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Outline

<> Basic concepts & motivation for HQ physics in HotQCD matter

<> Results from the first stage:

- strong non-perturbative HQ dynamics [agreement to LQCD?!, close to AdS/CFT limit?]
- non-universal hadronization # e*e~ in AA, but seems even in pp@TeV

<> Why precise measurement at low p;, extension to bottom & access to new
observables allow for a breakthrough

<> The relevance of multi-charm production and scan from PbPb > OO :



Basic Scales and specific of HQ

Why Heavy?
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% For HQ we know initial py distribution at variance with light quark & gluons

< HQ not created at hadronization my,  >>Aqcp T :



HQ link to Lattice QCD at finite T

% Ab-initio Diffusion Transport Coefficient

Spectral function pg extracted from euclidean color-electric correlator Dg(t) 2>

Kubo formula diffusion in the p=>0 limit:
D, determines diffusion (brownian limit) and

D Tpg(w 2 :
—’; = lim pe(®) > D, = = _ L'l'th by fluctuation-dissipation theorem:
r w=0 SO0 HQ momentum drag y = thermalization time
L. Altenkort et al., PRL131 (2023) T T2 T
S ' ] _ -yt 2\ _ _ 2 D =_— -1 _~7
§ I s | (Phmpoe™  (ap7)=3D,/rd=eT) Dy
L 12t ALICE »¢ =
&= Approximations/limitations:
Q 10} Bayesian ¢ - i
- ¢ 1 - Extraction of pg(®) from Dg(7) is not a well posed problema with
w 8 | i
= : _ - I a finite limited # of points
T8 % - T rmatil - infinite HQ massvs. charm quark, continuum extrapolation. ..
1 J[ ‘{’ } {_/’— quenched N=0-2 to non quenched QCD (2023-24)
2 | - i
s ¢ b ' HQ allow for developing a NRQCD EFT at finite T

112 14 16 18 2 22 24 26 & many-body T-matrix from V(r,T) by LQCD



Standard Dynamics of Heavy Quarks in the QGP

Fokker-Planck approach (T<<mg)

&9 GUETLE in Hydro/transport bulk
@ D 2
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=p,€
_ _ P7=Po | M| ? scatt. matrix from:
Brownllan.Motlon <Ap2>= 3D, [y(=e™) HTL, pQCD coll., rad., T-matrix,
ot D, =ETy — Fluct. Diss. Theor. QPM, NREFT, AdS/CFT...
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<> This is the main set up at least at p < 8-10 GeV
< Brownian motion challenged for charm (M. ~ 3 T~ gT): Relativistic Boltzmann dynamics
< At pr> 10 GeV radiative Ej , Qnar jet physics  [Cunqueiro Mendez, previous talk]



Studying the HF in uRHIC
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*» HF into Glasma
 HF under e.m. field

To < 0.1 fm/c

e_initial production
- pQCD-NLO

- MC-NLO, POHWEG

- CNM effect [pp,pA exp.]
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e Dynamics of HF in QGP \

- Themalization

- Transp. Coeff. of QCD matter D(T)
- Radiative Ejps & Jet Quenching

B,D,Ac
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— Adapted fr
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e Hadronization

- coalescence and/or fragm.
- large AJ/D in pp,pA,AA
- Affects Raa(pr), V2 (p1)

M. ~ 1.5 GeV, m, ~ 0.01 GeV but in-medium strong interaction
Makes charm it nearly part of the QGP bulk fluid




R&and vz_evolution & correlation

No interaction means Raa=1 and v,=0.
more interaction decrease Ry, and increase v,

Raa is “generated’

R.a Ratio normalized p; spectra pp/AA
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The relation between R4, and time is not trivial and depend
on the time (temperature) dependence of the interaction.

v, formation time ~ R
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for HQ come from
The drag of QGP fluid



Diffusion Coefficient of Charm Quark:first stage

uRHIC created matter is the Hot QCD matter not in perturbative regime!

o I I
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Diffusion of Charm Quark: first stage 1. Dog 66, Prog Partuc Py, (2019

From Raa(pr) and v,(py) of D mesons
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2013 ] *Main sources of differences in models:
I - impact of hadronization («unexpected» large baryon production)
10 - momentum depedence of matrix elements
i - data not enough precise/observable not enough constraining
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Diffusion of Charm Quark: first stage

X. Dong & VG, Prog.Part.Nucl.Phys. (2019)
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Impact of HF in-medium Hadronization
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Opposite to in-medium scattering Coalescence brings up both R4 and v,
an effect that brings up toward experimental data, allows to disentagle the two
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Hadronization play an important role in AA to determine R,, and v, of D meson
- Determintation of transp. coeff. D,(T)
... but there has been a surprise both in AA but even in pp@TeV



In-medium modification of hadronization even in pp@TeV

Phase-space Parton Distrib. Funct. ~ Hadron Wigner function Fragmentation

coalescence an,,.. dN, J‘ dN
‘ 0 ‘Hp‘do )3 folxp 3(pr=2, pi) dzph_zf dzdzpf

STAR, Phys.Rev.Lett. 124 (2020)
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- Large Heavy Baryon to Meson production ~ a factor of 10 larger than in e+e- or PYTHIA

- Breaking of Universal Fragmentation Function already in pp in HF sector



HF hadronization has stimulated several developments

> PYHTIA beyond Leading Color (LC)=> Color Reconnection (CR) in pp
> Coalescence+Fragmentation approach applied also to pp

> Local Color Recombination: POWLANG in AA and in pp
> Inclusion of HF Coalescence+ Fragmentation in EPOS (pp &AA)
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HF hadronization has stimulated several developments

> PYHTIA beyond Leading Color (LC)=> Color Reconnection (CR) in pp
> Coalescence+Fragmentation approach applied to pp

> Local Color Recombination: POWLANG in AA and in pp
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> Yields modified from e*e™ (e p) to pp, then from pp to AA mostly coupling to flowing QGP
medium modifies pr shape of the ratio Ac/D?



HF hadronization has stimulated several developments

> PYHTIA beyond Leading Color (LC)=> Color Reconnection (CR) in pp
> Coalescence+Fragmentation approach applied to pp

> Local Color Recombination: POWLANG in AA and in pp
> Inclusion of HF Coalescence+ Fragmentation in EPOS (pp &AA)
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> Yields modified from e*e™ (e p) to pp, then from pp to AA mostly coupling to flowing QGP
medium modifies pr shape of the ratio Ac/D?



PYTHIA Color Reconnection/ Local Color neutralization

Altmann et al, arXiv 2405.19137 Leading Color (N.>): Prob. of Local Color neutralization>0
@ @ : o : :
=, I L When string color reconnection is switched-on in pp
@ ®
- - - Very large baryon A, ¥. enhancement

(a) Dipole-type reconnection.

- not so relevant for D, like coalescence+fragmentation

. : :
® > Not indipendent strings - Local reconnection -

Baryomc reconnection

string energy minimization-> smaller invariant mass
close to D meson states

(a) Mesonic reconnection. (b) Baryonic reconnection.



PYTHIA Color Reconnection/ Local Color neutralization

Altmann et al, arXiv 2405.19137 Leading Color (N.>): Prob. of Local Color neutralization>0
@ @ : o : :
=, I L When string color reconnection is switched-on in pp
@ ®
- - - Very large baryon A, ¥. enhancement

(a) Dipole-type reconnection.

- not so relevant for D, like coalescence+fragmentation

EXREPE T
® > Not indipendent strings - Local reconnection -

Baryomc reconnection

string energy minimization-> smaller invariant mass
close to D meson states

Needed switch-off of diquark /=T junction suppression
(set for e*e™ ). Removing it 2 Agreeement to data of A. € Z.
It goes in the direction of simply recombine according to SU(3)

(a) Mesonic reconnection. (b) Baryonic reconnection.



POWLANG Local Color Neutralization

A. Beraudo et al., EPJIC82(2022) [AA]
A. Beraudo et al., PRD109(2024) [pp]
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Charm recombine locally with quarks & diquarks assumed

thermally distributed + radial flow:

.95.91

THml Tumi (
2

m

Ty

) =4q,3,5 3 ud), (59)0 (5Q)1, .-

Dense medium (pp &AA) = local color statistical neutralization

Narrow invariant M distribution close to D meson masses

not large M string breaking with large y endpoints

- Qualitatively similar to PYTHIA with local CR
Coalescence or Resonance Recombination

including strong impact on v,(py) from c> D, A, (all recomb.)
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Studying the HF in uRHIC after Run2
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> Most models studies at pr>1.5-2 GeV and mainly not including impact of hadroning into A,
> To be done a new assesement of Dy(T) with upgraded approach:

- compare to LQCD & AdS/CFT need data pt=> 0

- need precision data at low pr not only for D, necessary A, important Z. €,

- need not only Ras and v, but also more esclusive observables > needed HL-LHC 2



“See” Hadronization mechanism through elliptic flow

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

- Large v, of A, ~ nquq(nqpr) , visible at intermediate pr

Effect to be measured in AA; will it be seen also in pp? [for AA Run3-4]
030 |
130-50% Pb + Pb, syN=5.02TeV | ¥ It should be also confirmed for Z. [Run 5-6]
0.25¢ j
0.20F » Would PYHTIA-CR predict finite v, of D, A¢ in pp?
015 by String shoving? Can it predict D, A systematics?
>
0.10F
0.05;
0.00 4.
0

pT (GeV)
He and Rapp, PRL 2020 21



“See” Hadronization mechanism through elliptic flow

If the enhancement of the yield comes from quark coalescence it should be associated to
- Large v, of A, ~ nquq(nqpr) , visible at intermediate pr
Effect to be measured in AA; will it be seen also in pp? [for AA Run3-4]

2.5 ' T T T T
A/D coal.+fragm. —_—

v It should be also confirmed for =. [Run 5-6]

A coal./ D coal.+fragm.

