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Heavy flavor transport as probes of QGP
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Part |. Charm-hadron production in pp

» PQCD factorization & fragmentation
» N\.J/DP enhancement vs hadronization models

» 2. & =, production
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PQCD factorization & fragmentation
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Parton distribution
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** phenomenological FF: assumed universal & constrained by e*e-

o, T charm-meson ratios in pp reproduced
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ASIDY @ 5 TeV pp collisions

pp, Vs = 5.02 TeV
PYTHIA & (Monash)
PYTHIA & (CR Mode 2)
HERWIG 7

Catania, fragm.+coal.
M. He and R. Rapp:
SH model + PDG

SH model + ROM

o (GeV/c)

ALICE, PRL 127, 202301(2021)
ALICE, PRC 104, 054905(2021)

s PYTHIAS: Color-reconnection
with junctions frag. into baryons

q q q q
| J J
— —
q q q q
Bierlich et al. °15

s Catania: c-g(-q) coalescence

In a small QGP fireball winissale et al. *21

s Statistical hadronization in g-rich
environment (unlike e*e’)
* augmented by “missing” charm-baryons
assuming relative chemical equilibrium

« A/ enhanced at low p; by feeddowns
MH & Rapp 19
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> /DO &

= /DO

ALICE, PRL 128, 012001(2022)
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Take-aways from Part |

% charm quark fragmentation is non-universal from e*e- to pp

1.0

0.2

ALICE, PRD 105, L011103 (2022)

e
*

PR

= ALICE, pp, Vs = 5.02 TeV

+ B factories, e'e”, ¥s = 10.5 GeV
+LEP,e'e, \s=m,

« HERA, ep, DIS

> HERA, ep, PHP

U
. -+
x#*' &
KN ? V]
SO NS
| | | |
p° D DY A, =0 D

c—~> A\, much enhanced
vs c>DP reduced

full charm-hadrons measured
doc®/dy~1.16 mb at mid-y

=>» significant impact on
charmonia production
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Part 11: Charm-hadron production in AA

» Microscopic interactions & diffusion coefficient
» Hadronization: Coalescence, Resonance Reco., SHMc
» D-meson R,, & v,: Diffusion coefficient

» Charm hadro-chemistry: A /D°

M. He HF production & hadronization



Transport coefficient: pQCD vs T-matrix

X HQ Brownian dlfoSIOﬂ via Fokker-Planck

fce(f )= [p falt.p)] + DpApfolt.p) - y=A~[|To)? (1-cosh) f
% effective Born diagram w/ large o, 14 prrerer e e
q/g 2 | — Wuppertal-Budapest _E
P, P3 Moore & Teaney °05 10f |— hotQCD 3
Nantes, Catania, LBT, PHSD ... ~ 8 k =
-
«“ o« aeff 1E
! t — p? f— R'm%{T) 2 :
Q ) T I ; .7|....[.=
P, P : b T/T, Grego et al. ’11

% T-matrix: coupled two- and one-body integral equations

Q
AN M 08
1 = @i+\(;\i) T Q—?ﬁfiq H‘:?— = _|!
i=Q.a. -~

TAMU °05-19
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V or F(GeV)

T-matrix approach: Spectral + Transport Properties

Remnant confining force Resonances form near T, y Accelerates thermalization
_I"'I"'I"'I"'I"'I"'I"'I"_ Or T T T T T 1]
10r  T=0.194GeV ] 35; rrrTTTTTTTT —T0194GeV —Strong E
I ] 30F 05 ]
05k ] | —— T=0.258 GeV | :
5 < 2% — T=0.320 GeV 3
r 8 20t 3 E r
r 9} — T=0.400 GeV - S osf
U.D_ . i = 15F - -
i e o o [(Lattice) ] 'E 10; D Meson Resonance_; 02F
R Y (Y VA p— F(Weak) ] 55 ok
N V(Strong) == == F(Strong) ] of : i 1
L Ll W BN N TN R B B B oot v v 0 L L L
10 15 20 25 30 35 40
0.0 02 04 06 08 10 12 14 020 02 030 03 0
r(fm) w (GEV} T(GEV)
J/\V survives in QGP Coupling strength <> HQ v,
. 0.12
; G| e Pb-Pb, 5.02TeV, 30%-50%  —— Stong
[ || — T=0.320GeV 1 0.10- Weak -
"ar — T=0.400GeV i |

