT) = (n/s)dn * (1-2.5)

 T-matrix from U-pot.*K(=1.6)

25 = = c-quark, used in He&Rapp 20 -
r — b-quark, used in He&Rapp 23 .
— 20 k - 3
E  lattice QCD
™ [ ® A quenched _ 1 :
Q 15F « 2+1-flavor, HotQCD PRL '23 ] w2
10 F * -
[ 1
A oo .
B o
0 1 . 1 . ] . 1 . 1 . 1 . 1 . 1 | . . |
0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 o s ow es Tl

T/T

* models & lattice D (2aT)~1-3 near T,, x10 smaller than pQCD =» collisional rate
[eon ~3/Ds~1 GeV > M, , = thermal partons melted, Brownian markers/HQs survive

* maximum coupling strength near T, =» small D, & /s =» strongly coupled QGP
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