A fragm. / D coal.+fragm.

» Would PYHTIA-CR predict finite v, of D, A¢ in pp?
by String shoving? Can it predict D, A systematics?

05} - Methods/tools of AA allow better insight
PbPb@5.02TeV 30-50% into Hadronization in pp.
01 1.5 2 25 3 3.5 4 4.5 5
pr [GeV]

Minissale, Plumari, VG, in preparation
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Able to «see» even the local Temperature. fluctuations of the QGP

Transverse view

Relativistic HIC
in "90s, '00 till about 2005
Anisotropies only with

even parity due to symmetry
- v, elliptic flow

Transverse view of HIC,nowdays

10 ‘ ‘ ‘ 0.3
5 :5 All harmonics appearing
E. .5 with different weights.
Nafhe .15:
5| o vn — (COS(TlQO))
% 5 o 5 10°
X (fm)

When including fluctuations, all moments appear:

P - &
( | ) L
N ) L )
- -_— -
n=>5 n==6




Able to «see» even the local Temperature. fluctuations of the QGP

Transverse view

Relativistic HIC
in "90s, '00 till about 2005
Anisotropies only with

even parity due to symmetry
- v, elliptic flow

Transverse view of HIC,nowdays A powerful not yet exploited for HQ
O s especially at low pr lack statistics

° 0:2 All harmonics appearing ojs LHC: Pb+Pb@5.02TeV  ~  LHC: Pb+Pb@5.02TeV
E.l B3 with different weights. RS2 K [ T el
= 158 / . . i,
5 0.1 vn —_— (COS(n§0)> % 0.1_— (0:0.2)% // ; % 0.1 ;
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When including fluctuations, all moments appear: i ? I ?
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HL-LHC allows to access v,, light-HQ correlation

Event-by-event coupling of the anisotrpy of the bulk (light) and the charm (heavy) one
= Much more precise determination of the strength interaction: drag I'~ 1/Dj

/ (.V light _ ; vlight \) ( vheavy _/ Vmeavy > )

Very large sensitivity to T dep. of Ds

ligh h ) \ / \
(:(vlgr’vt:'a\{y):L n n m

" m O wn O 1 | 1 s | I T ]
'|‘ ylight 27 heary l_— a1rC -
| — ——r— —— ——r—r — - 4+ -
: T T T T : 0,8'— i ]
[ e QPM ] - 1F ]
08— — pQCD rescaled A L 4k _
r rah 10 —~ 0,6 — = —
[ charm , p=0.1 GeV 7 o3 = F 1C ]
_‘-A ‘ charm , p € / 7 E N 1LC a
E 5; 0.25 @] : : : :
5 - » 0.2 0-'4___ (0-0.2)% \D a0 ]
= 0 E.l 3 - 1F ]
> | T - © QPM 1L ’
gl T 5; 0.1 02— m pQCD rescaled 1rC -
Drag coefficient T’ = i 0.05 C 1C ]
C MDS ‘ C_| | | | JC | | | |

ol 0 o v 0 o 0 10, o 0

0.2 0.3 0.4 0.5 -10 -5 X ff’ 5 10 2 3 4 5 2 3 4 5
T (GeV) (fm) n n

S. Plumari et al., Phys.Lett.B 805 (2020)
Could be accessible starting from Run 4 for v, may be, vz, Run 5-6



A very solid and high precision comparison to LQCD, development of NRQCD-EFT,
quantification of interaction only by D( full Brownian motion)
requires a full HQ , but M.~ gT, <p> at T~ 300-500 MeV -> full Heavy is Bottom
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Relevance of direct Bottom measurements

» Quite close to M=> o« & Non Relativistic limit
- more solid comparison to LQCD/NRQCD for Dy(T)
> Mq(T) >>T, gT full Brownian motion, satisfy fluctuations dissipation theorem
- damps uncertainties in transport evolution (Langevin, Boltzmann, Kadanoff-Baym...)

» Impact of hadronization on dN/dpt & v, (pt) moderate and less different by fragmention

25— ‘ —
--- pQCD

-— QPMN=2+1
—— QPM N=2+141 |

D (M,;,)/D (M = o)

- —— e  —
------

L | L I L | L \ L
I 15 2 25 3 35 27




Relevance of direct Bottom measurements

» Quite close to M=> o« & Non Relativistic limit
- more solid comparison to LQCD/NRQCD for Dy(T)
> Mq(T) >>T, gT full Brownian motion, satisfy fluctuations dissipation theorem
- damps uncertainties in transport evolution (Langevin, Boltzmann, Kadanoff-Baym...)

» Impact of hadronization on dN/dpt & v, (pt) moderate and less different by fragmention

2.5 T T T I T T T T T T T T T T v T
-- pQCD 400 Boltzmann

D (M,;,)/D (M = o)
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1001~ "
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Relevance of direct Bottom measurements

» Quite close to M=> o« & Non Relativistic limit

- more solid comparison to LQCD/NRQCD for Dy(T)
> Mq(T) >>T, gT full Brownian motion, satisfy fluctuations dissipation theorem

- damps uncertainties in transport evolution (Langevin, Boltzmann, Kadanoff-Baym...)
» Impact of hadronization on dN/dpt & v, (pt) moderate and less different by fragmention

> Larger 5, ~M /T t§, more sensitive to dynamical evolution: carry more info

D (M,;,)/D (M = o)

2.5 w \ ‘ | : ‘
T T T ' " T S e i
ALICE b —e——
- pQCD 4001~ Boltzmann _ 014 30-50% 10 Booa-.i?r’gg’,}’.e —_ ]
== QPMN=2+1 i — t=2fm/c Charm B—e coal.+fragm. —-—-
V r t=4 fm/c 1 0.12f bottom
—— QPM N=2+1+1 - =
2 LM, N; - 300l — =6 fm/e i v
- N 3
S . 77N
Q | _. Langevin Y
N, o 7 \v/g\\ /) \\\ ~0.08} \ s
=z / > N \ >
_______________ S 2001~ ; I\ A, e
1.5 ; \ 1 \ \ 0.06} -~ |
r / / \\ PN \ N
/ N \ 0.04} ™
100~ 7 \
/
L (/) /.’ NN 0.02} i Vo
2 ’ SNy /X
| N ] I ookl o L L L > X
2 4 6 8 g0 1 2 3. 4.5 6 7° 80 1 2 3.4
p [GeV] pr [GeV] pr [GeV]




30

Extension of QPM to bottom dynamics: Ry, V5, V3

0.2

0.0

~0.08}
0.06}
0.04

0.02|

0.00

00T 234567801011 012345678 9101112
pr [GeV] pr [GeV]
| AN =nos " ALICE b(—sc)—e —o— |
30-50% B coal.+fragm. =——
B—e coal.+fragm. =—-=-
bottom
V3
/—\\
il i
—
~.
~.
./'r
/4 Vo =
/’/.{ 2 N . " 3 . .‘.—
0 1 6 7 80 1 2 3 4 5 6 7 8

|||||||||||

|||||||||||

ALICE b(—c)—e —a— ]

B—>e coal.+fragm. =—-—:

B coal.+fragm. coal

i — T —

> 3 4 5
pr [GeV]

> No parameters changed wrt charm (only M), but :

agreement within still large uncertainty

no direct B data (semileptonic decay)
lack V3

vy(hard)-v,(soft) correlation

> Need for Luminosity of Run §-6

M.L. Sambataro et al., PLB 849(2024)



HQ probe of CGC/Glasma phase 0+<t<0.3 fm/c

Color Glass Condensate (CGC) is the high-energy limit of QCD

in the BFKL direction in the plane [Q? x]? N

Longitudinal view

ot

Divergency at t =0

i 1 ]
ey . R
i 1L_Initial state from -
%v/\ - Chromo-fieldS™ .
To> [ )
>2 | il
e0®@ 0 41 -
<} F .
c L ]
L] - B
- g p 3 SGeV g’ut=0.1 fm/c
| Ll 01 | \Hll L \\l‘\lo

2
gut

time

Transverse plane view

Boost

log (1/z) or log(s)

QS~A4/3

> log (Q%)

Resolution

> Solving the t=0 divergency e~% (= initio of the Collision Universe)

» The unknown very early stage would not destroy our

current picture, but we look for signatures to spot from this phase
[~ Early Universe, inflation]
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Impact of Glasma phase
0 0.3 I5 10

I

T [fm/c]
Initial Glasma in non-equilibrium can induce strong diffusion
- J. Liu, et al., PRC102 (2020)

Large intense initial chromomagnetic fields = Classical YM

400

Static box- SU(2)

ol | | ' ' — e | Solving classical Yang-Mills e
— {=0.5 fm/c dA;l T >
- m— -1 fm/C % = Ei(z), 200
> 15} i
2 dE? () . o
< dt D OiFfi(@) + ) [ AN (@) Fyi(@) 100
‘8"_10'_ i j ‘ b,c,j . '
> Heavy quark in the chromo magnetic field 2 S
©
da:i Pi
dflp' F Edfta = —Qce " Ay - p,
B2 = QuFLy,




20 —m—m—A————— 2.0
free-streaming
[ up to 0.3 fm/c
1.5 T diesme 115
=" and D from
E 7=0.1 fm/c
X 1.0 11.0
' in QGP '
0.5} Q T 10.5
71=0.3 fm/c i =1 fm/c |
0_0 .................. .o
0 2 4 6 8 0 2 4 6 8 100
p; (GeVic)

% Opposite to HQ in QGP: Dominance of diffusion-like = initial enhancement of Rs(pp)!!!