Charm Quark v,

[ broad
=t Jhy peaks

E(GeV) S.Y.F Liu et al ’18, °19
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Transport coefficient: D (2xT)

L)

L)

» HQ spatial diffusion coefficient: D =T/myA(p=0)=T/myy

I 1 | 1 I 1 1 1 1 1 I | 1 1
| Leeetal. 2203.16352 _ 1
[ Lattice QCD |
40 |- """ oDing et al. 12' _
B 07@ +Banerjee etal. 12'
i o AKaczmarek et al. 14 models & lattice D.(2aT)~2-4 near T,
3 ... OFrancis et al. 15 . S c
1 e G504 ABrambilla et al. 20 x10 smaller than pQCD
SO e P mAltenkort et al. 21' —
Q j oDing et al. 21 i
~ = i
= Y |
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L =0 \t - . .
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B . 7
10 - "é)-..'._‘ Z | el Ci an) —
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| f/ 1
0 L ] |
1 2 3
T/T .
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HQ hadronization in QGP

|
Ac [
o i © :
Coalescence: vs. Fragmentation Q | Q H
[d) (dJ mo | q
D |
|

|
l | 9

*» Instantaneous coalescence models (ICM)
fn(Ph) = / [H dp; fi (Pi)} WH{p:})o(ph — Z Pi) Fries et al., Greco et al., Voloshin ’03

« static Wigner distribution w/ hadron radius Greco et al. >04, Oh et al.’09, Plumari et al.’18,
Cao et al. 16, °20, Katz 20, Li+Liao ’20

Beraudo et al. 15, 22
Cao et al.’20

 equilibrium limit challenging at low p;
« improvement: c-g(-q) form excited cluster + decay

¢ Statistical hadronization with charm (SHMC) Andronic et al. *21

« thermalized c-quarks hadronize at T,
AN (Rt (N tot

{: Iec,a] _ Q? F— ”'Eh Iﬁ(\rc )

dy | Io(Ng)

* ps-spectrum by hydrodynamic blast wave at T,

x g2 € doc/dy
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HQ hadronization Il

“* Resonance recombination model (RRM) Ravagli et al.” 07, MH et al."12

o Mmp A3 d>p. oL o Y 2,5 o .
fu(Z,p) = Fg) / 5217);zfq(i-'epl)fq(i'-m)‘M)'Urel(z’il-}b)og(}?—Pl — P2)

* 0,,(S) resonant cross section: energy conservation & equilibrium limit

« 3-body RRM & space-momentum correlations (SMCs) - enhancing A /DO

107 g - - ' :
E Pb+Pb 8, = 5.02 TeV, 0-20% (a) ]
] [~ -—'—'“-—.._ ]
10 ' ih__b_ with SMCs
- T — - 0
107 C "-H..:_\.Ha —P E

- +
= JE— .-";,:

[ . oy ]
- b

. . o

E

10k

/ F '. o, .y ]
d 10°| ? ViOs.

|:> F - withou! SMCs - SM.CS“HEE
c 10°F - - o7 T~

MH & Rapp °20 F AT
0 2 4 B B
priGeV)

harder p-spectra for A,

dM 2 1 dp | y

107
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D-meson Ry, & V,: extracting D,(2nT)