% Gain in vy: larger interaction in QGP stage needed to have same Ras(pt) [18% smaller Dy]

High precison needed Rung, and Likely alone not conclusive

Y. Sun et al.,PLB 798 (2019)

0.0

free-streaming @ T" and D from 7=0.1 fm/c
up to 0.3 fm/c | ® experimental

e Glasma at 1=
0.1-0.3 fm/c

D, 18% smaller+ 0.2

>

10.1

""""""""" 0.0
0 2 4 6 8 0 2 4 6 8 10

p, (GeVic)




Impact of Glasma phase

0 0.3

Long/tudlnal view

=) @

Phenomenological impact

Transverse plane view

B pPb@5.02ATeV

1.2
s 1
gﬁ' bl
14 08l g Hp,=3.4 GeV
|~ — 1=0.2 fm/c
0.6— — 1=0.3 fm/c
- 1=0.4 fm/c
.4 I | I | I | I
0 1 2 3 4 5

py [GeV]

.

Rpr

3 10 T [fm/c]
Initial Glasma in non-equilibrium can induce strong diffusion
Liu et al., PRC102 (2020)]
In pA collision it could solve the “puzzle”:
Roa > 1 and large v, of D meson

LIS . L B CMS pr816TeV

6 £ Pb, [5=5.02 TeV ] L . | T T T

. Prompt D#fnesons, -0.96 <y <0.04 ] : W Prom J/(:V 0 Kg 185 < N;)rfkﬂine < 250 :

1.4 = Average D°, D", D _: L ® Prompt _

o p° ] 0.2 O _

1.2 -] . | O i

Ly i ——i o : o :

0.3 o o B > 3 O O # g L -

] 0.1~ ° e —

0.6f i - Op + + ® i

: ST o i

0.4 = | O + i i

0.2 =+ POWLANG (HTL) E O'O—D— —————————————— —

mrm— POWLANG (IQCD) ] T T T R

OOHIIélIII1|0IIII1|‘5IIH2|0IIII2|‘5HH3|0HH3|5II 0 2 4 6 8
p. (GeV/c) P, (GeV)



Glasma impact on angular QQ

First study of azimuthal QQ correlation: large decorellation in only 0.2 fm/c

Significant effect of glasma on HQ!

CES A

QQ pair back-to-back
. 1 15 At [fm/ C] charm quarks
' 0.05 Pr(Tiom) =2 GeV
0.1 Q.=2GeV pA collision should keep memory of it
0.2 . . .
1 especially correlating it to Raa, Vi
- Identify Glasma phase
05 /// i ¥ - quantify in medium Ejyg Dy(T)
. : / N\
Nearly identical for // N\ - solve the puzzle od R, ~1 and v, large
bottom despite mass 07 - -,
smaller tim, A¢

Calculation in SU(3) +longitudinal expansion Accessible wilth kigh F:rec:si,on
for D and A, from Run §-6

D. Avramescu et al., arXiv:2409.10.565. [hep-ph] 35



HQ Surprise also transverse flow

L. Oliva et al., JHEP 05 (2021)

Bulk matter

Transverse flow

v, (x 10%)

0.25]

0.5

-0.5

® STAR5-40%
— T = 1.3

’\Hx x10-2

R ——
: dv,/dy e~ -0.0025
[ Au+Au @ RHIC 200 GeV, b=7 fm

B T B TS R

n

Would you expect charm quark to

have a smaller v, ¢ Or a smaller one due
to its mass?

Very surprising!

v; (HQ) ~ 30 times v, light hadrons (=,K,..)



HQ Surprise also transverse flow

L. Oliva et al., JHEP 05 (2021)

0.05]

-0.05

-0.1

0251

Transverse flow ™7

® STAR5-40%

— 1, =13

1 Would you expect charm quark to
have a smaller v, ¢ Or a smaller one due
to its mass?

Very surprising!

ot 2
% ’\'—'Q_Hhk x10-
X of
5

‘K&\/ v; (HQ) ~ 30 times v, light hadrons (x K,..)

- ——y
dv,/dy e~ -0.0025 '
L Au+Au @ RHIC 200 GeV, b =7 fm
05 4
1053051
T T T T T
¢ D% D’ STAR 10-80% . .
— o T T o] % Needed non-perturbative HQ
QPM (Catania) - LV . .
§ QPM, charm tilted 1oof —=omam | jnteraction close to AdS/CFT
A ? Egéc{ggczmarel:(zlqmn
I A e T 19 Needed also initial “tilt” of bulk &
~ \ = ime ]
| \ asymptotlc free reglt! . reg““e’ no Of HQ
A\ erturbat’™ ~25icg " ” i
- o W pnonP | 1 - able to “see” 3D geometry with a
[ Au+Au @ RHIC 200 GeV, b=91m, p,>1.5GeV | resolution of ~ 0.5 fm
II-1I.5””—I1””-0I.’:';I”(I)‘ 0I5I11I5 0~4“ .
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Charm as a probe of huge B Magnetlc fleld

Earth’s field laboratory méghetars urHICs

=16 ~ 10° G ~ 1014-1015 G ~1018-1019 G
B, = 50m; agnetic field—
JFaraday 10 LHC: Pb+Pb@2.76 ATeV—
[N m 2 b=9.5 fm, Iy =0,m= 0
T
' 10" 4
/ E‘
AN & / > 107 :
‘ g ] . . .
2 g0 — 0w’ | ] Schematic calculation: early time
. —o00sin’ 3 hehavior quite uncertain theoretically
10 — 0]—0023 fm E .
) — oo | ] (non eq., back-reaction, glasma...)
l0>0 0.2 0408 03 _51
t[fm/c] 38



Impact of Magnetic Field on Charm S.K.Das et al., PLB768(2017)

_ q HQ best probe for v; from e.m. field:
Fext=qE + z. (pXB) Q P L
_ p tiorm ~ 0.08 fm/c when By is ~ its maximum
= _0B Farada e :
VxE=—" [+ CoqumbspethI/tors] Lorentz - No contribution from neutral gluons diff. from n*/n-,p/p
X —  T(C) = TqGp>> Tem (keep more memory effects)
(.)>0 D° — DO splitting in v,
CE Jrarafiay EC — T T T T T T T T T T
<— —> 0.02F = Dicq] ~ 2y
hap—( ©-——1 2" | ——-Dll ~000%)
" P \ = V S 0.01
< E, —
C C S
<px><0 > 0
. . . . -O.OI_ . 7l
< Time decreasing magnetic B, creates Ey that induces | ~ 10-30 times larger than n*/n|
a current in opposite direction: delicate balance! .02 Au+AU@200AGEV, b=7.5 im -
[Cancellation at 95% level] a5 T 05 0 o5 T 15 2



transverse flow current measurement

Oliva, Plumari, V.G., JHEP(2020)

— T
0.06 ¢ DD’ STAR10-80% -
3 — = o, =0.046 fm"
0.04| 1 — g, =0.023 fm" -

-0.04

-0.06

0.3

0.2

0.1

-0.1

0.2

0.3

+ 0,=00115m"

L Ny =11 i

—_ Au+Au @ RHIC 200 GeV, b =9 fm, pr>15 GeV _
PR S ST S NN TN S W [N ST T S T T ST AN S T S S ST S S T U
-15 -1 -0.5 0 0.5 1 1.5
y
—— 77—
- — D°. no vort. .
L ® D° ALICE 10-40% ij no vort. |

D’ ALICE 1040% = D0, =177

B D0 =177 7
—l . [ i
_¥ = T 1

4 \R
-_ 3<p;<6GeV _-
| b=7.5fm |
L Pb+Pb @ LHC 5.02 TeV

1 L 1 L L L L 1 L L L

-0.5 0 0.5
n

STAR@RHIC: d(Av1)/dy|eXp: —0.011 +£0.024(stat)+0.016(syst)

but with current precision also consistent with 0!

~ 10 times larger than charged, similar to S. Das et al., PLB768 (2017)

D

First measurement ALICE@LHC- large systematic/statistic error
opposite sign & magnitude =~ 40 times larger than predictions

Need for high precision. Likely Run 4 or §
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D
Av1

-0.5 0 0.5
n

v, transverse flow current measurement .
sor e odewmean | STAR@RHIC: d(Av,)/dy|e,= — 0.011 +0.024(stat)=0.016(sys!
T o 237?;‘;; 1 =10 times larger than charged, similarto S. Das et al., PLB768 (2017)
0.02- IR =
0;_\_:*___:____ ][ 1L but with current precision also consistent with 0!
oor 1 First measurement ALICE@LHC- large systematic/statistic error
oo et | opposite sign & magnitude = 40 times larger than predictions
0.06- Au+Au @ RHIC 200 GeV, b =9 fm, pr>15 GeV |
BT B - R S B T
y
o3 . L ew ] Need «for high F'T‘ECESLOV\. Lik‘eiv Run 4 or §
02l o ALICE 1040% —— D°:nmf:-z | -
o Pt % ] > if Av{(D® — D% has an e.m. origin
e e S - probe of deconfinement vs flavor
_ ]
oif % | 1 | » constraint on e.m. field = quantitative studies of Chiral
o2 2o e — Magnetic Effect (by local CP violation at high T)
03 | ~ PoPb@LHC5.02TeV + several other effects

a1



Magnetic field modifies Z° I* invariant mass and width in AA

Y.Sun, V. Greco, X.N. Wang, PLB827 (2022)

70 Tdecay(Z%)= Tiom(charm)=0.08 fm/c
£\<—‘ ¢ > Probe same magnetic field! Chalngilng “f.et.m.]e. Tg

04 b ]
Z°@5.02 TeV Pb+Pb, b=7.5 fm
Acquire Ap by e.m field /)(ﬂ[) — l 1ﬂ/Q , [ B(r)=eB/(1+(t/z,)*), eBO=73m§' a=1 .- -*
-> modify invariant mass 7 (M — Mo)? +T12/4 0.2 I~ a7 S
—_ - \N\dt, .- :I'
“ "l ®oofeer-m Z
A(M):k(j dreB(r)) O : it - %
Wide range of B(t) different pattern Ig 2 [ ig\” Magg™~~.. J <
: 02 ° -~
AN B(t)=eBy/(1+(t/x,)) : n=2.16+0.16, k=-[3.921.2] - 10 [ == A(M)/GeV= 4.08x10° (ideB(yGeVy <
T4 2 4 - — — Ac/GeV=6.44x10" (I:'ldreB(t)/GeV)z
— 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 -
£ Aoz = 64 - 10-3 (_] dre B(T)> 0.0 0.1 0.2 0.3 0.4
= L 7, (fm/c)
$
= | , - Nobt accessible Eill now, may be Run 3-4 (CMS)
E 102 | =—eB,=73m?, 1,04 fm/c, a=1\'\.\ Trseall, _
F ———eB,=73m?5, 1,=0.4 fm/c, a=1 Sl T
[ T eRTan 00 il o ~~.1  Av4(f*.¢) would be even a more direct probe of B field
10° R i \ |

o 1 2 3 4 5 6 peak expected at pt~50 GeV [Y. Sun, PLB 816(2021)] = Run 5-6¢
1 (fm/c)



Multicharm production + PbPb = OO

» Understand HQ in medium hadronization:

=ttt 0
=cc )y BESCCy cce . . .

[pure recombination , no fragmentation at low pr at least]
Baryon . .
=57 = decuce 3621 1 (3) > Qccc very sensitive (to cubic power) to (dNgam/dpr)?
QF,. = scc 3679 0 (g)
QT = cee 4761 0(3)

cce

A system size scanning is like looking to see AE versus L = dE/dx

Evolution of pr charm vs system size

T0° T

cubic of renormalized charm py distrib.

initial L:harm I
charm PbPb R
charm KrKr —_— 0.14

charm ArAr
charm OO

charm thermal P’)’_\ 0.12

— Sou}

g 107 >
Z = 0.08
o o I
z 1073 0.06
< = -
S 004
1074 0.02

0.00

-
o
&)

43



Yields in PbPb from coalescence vs SHM

V. Minissale, et al., EPJC 84(2024)

10"}

1076

15 2 2.5 3 35 4 45 5

-5| B coalescence+fragmentation

o g Pb Pb 5.02 TeV 0-10% |y|<0.5

D* I% 0 I:I—c

om O

Z; o QCO :

—e— SHM+corona; do/dy=0.532 mb, PDG
&+ SHM; do/dy=0.63 mb, enh. c-baryons

Mass (GeV)

10"

| 100
{10™

11072

> Both Statistical model (SHM) & a naive
coalescence should lead to a scaling with

|4 (%)C =N, (%)C_l c= #of charm in Hadron

3
» Q.. Yyield depends on (Zg;)

thermal full dN cparm/dpr~ SHM

realistic dNcparm/dprfrom Dy(T)

“» Makes a | order of magnitude difference depending on degree of equilibirum, while very small

effect on D, A,

~(dN¢harm/dpr), also due to charm # conservation & confinement
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Q. cc Pt evolution from PbPb to OO Minissale et al., EPJC84(2024)

RescaledbyNC(%)2 - - . , ' - - 7 — T T T T — T T T T

1.6’ ||||||| 1 ] 0 | | ! ! OI'
~.v [ nor ed h ] ]
2.6 1 OO 1; - ormalized witl r;actor N _: 1 100 i AC/D it Qccch .
24 | 1.0 C arm 7] _— rﬁcE'JQ:QZP(ﬁ:G.,G. 1F A - T ]
2.2} ;\;\ec\ o6} 3 r TS | @ dE}‘dx
20b N € ost R ] 7/~ non-eqi.
&\O | 1 1 1 1 1 _1 ~ "%(J -) L\
o1.8- Kr ‘ 2345678'._210 3 .;/ Q@\ =
'{31-3' pr [GeV] ] g 11/ R R S
Bl & 7 1 L/ TSAL
©12 e o ; PbPb —a— ~// V\ﬂ\c
1.0f--------mmmmmmmmmme e x TR T ZlQ‘/:/L‘"—_ 10‘2 LKrKr —— E _A E
0.8} NS . ArAr —— 1t 5 ]
0.6 [PbPb/KrKr : i O 11 ]
0.4[POPD/ATAr  —5- N ool cdw/ (NJVY {1 °$ch°o""x"1"35 —
" [PbPb/O0O o 2 - scaled w.
g'g_KrK”.ArAr. 4. MormalizedwithfactorN(NJV)™ A 10— 44 T 5 5 4 5 6 7 8 9
Y0 1 2 3 4 5 6 7 8 9 1 pr [GeV] pr [GeV]
pr [GeV]

2
Deviation from scaling N, (%) due to different final pr-charm distribution wrt PbPb

Q.. p1 spectrum evolution with system size unveil direct information of charm dN/dpt with much

larger sensitivity w.r.t. DY or A, = precise info on interaction Dy(T)
Run §-6 with ALICES



Summary & Perspectives

Open HF set up a strong connection among LQCD,NRQCD/phenomenology/exp. observables

HQ is a more sensitive probe of bulk QGP , but till now has suffered from the lack
of high statistic and access to exclusive observables

Precision data @low pT | new observables | extension to bottom | multicharm - breakthrough
toward solid determination/understanding of:

- interaction strength at high T; agreement phenomenology with LQCD? & close to AdS/CFT?

validity of NREFT/ QCD at finite T
- understanding HQ hadronization universal/non-universal from pp@TeV to AA
[Hadronization reveals pp@TeV as a small dense medium much closer to AA than ete~/?]

Open HF as novel probe of Glasma studies [especially in pA]
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Matter under the most extreme conditions

’ )\ » . :
a& Fermi’s Notes on Thermodynamics and Statistics (1 95
(@

Temperature

Coh - Atoms, electrons, protons, neutrons, ...

I b T e % Fermi put Nothing above 1072K!

¢ " T>10"2K =200 MeV = T= Ex1/L = L<1 fm inside a

b proton, but in the ‘50 there was nothing inside a proton

: 4 % URHIC creates matter with g ~ ¥** | p ~***
s . . but also...