< 1gET T T T e ALICE, JHEP01(2022)174; PLB 813(2021)136054
o C : ]
1L4_§hadowmg Pb-Pb, {5y =502 TeV Model \2/ndf
C Centrality 0—109%
2 . Prompt D", D*, D** average — Raa Vo
o flow bump ¥'<%% -
- - Catania [6, 7] 143.8/30 14.0/8
s ] DAB-MOD [9] 234.1/30 9.8/6
LBT [10, 11] 411.8/30 15.8/12
LIDO [13] 46.4/26 62.0/11
LGR [12] 9.2/30 15.5/11
2 3 4567 10 20 30
< &35;_ T;&MUI ' h;id@lbsHG+EP(|:lS2 ' _; MC@sHQ+EPOS2 [8] 56.6/30 5.7/12
- —— DAB-MOD LGR ]
0‘255_ =+ Catania E POWLANG-HTL [3, 4] 468.6/30 13.5/8
0200 E TAMU [2] 30.2/30 8.15/9
0.15F =
0.10F- =
DL AT S eae :
0.0 g:foS'O“b_ ; Sl .. « models with y2/ndf <5 (2) for Rys (V,)
0.00f" recompination ~1 = D(2aT)=15-45near T,
_0.05F , = o
g0 CorralySO-So% <08 3 < caveat: also affected by hadronization,
1 2 3 4 5678910 20 30 hydro, hadronic phase
P, (GeV/c)
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Charm hadro-chemistry: A /D°

O 14FALICE  0-10% Pb-PbFly| <05 30-50% Pb-PbF {5, =502 TeV. pp-

Y0, A 1 ALICE, 2112.08156 3 _
< 1.2 T

! SHMc + FastReso + corona ]

1: _:‘ ‘_‘ Catania ‘

08 : T U™ :

06 - tend to pp _% ]

0.4¢ 1 T % :

} compatible ]
'|W|thDD Ll 1 L1 Tl 1 Lol

Op, (@evic)’ 10p_(Gevic)

FStro nger depletion *

1 p (Gewc}

« Catania: instantaneous coalescence + fragmentation  Plumari et al. 18

« SHMc: hydrodynamic blast wave spectrum on PDG-only baryons + corona pp
Andronic et al. °21
« TAMU: RQM charm-baryons + RRM w/ SMCs

integrated ratio compatible with pp MH & Rapp "20
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Take-aways from Part 11

* Heavy-quark diffusion

*  Dy(2aT)=1.5-4.5 near T, =» scattering rate I',,, ~3/D; ~1 GeV > M,

=» thermal partons melt, Brownian markers survive
« strong coupling via remnants of confining force

2.0 ‘ — - ‘
T=0.194GeV — charm
< I — u/d quark
g 13 Ir~1GeV
= I — gluon
= g/g melted
T 1.0
!
3
S 0.5 :
Q
0.0

00 05 10 15 20 25 3.0
w(GeV)

* Heavy-quark hadronization

* recombination = p;-dependent charm hadro-chemistry

« printegrated A/D® compatible with pp = kinematic redistribution in p; in AA

M. He HF production & hadronization
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Summary & outlook

** HFs: excellent probes of sQGP structure, transport properties,
In-medium force & hadronization

« a small open HF diffusion coefficient D,
 recombination/color neutralization important h strong V(r,T)
 quarkonia melting by large reaction rates

=» connection between open- & hidden-HF, e.g. via J/y regeneration
(not discussed here)

Thanks for attention!

M. He HF production & hadronization 17



Part I11: Heavy quarkonium production in AA

» Strong HQ potential
» Semi-classical approach: suppression vs regeneration
» Jly v, puzzle

» Open guantum system approach to Y states

M. He HF production & hadronization 18



Extraction of HQ potential

statistical transport analysis of Y data
with trial input potential

14 | Auhu @ 200 GeV |y|<05
ol —e— STARY(15+25439)
' —a— STARY(25+39)
1 == ¥(1g+2g+35)
<08 [\ 2 Y(25+3S)
o
06 F PO
04}
02}