6 & 10 127y 14 %iﬁ 77’5;9;15 23 30 52/%/:/%

. Pressure 7

For highest vorticity
o~ 102?251

F. Becattini [next talk]

Earth’s field laboratory mégnetars urHICs
~1G ~10°G ~1014-10"G ~1018-101°G




Initial Production - mg>>Aqcp
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HQ link to lattice QCD at finite T

< Extract the Free Energy of QQ = NREFT/ T-matrix

—->HQ Potential F=U-TS

2 —4 2 -2
gy =q I my<<qg

space-like transfer momenta. = V(r) + relat. corr.

low screening into full Coulomb-like

- Theoretical approach from T-matrix linked to LQCD
and/or development of NRQCD at finite T

Scattering under a potential V(r,T) derived from IQCD Free-energy:

q,q

Fit screened Cornell V(r)+ Im. part. (pert.-like ansatz)+ relativistic corr.

e‘ﬁ5> [SYF Liu + Rapp, ‘15]

@ -1
Fo5(T,r) =-TIn dE —

= T(E-(v+ >i)R)2 +(V+5) @)

(V +5),(E)

Van Hees, Greco, Rapp,
PRL100 (2008)

0.5

-05 |

Free Energy

LF4(r,T) [MeV]
1 E: o -‘ii%
Screened i 5:3«{..‘,:‘.; sose

- Interact. I (L Seniieontmttutlatia

He- vy
2 e s s e

178MeV e
= 194MeV
i’l 222MeV v
sy

eV o
& [Bazavov et al “13] 479MeV o

732MeV © ¢ [fm]]
0.1 02 03 04 05 0.6 0.7 0.8 09 1

T T T
15 . color singlet (a)
——vacuum * 0.025
. - = T=1.2T¢
! --- T=1.5T¢
\ =---T=2.0T¢

! T~
Y | S,
—— e — L L

0 2
1.0 1.5 2.0 25 3.0 3.5 4.0

10+

-Im T(GeV 2)

» Compare T-matrix Foq(T,7) with lattice Fo5(T, ) to extract in-medium V(r) and ) Ec.m.(GeV)



In 2005-06 ... first comparison to data

Equilibration time

5}
]
P
... “D” resonance m —
8.2 0.25 0.3 035 04 045 0.5
T [GeV]

“D” Resonance model used in
Van Hees, Rapp, PRC71(05)
Van Hees, Greco, Rapp, PRC73 (06)

< 18
<

1

1.6

0.8—

T
[

(a) 0-10% central

L L I I B

[ vanHeesetal. (Il)

Armesto et al. (l)

4 3/(2xT) Moore &
12/(2xT) Teaney (lll)

0.6— ".
=
4= %
02— o tERRLLE
L AusAu@\5,=200Gev " * ...........
0 1 2 3 4 5 6 71 8 9
pT[GeV/c]
0.z L f = f = f T
(b) . ; 1 Ry, b, >4 Gelle
0.15 minimum bias

10y, p,>2GeVle

t + \HF
o ¢R, eV




Relativistic Boltzmann equation at finite n/s

Bulk evolution

p"9,1,(xp)+m(x)d,m(x)d, 1, (x,p)=CLf,. ,] Equivalent to viscous hydro
29,1, (. p)+m(x) 0,m(x)3, ], (x.p) = CLf,. ] atn/s ~ 0.1
1 | 1
Free-streaming Field interaction Collision term
e —3p+0 gauged to some n/s# 0

HQ evolution
p“ aﬂ fQ (33, p) _ C[fq, fg, fQ] (x, p) Non perturbative dynamics — M scattering matrices (q,g — Q)

evaluated by Quasi-Particle Model fit to IQCD thermodynamics

o~k % a g ki g g g Gk I

Q

2N

20y = Ve 2 2 o2
Q @ 9 Q Q Q @ 9 ”,‘L"(T) B NE -1 ° (T ‘QZ(T) = 4 b
1 dp d°py 2 L 20y 72 (1IN, = 2Np)In|A (L = L)[
— = = = = ; -~ _f / ) .
cliel 2E1/2E2(2W)3/2E1,(2ﬁ)3 my(1) = 3re (T ‘ I (7 r)l

X [fo(P1) fa.a(Py) — fo(p1) fa,e(p2)]

x| Mg+ (P12 — Piph)|” Impact of off-shell dynamics:
x (27)*6% (p1 + p2 — P} — Ph) . M.L. Sambataro et al., Eur.Phys.].C 80 (2020) 12, 1140



Raa & v, with upscaled pQCD cross section Moore & Teaney, PRC1 (2005)

Diffusi fficient
Fokker-Plank for charm e

3 2.2
interaction in a hydro bulk D, [dk|M i kop)| K

scattering matrix

Ratio normalized py spectra pp/AA Anisotrpy Azimuthal emission
. —~ 0.2_
P = ®D(2xT) =15 (a) = F B
A D (2xT) =3 ~ 0.2 :
1.2 A D (27T) = 6 > 0.18:— LO QCD A P
O D (2xT) =12 - ) . i
1 v D (21T) = 24 0.16F %o ,‘
0.14F | 4
0.8 -
0.121- Dol. omentum space:
0.1 = ~20] Iv‘ﬂnal a;ymmzlrf
0.6 E
Multiplying by 0.08F
0.4 a K-factor pQCD 0.06F
0.04f
0.2 -
----- 0.02fF
%05 152553735 4 45 5 % 05 1152 55355 9 s

Pt (GeV) pP; (GeV)
It’s not just a matter of pumping up pQCD elastic cross section:
too low Raa or too low v,



Ratio to D in pp

> Evidence of different “Fragmentation”

PPy 1
~ £ [ = ALICE, pp, (s =5.02 TeV ] . . B _
T | sHm Phys. Lett. B 795 (2019) 117-121 . Fractions in pp at LHC wrt ete” & e
[ PDG, T, = 160 MeV b Lo
L RQM, Thh= 160 MeV i but similar to AA
- -~ PDG, T, = 170 MeV -
0l — Ram 7 =170 "y 4 » Coalesc.+Fragm. very close to pp FF
‘91 = CATANIA coal.+fragm. 5 TeV - )
i 1 » Large E. Q. only in coalescence, lack of
0.6 -

yield in PYTHIA, SHM, ...

I

0.4

E' -g- x30 |
pEan *®_ [#]7 » SHM+RQM baryon resonances would have a

e N .m. ------------------- ] similar agreement (T~160-170 MeV)
gy il ... except for B¢, Q.
| R | . [Andronic et al., JHEP 07 (2021)]

0.2

5454



“Fragmentation” Fractions in pp Catania Coalescence

1

- I I I I I [ I
R ~ ALICE, pp ly| < 0.5 | i
T [ ais=13Tev | ]
S 0.8 = {5=5.02TeV Jr 7
i ==CATANIA coal.+fragm. 5 TeV ’
B + B factories, e'e”, s = 10.5 GeV | i
0.6 +LEP,e'e’, Vs=m, | -
e HERA, ep, DIS .
o HERA, ep, photoproduction I ]
0.4 | —
| _

¢

(’ -
0.2 2 | -
Tl T B
™ il |

0 L ~— L 1x20]

D° D° Dy Ar = E Jy D+ i+

allowing local reconnection-recombination get close to data..

> Evidence of different “Fragmentation”
Fractions in pp at LHC wrt ete~ & e
but similar to AA

» Coalesc.+Fragm. very close to pp FF

> Large Z. Qc.only in coalescence, lack of
yield in PYTHIA, SHM-RQM, ...
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HF coalescence in EPOS4HQ

>

Advantages of implementing coal. in EPOS4:

I T
0.15\ —
pp. \/snn = 13TeV, 60 < Nep < 1201

m ATLAS, c->p

Full dynamical realistic dynamics from ep, pp to AA L — erosia, o2

Able to predict also a sizeable elliptic flows & oo + 1a
- more solid costraints to hadronization a —
and the properties of the pp QCD matter created 4 ]
2> V,(AJ/V,(DY) would give more insight into coal. oottt
Would PYHTIA-CR predict finite v, of D, A, in pp? prioe
String shoving?
J. Zhao et al.
|} Pom, i = 5027V, 0-10%

A/ D°

0.5}

0.0

=
(=]

T

J.Zhao et al., PRD109 (2024)
[ [ I

0.15— —
pp. «jsNN =13TeV, Ng > 100

® CMS,D°
0.10 === EPOS4HQ, D° —

-0.05 ' ' '

pr (GeV/e)

Extension to AA and bottom,

arXiv:2401.11275

e ALICE

= EPOS4HQ I

gl A I
[ PbPb, 4/syy =5.02TeV, 30-50%

e ALICE
= EPOS4HQ ]




Going deeper into A.enhancement

Altmann et al., arXiv 2405.19137

p. (GeVic)

- Catania-coal & SHM-RQM/QCM natural good description of £/D%and A, € X.

- PYTHIA-CR too many . 2>

P (GeVlc)

A,/D°

80-8 :'l 1 T +l T IOIIII T ..|IIIlll|I(I)I+LI|IIIII|IIIIIIIII.IIIIIIIIIIIIIIOI+I+IIIIIIIIIII:
= FALICE A /D % x 3/2/ D° Pl A2 X321 A ]
E0.7 : 0 pp,:E:STeV « pp, 15 =13 Tev F S0 ¢ pp, f5=13TeV E
‘A ,(s=13Tev 1§ i N ]
S06H Bys. s 32 3 o pvTHIAB243 Monash 203 F .S, ¢
o L 4 - \\".
N 1 PYTHIA8.243, CR-BLC: : NN
w05F T il T ---ModeO - Mode2 =:-Mode3 F "y E
Y LM e
004 pimidl_ - I g i SHWRQM T {H' RRS 7
003: Rl R, ;"'\, e Catania : \\ x,_;
: ' ‘N " % QCM “:‘ _tj__E I ol ok
0.2} y
0.1f
:ll Il 1 | i | |:IIIIIIIlIIIIIIIIIIIlIIIIIIIII:IIIIIIIIIIIIIIIIIIIIIIIIIII:
1 10 2 46 8 w1238 2 2 6 8 1812 W

P, (GeVic)
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Going deeper into A.enhancement

Altmann et al., arXiv 2405.19137

Cross section ratios

0-8 :ll T T +l T |0|l|| T LIITIIII'I(TJLLIITIIIIllllllllll:I III1IIIITIIIIIIIIIIIIIIII : + 1_2_| T I T T I T T | T T I T T I T l—
EALICE A/D | x 3/2 / D° = AN 321 A) 1 [pp Vs=13Tev ]
- -4 L i — L —— AL -
. o pp, Is=5Tev = pp.I5=13TeV E e, ¢ pp, =13 Tev 1§ L5 S
R~ . PP, s=13Tev 1 [ oy G ] ¢ PYTHIAB.306 CRBLC, Mode 2 |
0.6 q _'_'\‘ o PYTHIA 8243, Monash 2013 T - pﬂosl“ldo%%ﬁggg_chamvalm::
o 1 PYTHIA8.243 CR-BLC: : SN ] _ . — i ]
05F 11l MI<05 1 ...Mode0=--Mode2 =+=Mode3 ¥ A : — :% 1
Pl z 5 =R -
0.4 bimid.. . R, SHM+RQM T RSs ] : —=7 S, B

- , — i s ] Y,
03k SO e Catania : TR T
. ~ 1 N g QCM T T Yo F—— ] — 1
- 1+ - S - 4 ] 0.4+ —— —
: . W | i e 4 _
0.2¢ : : ] " No dj ]
[ X ] 0.2 qUark SUp I |
0.1F p ! : [ ) M
ol L Ll 1 "||||l|||||||l|l||||||||||||||:|||||||||||||||||||||||||||: 00_'"|'ll‘|1"'élllé'l'1lolll-2
1 ~10 2 4 6 8 101214 2 4 6 8 10 12 1 B Geve)

[ (GeVic) P (GeVic) P, (GeVic)

- Catania-coal & SHM-RQM/QCM natural good description of ./D%and A. € X,
- PYTHIA-CR too many 2. =2 A./D?; associated to a suppression of junction diquark /=7 (set ~ e*e™ for
string di-quark). Removing it 2 Agreeement to data of A. € Z.

It goes in the direction of simply recombine according to SU(3) ~ simple colaescence
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HF Baryon enhancement: impact on R,

2-0 T T T T T T T T

0 o o o T — ———1
18} D" 0-10% | O 1.4-ALICE 0-10% Pb-PbF
16l w/ baryons - - - - | o, I
1.2 i C
1.4} w/o baryons < - ; Catania 3
12f charm -------- : L: V7 wSMC 3
S10p . 0.8f s
0.8f Vs “\ 0 O 6_'- e

06+ . D" coal.+fragm. N\ \
oab 0.4/ .
o2f T S 0.2k _$_ _
0.0 . . . :I . i T

i 2 3 8 9 ]

pr (GeV) 10p_(Gevic)
A. production was mostly neglected in the first studies of Raa, but:

- Strong impact on Ras low-intermediate pr  —>affect estimates of D

- Stronger coalescence = smaller Ds

— AJD~ O(1) already in pp@TeV: pp ~ AA # e*e, ep

HF Hadronization in jet shower — [S. Sadhu- this session]



Relevance of direct Bottom measurements

Just an first example, for the more plain observable Rxa....

’Ii

1.8¢
1.6¢ : : =
[..-= TAMU (https://doi.org/10.1016/j.physletb.2014.05
1.4¢ ]

1.2F

2_1111

£ Pb-Pb, {8y =276 TeV

LB

s TAMU - 0.03*max(10-pt; 0)
TAMU + 0.03*max(10-pt, 0)+0.2

[T rrrrrrrrrorr

rrrr

Direc\ﬁ

0 5 1?)\15

.050)

tt§

2: T T T T W L W T 1 L 1 I L L L l LI
1.8F
1 6:_ D«B ]
: & TAMU (https://doi.org/10.1016/j.physletb.2014.05.050)
1_4_‘:'-1;.,‘ TAMU - 0.03*max(10-pt; 0) -
12: " TAMU + 0.03‘max(10-pt, 0)+0.2 1
1L
.8
0.6}
0.4-
0.z Non-prompt B
GI-..‘m....m...|....|....
0 5 10 15 20 25

P, (GeV/c)

Peak depends on the degree of b coupling to QGP medium
is smeared-out in non prompt measurements

workshop on QCD challenges from pp to
AA collisions, Sept. 2024

Direct B, Lp measurement ot Low pr> need for Runs-6
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Early results and predictions for Bottom in pp

5 Altmann et al., 2405.19137 [hep-ph] i V. Minissale et al., 2405.19244 [hep- ph] i
o L I T T 7T I T T 17T | T T T I T 17T I T T T 1T - T T T T T T T -
fan) R .
‘32" 1 4:_ pp, Vs =13 TeV e LHCb, 2<y<4.5 _:
C === He and Rapp, SHM + RQM |
1.2 0 = He and Rapp, SHM (PDG) —]
B j’}\ — EPOS4HQ ]
1 ’Sy ais EPOS4HQ4coal —
C o4 ] o
r y PYTHIA 8.243 . =
0.8 CP Monash, 2<lyl<4.5 - g
= Mode 2, 2<lyl<4 5 ]
O'G_EEL Nl QQq/ " Mode 2, lyl<05 _:
048 -
02:_,__ — -~ . g N7 ..“,4:;
- PYTHIA g
0 lllll 0 1234567809101 234567801012345678010°°
o 5 10 15 20 b, i pr (GeV) P (GeV) pr (Ge

Plumari, Tue 4-[9:10]
- Again Need CR in PYTHIA- seems too strong at forward (no rapidity dependence)

- EPOS4HQ+coal close to data (rapidity dependence?). At y=0 Catania results
- SHM +RQM about close, less the pt shape (Frag.-Function)
- Coal./Fragm. ratio in pp larger for B than D 61


https://arxiv.org/abs/2405.19244
https://arxiv.org/abs/2405.19137

Altmann et al., 2405.19137 [hep-ph]

o L I T 17T I L | L | L L I 1T 17T
2y 10, ]
: . - s» Ns=13TeV o <y<d. 1
Slide su importanza large rapidity coverage < 1.4\ PP ieT R IET e lioh 2y =
C === He and Rapp, SHM + RQM |
1.2 0 — He and Rapp, SHM (PDG) —|
. . g - B /’)\ — EPOS4HQ ]
Figura Lc/D a rapidita finita 1 /3%7 - EPOSAHQscoa -
- Y PYTHIA 8.243 :
0.8 __ C\ Monash, 2<lyl<4.5 —:
a'y = Mode 2, 2<lyl<4 5 4
0'6% 04-H.Q‘al" Mode 2, lyl<0.5 B
SR R 7
0.4: L ]
02 _ . —. —. R :
5 ! FYTHl|A ! | :
0O 5 10 15 20 25 30
P; (GeV/c)

Strong adavantage to see the evolution with rapidity in the same system
- Disentangle size and parton density impact

62


https://arxiv.org/abs/2405.19137

I m paCt Of d lq uark? QCD challenges from pp to AA, EPJC 84(2024)

0.1

O Coal. Approaches (Catania, LBT, EPOS4HQ... RR-TAMU)

o

because A, gets flow from 2 light quarks, D° from 1+fragm. % oosf

O POWLANG assume diquark hydrodynamical flow and e
A=(qq)+C -> vo(A)~V,(DO) at intermediate o0z} 1
=(qq 2 (A~ PT PbPb@5.02TeV 30-50%
-0.04 )
15 l2 25 E! 31.5 :1 4l.5 5
. Pr (GeV)
[ Catania+ [gs] diquark (m(4s) =580 MeV, T, = 181 MeV, Tx = 181 MeV)
0.6 528 Catania+ [gs] diquark (mpgs) = 580 MeV, T, = 165 MeV, Tx =181 MeV)
. fovonia (coal +fregm) Q Quark model gives (us), large binding energy small mass.
= 0.5 - . . . .
e Pp. V5 =5.02TeV, ly|<0.5 If V(r,T) potential at finite T with large mp ~ LQCD
2 0.4 :
g Assumption:
So3 . . . . .
: - Again (us)o thermal yield flowing with the medium
502 * More precise data needed to draw any conclusion
0.1
- may be Run 4
0.0

pr (GeV/c)

0.08

2> Vy(A)> v (DY) at pr> 2 GeV -

—— CATANIA

POWLANG HTL < P\N\U
POWLANG 10CD, S

. \
R\

¢ 5 p é 8 10 4 yun, S.H. Lee et al., PLB 851(2024)
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an elephant in the Iicﬁil




Memory effect? Non-Markovian dynamics . .... soiose0

Generalized Langevin equation

T = /tczz’y(r.t’)/)(”) +n0)

J0

dt

(n(ti)n(tz)) =

There could be correlations in the initial glasma
and toward the phase transition

> Exponential memory function t ~ 1 fm/c = not significant
final effects. In many area of physics and chemistry there

2 (h()h(n)).