0

14

121

- PbPb @5.02 TeV fy|<2.4
—e— CMSY(19) |
—s— CMS Y(25)
—— CMS Y(3) |

lattice QCD extraction of Lr

static potential

Bala et al., 2110.11659

neural network approach

Shi et al. °22

—

15r-

05 ) a
3 ”
o or f I
G g5l 667 MeV b=t 251 MV F=t=i |
N 562 MeV tettemsd 100 MEV I
Sy 474 MeV 160 MeV et
156 408 MeV 151 MgV et |
Ty | 273 MeV = | |
-2
0 02 04 06 08 1
r[fm]

K=5

small
screening

1 T=194MeV a=0.05
—— T=194MeV best fit

0

0.2

04 06 08

r [fm]

1 1.2

M. He

HF production & hadronization
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Jy: suppressmn VS regeneration

RAA

- SHM (Andronic et al.) .

i T T T T ' T T T ] T T T ' T T T T i é 2 T L | 1 I 1 L | 1 I 1 L | 1 I 1 L] 1 I 1 1 L | i
ALICE Preliminary, Pb- Pb Sy = 5.02 TeV g _ -

2 Inclusive Jy, vl < 0.9 e Data (2018 & regeneRratlof lncl;ﬂ:e Sy I<08
- 0.15 GeV/c ™1 (Du etal) . ~1 ¢ Leta i
P> ] ™2 (Zhouet al.) 1.5 AA SHM -

i Comover (Ferreiro et al.) ™1 -
-8

—H— Pb-Pb |s,,, = 5.02 TeV

Centrality 0-20%

.
IIIIIIIIIIIIIIIII
III

L, =19.4nb" (op)
[ X. Bai, NPA1005(2021) {12 PP [ ALICE, PLB805(2020)135434
% 100 200 300 400 00' = e 80
Nyar) X3 suppression P, (GeV/e)

semi-classical transport Du et al. ’15, Zhou et al. *14, Ferreiro et al. 14

@) _py (1) Na (7(T)) - N(D)

dr

reaction rate I', regeneration toward equilibrium

SHMc: hydrodynamic blastwave spectrum + pp corona Andronic et al. ’19

N (k] )
di iiflhﬁ] — @2V gcz & dcccbar/dy
dy '
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Jy “v, puzzle”

0.25 B 1 1 1 I 1 1 T I 1 1 T I 1 T 1 I 1 T 1 I T T 1 _ T T T T T T T T T T T
 ALICE 20 - 40% Pb-Pb, |5, = 5.02 TeV . 0.20 -Pb + Pb, V= 5.02 TeV, 20-40%, Jhy 2.5<y<4 1
0.2 '_ALICE 17 20 Inclusive Jiy . » ALICE |
C dhe'e, |y| < 0.9, v.{EP, An=0} . . . .
- ou' 25< yﬂfl VAP, An =11} ] !nclus!ve [w!th SMCs] ]
015 - global syst : 1% — 0.15F [ Jinclusive [without SMCs]-
- . ____]previous blast-wave ]
E" 01 —]
- -1 3
~ F ] >'0.10f -
> 005 —
0 | ................ . 0.05 i ‘;,. : ‘:’:??% .
C X.Duetal. K.Zhouetal. 25<y <4) . : I E, L&ngEVIn ]
" =53 Inclusive Jhy, |y <0 Inclusive J/w w noncollective _] | 7
0.05 - 2222 Inclusive Jhy, ;sw <4 Inclusive J/w wio noncollective | 7 c-char RRM
C -- Primordial Jiy, 25<y <4 Primordial J/w ] I E,’"
01 [ PR [ TN T TN TR TN [N TR TR SO NN TR T S N TR T N o 1 M 1 L 1 M 1 L 1 L
0 2 4 6 8 10 iz %% 2 4 6 8 10 12
P, (GeVic)

p; (Gev) MH etal. 22
* regeneration via RRM

. PP ps . ..
fo(z.p) = Co—V"r v(p) - o Lo P)) fo(T. o) X o (8)vral (1, P2)0° (P — P — )
mglp (Zﬁ) ‘ ’

transported ¢ & ¢ quark spectra
constrained by D-meson observables

+ off-equilibrium c/c spectra + space-momentum correlations (SMCs)
=>» regeneration up to p~8 GeV = v, enhanced
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Open quantum system approach to Y states

- . Brambilla et al. ’17-21, Yao et al., ’21, Blaizot ’18
oo + s s L,
* OQS pNRQCD = Lindblad equatlon Akamatsu ’21, Rothkopf °20, Gossiaux et al. 21

dp(t) I+ . . > 1/, .
TR = —i[H,p(t +Z( WPt —E{Cntn.p(r)}» M= 1/ay> aT ~mp > E.

« guantum transition between different states included, lacking in semi-classical

+ regeneration currently limited to diagonal bb

« Coulomb potential + transport coefficient k encoded in C,

Re{R(T).Re(T).RU(T)}, F=-1.75 0.05 ke {Ru(T).Re(T).Ru(M}, 7= -1.75
0 5.02 TeV Pb-Pb ® ALCE-Y(1S) gl T
[ ALICE: pr <15 GeVand25<y<4 B ATLAS-Y(1S) | A CMS 1 1 1
1.0 L ATLAS:;:; <15GeV and |y| < 1.5 A CMS-Y(18) 0.04 | QTrai d ¢ Y(lS) In medlum Wldth
F CMS: pr <30 GeVand |y| < 2.4 O ALICE - Y(28) r L] raj g
08 i QTraj: pr< 30 GeV and y=0 O ATLAS-Y(25) | [ Y(lS)_BaO K~ 50 MeV at
8 A CMS-Y(25) 0.02 r N - T~250 Mev
I —_amei-Y(1s) | F) . 1 li
'l ——arai-Y@s) { T ool 1T 1 l
B - ' alues & results comparable
- By I ‘ ] s V
04r -0.02f ‘ " . .
i [ 5.02 TeV Pb-Pb ] to semi-classical approach
i [ p1 <50 GeV 1 . 9
02} 004§ s i< 24 _ Strickland et al. ’15
I [ QTraj: y=0 i 1
00b . o o oy 1 -0.06 = L ‘ L
0 100 200 300 400 10 30 50 90 10-90%
Noan Centrality (%)

Brambilla et al. °21
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Take-aways from Part 111

% strong HQ potential with little screening close to T,
quarkonia melt through large reaction rates («<» small HQ D)

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

T 1/{r)
450 MeV Y(1S5)
%(1P) @
240 MeV J/y(1S) O
200 MeV %(1P)

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

« transported c/cbar distributions & doct/dy

M. He HF production & hadronization
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Summary & outlook

L)

L)

L)

L)

HFs: excellent probes of sQGP structure, transport properties,
In-medium force & hadronization

« a small open HF diffusion coefficient D,
 recombination/color neutralization important:|> h strong V(r,T)
 quarkonia melting by large reaction rates

=>» connection between open- & hidden-HF, e.g. via J/y regeneration

outlook

« =, production in pp

- p-dependence of D,
nonperturabtive diffusion - perturbative radiative e-loss?

- tension: AJ/DC in pp/pA by LHCb at forward-y vs ALICE at mid-y

*more ...