T

81, B power law function
(h(t)h(ty)) = K (%1) (%2) M. Ruggieri et al., PRD 106(2022)

40 :

(o <& Charm: Memoryless ”- Memoryless (px)z (pxo)e_t/rtherm Startlng from FONNL
30| o onmmme P=05 checking that it leads to same Yeperm =K/Ke, for different D

m ey Long T """/3(“\ For memory we look at the same Y¢permto estimate Tiperm
of g O o -

D} = Ty Toem & 5§ 005 For bottom even a very strong memory function
o e S leaves the estimate of D, nearly unaffected

o 8
:'i? Lo T K Teperm~d — 10 fm/c

% o1 o0z 03 04 05 06

Expected a smaller D, to reproduce similar Raa.



Extension to higher order anisotropic flows vn(pT)

ESE tecnique and v,, correlations

Selection of events with the same centrality but
different initial geometry on the basis of the magnitude
of the second-order harmonic reduced flow vector g,.

0,|V/M
M
>

20 % small g, 20 % large q,

e -§

Large q, — large ¢,

CI7:|

—

Q)=

o

Predictions for D mesons

0.04 1 ] ' I T
o V3 0-10 % 1 30-50 %+
0.03F — Y4 - .
:—\ ]
>=0.02 B -
0.01F 41 [ Pb-Pb5.02TeV -
0' | . | ! | P R ! | . |
0.02 004 0.06 0.08 0.04 0.08 0.12
Vs AP

SC(m,n)

>
0.03

Charged partlcles

0.07

A ALICE
0°06j = v, QPM Catania
0.05 ¢ V4 ALICE

[ —, QPM Catania
0.04

=}
0.02}
0.01]-
0 I |

centrality 15-20 % |

(xlO )

2 2 2 2
=<V V >-<V >V >
n m n m

SC(m,n)
—

Em (3, 2) QPM Catanla

— =@ (4,2) QPM Catania

S (3,2) ALICE

- § 4,2) ALICE

T T T T T T T
4 (3,2) QPM Catania

¢ ¢ (4,2) QPM Catania

Charged part|c|es D mesons
1 1 | 1 Il | 1 1 ‘ 1
0-10 0 30 30 50 010 10-30 30-50 (%)
centrality centrality



ESE: v, and spectra (20% small/large q, )

N

qzselected vz(pT )
S Attt - X A——

pb+Pb @ 5. 02 TeV —— 20% large-q, (D)

02 o —20% small-q2 (D°)

" (a) 0-10%

- = -20% Iarge-q2 (c)
- = +20% small-q2 (c)

01|

B 20% large-q, ALICE
® 20% small-q, ALICE |

_p

[\

N W

o

VZ(ESE)/Vz(unbias)vz(ESE)/Vz(unbias)

o .

q,selected vz (pT ) ratlo

Pb+Pb @ 5 02 TeV N

0 10%

—

I I R

20 % small q2

20% large q, |

T I S R

>4 6 8 10
Pr [GeV/c]

Data taken from ALICE collaboration: Phys.Lett.B 813 (2021) 136054

\\
2 4 6 8 10
Pr [GeV/c]

> v, (large- q, /small- g, )= v, (unbiased) of about 50% in both 0-10% and 30-50% centrality

» The standard approach for Rss and v, works for ESE observables

Y. Sun et al. in preparation



Going deeply into Hot QCD matter

0.030+ ' _ [ ] l CMS‘poster'QM201'2 (Wei I'.i) ]
— MCGIb. n/s=0.08
— MCKLN 7/s=0.20
0.025}
0.020r . o 0-0.2%@LHC
u ™
- 0.3 <pp <3 GeV
£0.015/ — P
0.010} o
0.005r A significant failure!
why the v; is so large? = —
0.000t B2 B e =

1 2 3 4 5 6 7

n

o Initial QCD quantum fluctuations
o Tdependence of n/s

o Equation of State

o Freeze-out dynamics

Keeping size and time of QGP

Anisotropy Power (uK2)

Angular Scale

6000 . 9[0 2l 0|.5 0;2

5000

4000 |
3000 F

2000 |

1000 |

0: 1 Lol 1 1 L 1 L Lo

10 100 500 1000
Multipole moment (f)

o Standard Model Matter
o Cold Dark Matter

o Dark Energy

o Hubble Constant

Keeping Age and Flatness of the Universe

Possible because at LHC one starts to create about than 10,000 particle per event



A first study of HQ in a Glasma

What happens for 0+<t<0.3-0.5 fm/c?

Longitudinal view Transverse plane view

(0% ()P (yr)) = (9°14)?6°°6 P (21 — y7),

Inizialization by Mc-Lerran/Venugopalan
model PRD49(1994)

dA%(z) ay
) (16)
dE{ (z : :
:ﬂ(” = Y 9,Fi(x) - Y fAY (2) i (2). (17)
J b,c.j
Longitudinal expansion st o ) ) .
— €))7 gw Formation time of transverse E-B fields g?ut =1 = 1¢,,(charm)
| /O L (EX2/12+Ey2/12)1/2/(gzu)2 ] 1
06| \% | after t = Q5+, all components are equal
<
P
0.4 /"/Q,
0.2/ transv, Efja
. 1 = Trorm(charm) The very early stage has left some imprints?
0 2 4 6

2
g ut J. Liu, S. Plumari, K. Das, M. Ruggieri, VG, Phys. Rev. C 102 (2020) 4, 044902



Role of HQ also in the CGC/Glasma studies

Energy density D

ivergency at T =0

< HQ dynamics starting from 1y = 1/2mg= 0.02-0.08 fm/c

N
N
N
N
N
- N -1
N

>y, T
. .. Chromo-fieltds
% Relevance to HQ in pA collisions

— Explain R,a ~ 1 and large v, of D meson o
—> may have a key role on D-D angular correlation © 0.1

“ May affect the determination of D(T) gu=3-5GeV  g°ut=0.1fm/c

- modify (improve) the relation Raa & v, toward a smaller Dy

A substantial qoal for HL-LHC ...

The issue is not that the unknown early stage would destroy our
current picture, but to find signatures from the early stage dynamics (~ for Early



Impact of T dependent interaction on Ry, — v,

Raa(Py)

08— 71— 71
vy const. (BM)
——— y=const. (LV)
r:-'.()— —_—y=T
| _Y=T2
“'E I 1
> 4 /
o | _ -
— L
D 2/ |
0 1

PR RS IR R
0.25 0.3 0.35

0.4

Looking at it beyond the specific modelings

> Y = T? [Ads/CFT, pQCD as=const, Duke]

» y=T [pQCD strong a running]
» v = const. [QPM, PHSD,..]

IMC@HQ]

[T-matrix] [LBT]

v rescaled to fit Rya(py), D from FDT

0.2
T [GeV]
T 1 1 1 1 1 1 T 1 T 71 T4 r . | . : i |
s PHENX
- —— y=const (BM) _| —_— YS‘Z’;S;'S'_
1.5 - —— y=const (LV) 0.2} —r= -]
- ! 1 - ’Y: T — Y:Tz ]
T liif:?* T o008k ]
1 % _ ) -
I v\ ]
A\Q
oo - 0.04 =]
i T Y [ .
T I T A T NN A N T |
00 1 2 5 5 7 05 ! I ; |

S. Das et al., PLB747 (2015) 260

2
p; [GeV]

More sensitivity of charm interaction
than light quarks (bulk QGP) :

- a sign of larger Tem advantage

of slower thermalization wrt to light q



RAA

1.6

1.3

0.7

0.4

charm quarks pp CT14NLO
PbPb EPPS16
Q.= 2GeV

—————————

.®
.

== nPDF
- = glasma

— nPDF + glasma

1 1 1

0 2.5 5 7.5 10

pr[GeV]
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Chiral Magnetic Effect and P &CP violation

Axial current j;, : net handedness flow A sphaleron drives locally a chiral imbalance
N .
0"jp =2 myp(thyivsibs) a|— 9 o E | <N -Ng>#£0 in HotQCD matter
f

1672 M ¢

Reveals a local Parity breaking in Strong Interactions

Consider a homogeneous, strong magnetic field (Warringa, 2008): A local axial U= Lg. L (topological ue) induces

Momentum [ 8 i an electric current ), along B = charge separation
. Uy) (dy,)

Spin 8 @ H ?ﬁ T No Codd but CP-odd

o #o @ & T

K =y
é @ ﬁ JV’ = 2 :“ _1B
Sphaleron=
1 2 3 P-odd current absent
in Maxwell eq.s Expected exp. effect: dipole modulation
(NL = NR)+oo = (NL = NR)—oc = 2Qw | driven by axion field  of azimutal distribution