M. He HF production & hadronization
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Back-up

The following are back-up pages
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A/ IDP enhancement surprise

'| I I I |

/ D°

_  ALICE

—e— pp, V5 =5.02 TeV —
—— PYTHIA 8 (Monash)
- ——— POWHEG .
—— GM-VFNS

+
C

A

P, (GeV/ce)

Baryon-to-meson ratio

T T T III| T
ALICE

pp, Vs =5.02 TeV
¥l <0.5

== A.D"

p/n

" PRC 101, 044907 (2020)

pp, Vs=7 TeV -

= PRL 111 (2013) 222301.]
pin

PLB 760 (2016) 720

% a factor ~5 enhancement w.r.t. e*e-at low p;, much underestimated

by FFs tuned to e*e-

“ decreasing toward high p, trend similar to A/K and p/pi

M. He

HF production & hadronization




Flavor dependence: charm vs bottom

nonprompt D (6 B) RAA ALICE 2202 00815
~ ) -

'IIIIIIIIIlIIIIlI"l

30 50%
insignificant
bottom shadowing

prompt

S

Prompet, o

non
RAA

F ALCE
"~ Pb-Ph, (5, =5.02TeV =

nonprompt-to-prompt D-meson R, 4 ratio

0-10%, || <0.5

¢ (ata

[
WCUJEIT(;S@ radiot
of bottom

EILGR

= TAMU B8 Mo@sHO+EPOSY]

ve e-loss]
than charm

N [ S )
due to flow bump

in prompt D

pT(GeVJC)

% X3 mass: b-quark longer thermalization time at low p; than charm
less flow added to b from recombination with u/d/s

“ high p>15 GeV: b-quark less radiative e-loss< stronger “dead cone

”

M. He

HF production & hadronization
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Charm hadro- chemlstry D./DY

0_5_0—10% Pb-Pb

0.4:—

U_1_—

Djzf—ﬁ%\/\ﬁ’r ﬁL

[ +3.7% BR uncer‘talnt¥ not shown
H

30-50% Pb—Pb |

/%ﬂ%ﬁrfﬁ

::I +3. ?",-" BR uncertalnt;i' not 5I1own

Fop .

F +3.7% BR uncer‘taint# not shown

- 01 D“x’u F"b—Pb

1 1
r 30—5 G‘E’fo Pb—Pb

11 2 345 10 20 30

=8 (GeVW/c)

z.o‘— ow bump
- Jﬂﬂ T ALICE

Lok J&} 1 VS = 5.02 Tev

1_0_ % $~$ :: $ SHMe + FastReso + corona
- T {ﬂ— LGR

0.5 tend tO pp I TAMU
F Catania

PHSD

TooB 3ase 10 B v 2 2458 10 D Reviey ALICE, PLB827(2022)136986

low p;: enhancement due to charm recombination in a strangeness-equilibrated QGP
reproduced by Cantania & PHSD; overestimated by TAMU in both pp and PbPb

high p: tending to pp value as fragmentation takes over

flow bump due to recombination with flowing s-quark heavier than u/d,
predicted by TAMU (RRM w/ SMCs) & SHMc (hydro blastwave spectrum)
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(APD) ssen

coalescence model

€

o

X(3872) production in HIC

¢ inner structure: compact tetraquark vs loosely bound molecule

Tetraquark (4q)

@@
[3

Cho et al. ’11
Ncnalmslat

f— i
c o = = =
L ow % QS “T? Molecule

ez T

MN{X3BT2)/. '\.

3

p Q X(3972)
Tetraquark 1 o_;

>N

2

N

molecule tetraquar

20

Tetraquark

40 60
Centrality (%)

« by X210 or 100, yet no

D° — D*° molecule

DO

coalescence within
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Charm quark recombination probability

» No. of mesons/baryons formed from a single c-quark of rest frame p_*

d°p; 5 En(p)
_._'\-T Tl ) — —1 __E{plj.xTIH: T ) 11"(‘ .
M (Pz) [ (2m)3 71" ’J”HLMTM{j('ﬁ}L v

T CEPED v s E
N ( C} :J P p-gIE—EEFIJJngEE—E{PJJJTrirl) p:l ﬁl p’ ﬁ] Sd'l. [I( ﬁL_.,ﬁ%[}

(2m)° myl'y mgl'p

» Renormalizing N (p;) and Ng(pz) by a common factor ~4 for all charmed
mesons/baryons such that ,, P..a H(pc = 0) +ZB ol (pc =0)=1

020 —>—-+—7—"—"F+—""r—"""—""—"—1 10" . . ——
RRM self-consistent recomb. prob. | 10° - Pb+Pb vsynN=5.02 TeV, 0-20%
0.15 | all D's 1 _
- all Ds's ] aF ]
fffff all PDG Lc's - > 107 . 3
all PDG + RQM Lc's 1,';__ g E
m B all PDG Sc's 2 ]
2‘0'10 all PDG + RQM Sc's E 10
pzd = 3|l PDG + RQM Cac's B o ]
N af ]
[ > 10 S -
0.05 ©  F—RRM#frag, dNg/dy=15.38"~ "~ o~ ]
107 E _ RRM comp., dN/dy=14.12 R
F= 5 [—-—Trag. comp,, dN./dy=1.24
10 5 L r 1 A 1 n L L
0.00 0 2 4 6 8 10 12

0 2 4 6 8 10 12 14 16
p*c(GeV)
=» charm conservation consistently built in, in an (e-by-e) way without
spoiling the relative chemical equilibrium realized by RRM

pT(GeV)
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Space-momentum correlations: light-qg

» hydro: a manifestation of SMCs
&6 —pulx)/Tix) _ —yr(x)[my cosh(y—m)—pr o7 (x)]/ T(x

longitudinal boost invariance: y- n transverse SMCs pT=vT
» hydro-q: low (high) pr more concentrated in center (boundary)

hydro light quarks p,=0.0-0.3 GeV, hydro light quarks p.=0.6-0.9 GeV,
at freezeout T —170 MEV: i at freezeout T =170 MeV B
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AN (x.Y)

SMCs: Langevin charm quarks

» Langevin-c: low (high) p; more populated in central (outer)

Langevin charm quarks p.=0.0-1.0 GeV,

iIndependent of p-

at freezeout T =170 MeV

0.00010

0.00008

0.000086

0.00004

0.00002

0.0000¢ ~ ezl

6 O

» SMCs usually neglected in ICMs: uniformly distributed

3 dNeyy  (2m)° dNe q

e,q(E,P) = (2m)° =
fe.q(T,P) = ( }{,_r_dfdfiﬁ V E(p) prdprdo,dy

Langevin charm quarks p =3.0-4.0 GeV,
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RRM equilibrium mapping

» Event-by-event Langevin-RRM simulation with very large trans. coeffi.
& with SMCs properly incorporated

=» kinetic & chemical equil. mapping
0.40

Po+Po sp= 502TeV, 0:20%  (a) POWPD = 502 TeV, 020% (o),
107 ——D" hydro Cooper-Frye 0.35 D.; nydro Cooper-Frys Ar* 3
10° * D’ analytica-f_ RR gspb " O onahtical, RRM _ ]
. * D" large coeffi. Lan- e
1I:I-|| L] D A "'g'EI {-':I'Eﬁ . Lﬂ - E L o ;
'E:_ 4 g'El'l.l' "I'F':.F':.H ':'2--.'I g-E"I.l' "I-HHH 1.,r|'+ i_l_*
g 10 020 e
® 10 2 :
g M | 015 ——4_ hydro Cooper-FrydY
Tl 1I:ru 'JL|: 'T!Id"'.:l 'E':":'EI'B'-F F!II.‘B % |:|'|:| m -Ill-l:l ana ._||'1 {a_fr-q HHH 4
" A, anaytica-{"_ RRM %, 0.0 . " lrge cosfh Lan-
e * A Jarge cogfi. Langayn-RRM | : 0.00 | | geynREM |
0 z 1 6 & 10 0 2 f 5 5 m
P GaV) p_(GeV)

=» Observables come out as RRM predictions with realistic T-matrix coeffi.
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Direct DY & A_* production via RRM

» Including SMCs makes spectra harder & enhances the A_*/D°

10 g T T T T T g 1.0 y T y T g | T —
Prt+Po LITTE .02 TeV, 0-20% EY :F':H- Fb LIS h.02 TeV, 0-20% LY
W il SN o8 [~ wio SMCs, T-marcoeff.
-:-:-“'x_‘ _ rw SMCs -
10" T o | T-matrixcosf ;
B 10 “M_ L .
=] T - b
3 = o 04 - K=1=»2
Ty I e o
'::l wio SMCs e - wal o prr TSI\/ICS "'---______:
o'k --of ol _ ]
At T-matrix coeffi. [ e ]
.Il:l--' 1 = 1 1 1 1 1 1 ':I_':I M 1 M 1 M 1 M
0 2 1 L1 g a 2 4 G g
piGeV) p (GaV)

« Fast-moving c-quarks [p;~ 3-4 GeV] moving to outer part of fireball find
higher-density of harder [p~ 0.6-0.9 GeV] light quarks for recombination

« An effect entering squared for the recombination production of A_*
= larger enhancement for A.* = A_.*/D° ratio enhanced!
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DY D.f & A+ suppression & elliptic flow
» Final D% D.* & A, including feeddowns from all RQM baryons

20

0.25

 Pb + Pb, vsy=5.02 TeV, 0-20% Pb + Pb, vayn= 5.02 TaV, 30-50% |

- ALicEDY,0-10% | ozl ]
ALICE Dg", 0-10%

i \\ o ALICE Ag', 0-10%
10 NN

1.5

i

—

Ln
T

here for L, pp fitted baseline; 1 0.94a

‘ W « — AA spectrum BR=50-100%at T, ] [
L 5/ kin 4
[/ 4 \@ \
05FF & 0.05
/O [
L i .:|.:|.:| N 1 . L e 1 . 1 N 1 N
0.0 —_t ) 0 2 4 6 & 10 12
0 2 4 6 8 10 12 0. (GeV)
pT (GeV)

« T-matrix coefficient*K-factor(=1.6), to compensate for radiative e-loss;
uncertainty: BR=50-100% to A.* for A:'s & 2's above DN (2805 MeV)

« Hadronic phase diffusion also included: seamlessly connected to
hadronization (RRM+frag), increasing D-meson v, by ~15%
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Charm-hadron ratios: A.*/D° & D */D°

25 T T T T T T T T T T 1':' T T T T T T T T T T T
- (a) = ALICE: PLB793, 0-80% ) }
: « ALICE: SQM19, 0-10% A e )
20} STAR: SQM19, 10-80% - 0.8 B £Pb & 02 Tal 0-20% i
[ all with new me,ms,md & new md '
- Pb+Pb 5.02 TeV, 0-20% 1
' o _,,/'”"'I"
] o 04
. gz PP TeY STAR, 0-10%
_ _ STAR, 10-40%
: - Au+8u 0.2 TaV, 0-20%
00 . 1 . 1 . 1 . 1 . 1 . .:|.:| 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 0 2 4 & B 10 12
Pt (GeV) p_ (Gev)

> NS/DC : low p; approaching RRM equil. limit = SHM pp;
iIntermediate p; enhancement from RRM with SMCs;
high p; fragmentation tending to pp value

» D.*/D° enhancement: recombination of charm in a strangeness-
equilibrated QGP
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H ad ronlzatl On SH M CAndronic, PBM et al. 2104.12754

» SHMc: open-charm statistical AN e
hadronization at T, &(we) _ oy wla@e) 2 \IB\

dy Ip(NEot) = AN

O multicharm baryons a=1,2,3 emerging pattern 1“2: D\ )
4 yields enhanced by g.*~30* than pure thermal E | N
->strong signal of deconfinement 10—535HM.: r 155 ey i '

109z 2" 25 "'3 35 4 45 5

» SHMc yields + blast Wave%pT spectra  Mass (Gev)
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