Relaxation time of topological charge my" >> Tirepall dN. 4 + 20, COS(AG) + 205 COS(2Ad) + - - + 24, Sin(AQ)

a0 cHe
Observed in Dirac semi-metals — Q. Li et al., Nature Physics 12 (2016)



v, large sensitivity in the low p;

v, not sensitivite to vy much more sensitivity to
D, value at low pr D, value at low pr
>'0.45F 1QCD 1 = 2ey<4 4 = 006k = 1QCD -
IQCDx5 - 521 - 2324 3 " dv, /dy_ 1.07.10'2 ]
0.4 IQCDx10 _— <l e 2<y<d 3 [ - -1QC i
; 0.04f dv, /dy_ -2.71:10% 4
o E : — &y 23.11.102 :
0.3 == Cooper-Frye =3 0.02 CV . . ]
0.25 P 3 [ — > dv, /by = -0.14-102 ]
- E Of - T T —— ettt "t -
02 “—_ 3 g \\ i
W 3 _o02f POWLANG ~ N
0.15 08 3 - Pb-Pb, {5,,=5.02 TeV \ -
01 v, k= ol [ Centrality 30-50% N
-'] ‘|“ E R L k o
005 A dt T BN ~ 1 Run 4 for |yl<l or 2 (CMS)
s L ~d Run 56 for |yl4
¢ L CEAEN kel el Rl Tl kel ek Rl Tl kel ek Kl Sl ket ek Kl e ' -,|,,T,,|_“,|,_,_|,,,_l_,,,|““|““|““|.- MV\ OT' j <
0 2 4 6 8 10 -2 -5 -1 -05 0 05 1 15 2
P (GeV/c) y

A.Beraudo et al., JHEP 05 (2021)

Observables sensitive to spatial inhomogeneity of HQ distribution, like the transverse flow
v1, can provide a richer information on HF transport coefficients



7% mass and width modification in AA

Changing eB, Changing lifetime 1
04 | | ! (NN B AL 0‘4_—|—|—r|....|....|.. ™
i Z°@5.02 TeV Pb+Pb, b=7.5 fm . r 20@5.02 TeV Pb+Pb, b=7.5 fm .
L B(r)=eB/(1+(v/x,)), 1,=0.4fm/c, a=1 | -~ [ B(r)=eB/(1+(t/1,)*), €B,=73m2, a=1 _4- -
02| -] 8 02 |- -
i _-- = : .- =
< P < — _ -~
%.) 0.0 I - S %J P i
(D i T D (D 00 ——~—I'_.,"_‘\‘ QD —
~ - o — e F -
= [ AM) Trses S Fow AM —— =
< 0.2 | e Ac Tl < z 02 L e AES > I I %
- ~AM/BEVS 81710 fiteBl/G0Y) h | i —.=A(M)/GeV=-4.08x10* (IidweB(x)/GeV)***2 ~-m ]
- = = Ac/GeV= 6.44x10° (I:;dteB(T)/GeV)z L — — Ao/GeV= 6.44x10° (I:'dteB(I)/GeV)Z
-0'4_llllllllllllll[lllllllll]""""_ N4 - ||||[]1|||I|||‘|7
o 1t 2 3 4 5 Changing power law "a” 0.1 02 0.3 0.4
eB_ (GeV/m 04 1 —
o ) 2@5.02 TeV Pb+Pb, b=7.5 fm ] 7 (fm/c)
| B()=eB/(1+(x/r)), eB,73m2, 1 =0.4fm/c ]
02 F |°~_ |
T n e 1 i 2
s Te- - i e —
AM) = k dt e B(7) 3 ool *1  |Aop =k, dt e B(1)
________ = —= =
I Z T * i 10
3 o Ta A ]
n=2.16£0.16 021 e 4o ] k=644 -103
3 =+ =A(M)/GeV=-269x10° ([:dreB(¥GeVy*
k:'[269'51 7] - 10 04 | - - AciGeV= 644x1o" (f‘dreB(r)IGeV)z | ]
1.0 1.5 20 25 3.0

Y.Sun, V. Greco, X.N. Wang, PLB 827(2022) a

To be done vs centralities, systems, ...



E.m. field: a main source of uncertainty

v,(D°%-v,( D°

D

eF (GeV/fm)
N

1.0
0.5

0.0 —
25
1.0+

'1-5' . ! . 1 . 1 A 1 . 1 —
15 10 05 00 05 1.0 15

E =
T

Pb+Pb @ 5.02 TeV, b=7.5 fm
x=0, ng=1

—-eBy case A (x30) T
= =.¢E caseA (x30) |
—-eBy case B
= «-E caseB
~==-eB caseC
== «-E _caseC

t (fmlc)

'Pb+Pb @ 5.02 TeV, b=7.5 fm
3<p,<6 (GeVic); =

=== Case A (x30)

= Case B, 1,=0.4 fmlc

=== Case C, 1,=0.410.1 fm/c
@® ALICE

M

Case A
E-B fields like Gursoy et al., PRC89(2014)

Medium at t<0 + eq. medium 6,=0.023 fm"!

Case B and C
eBy(z,y,7) = —=B(7)pp(z,y) 15=0.4 fm/c assumption
||B(T) = eBy/(1+72/73) V x E = —0B/ot: aaiz ~ 0 small

B(t)=eBy/(1+7/7B)
B an C similar B, up to t< 1 fm/c

* e.m. field o, as for RHIC
> Av,(D°) order magnitudes smaller than ALICE data + opposite sign

* e.m. with B, (t=0) as in vacuum
> Large Av,(D°) but opposite direction

* e.m. with B, (t=0) as in vacuum, E,= 0.5 B, (t=0.5-1 fm/c)
- Av,(D?) = ALICE Data (1/t ideal MHD)

. . . 76
Time derivative of B,(t) even more relevant than absolute values”



If Av;=v,(D?) - v{(D?) is of electromagnetic origin > we’d have a proof of the formation of the QGP
Is there some complementary way of proving it?

s there a further way to pin down the e.m field strength?
Such a large splitting (in ALICE) has an electromagnetic origin?

“# Probing the electromagnetic fields in ultra-relativistic collisions
with leptons from Z, decay and charmed mesons




Why Ieptons from Z9? 70 = 1/2mzo = 0.0011 fm/c

—
<

" Pb+Pb @ 502TeV What one expects?

—7"MC

—
<
N

- No damping from medium interaction

3 e Z'cms .
10 = lepton MC - Massless more easily to drag
10* = lepton analytical - Charge 1.5 times larger

s charm

—
<
o

One expects same sign and Av,(I+,I) > Av,(D9,DO) ?!

0 2 40 60 80 10
p_(GeV)

dN/d’p_dy/(dN/dy) (GeV™)

- Leptons from Z° decay are separable by other sources
~  Tdecay(Z%)= Tiorm(charm)=0.08 fm/c: they go through the e.m. fields at the same time

- meanfigul look at the correlation Av(D° D0 and Av,(I+,1)
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V; splitting for D°-D° and I*- |- from Z° decay and

10 ——————
> 10° Pb+Pb @ 5.02 TeV - No medium strong interaction
—Z'Me - Tgecay@®)= Tiorm(charm)=0.08 fm/c
10° o Z'CcMs ; Y '
== lepton MC - Massless more easily to drag

== =|epton analytical 1

~—charm - Charge 1.5 times larger

1 0-7 . 1 1 " ! " 1 "
0 20 40 60 80 100
p, (GeV)

Surprises:
1) Avy(I* 1) < Av;(D?,DO) even if Apx(l) = 2* Apy(D)
2) even the sign of Av, (I*,]) can be opposite!?

not because wins electric field

Apy is always positive:
~ 0.3 GeV for D charm

~ 0.7 GeV for leptons

with a weak pr dependence

Ap,(pr,y) —0nf,
2 Opr '

U1 (pTv y) ~

Y.Sun et al, Phys. Lett. B816 (2021)

04—
Leptons aty =0.5 Charms aty =0.5
0.3} {0.3
e T - “~H.

02} 1 'J“\N\,_:l 102
—o-AV, loa
=a=-dInf/dp,xdp,

-------------------------------------- 0.0

0.1

30 40 50 60 70 80 90

3

4 5 6 7 8

p; (GeVic)

Peak in Av,(I*,I) at p;y =50 GeV
consistent with the large Av{(D?) 2

L—1.0.1



Bottom Ry 4: Boltzmann = Langevin

Calculation in a Box

L L B B R B A ] L R R B B B B
[ T=400 MeV — t=t0 7 " T=400 MeV — t=t0
— t=2fm — t=2fm
LS mp=0.83 GeV t=4 fm - LS m,=04 Gev t=4 fm
— t=6 fm — t=6 fm
= 1= |
8 1 = —= &R ]%
> >
= 1= L
0,5 -4 o5
Bottom | Bottom
oL—! AT [N N N S A TR NN N N oL— I T I T Y T AN TR N
0 1 2 3 4 5 6 7 0 1 2 3 4 5
p (GeV) p (GeV)

In bottom case Langevin approximation = Boltzmann
But Larger M,/T (= 10) the better Langevin approximation works



Strangeness in pp for HF sector

1_|||||I\|||I[Illl||||\I\|||||I\I‘II!|\II|III‘I\I

+D C . . 7 o T T T I T T T | T T T l T T T I T T T
Emo o ALI‘/C_E I;’Sr%IHr_n\l/n?r'y 05 —o- Data ] (@] [ ALICE = Data ]
YL pp, Vs =13.6 TeV, |y|< 0. E -~ - BR unc. E
Fo PYTHIA 8 ] T T pp, ¥s=5.02TeV PYTHIA 8 Monash2013]
081 ™, Monash 3 0.4 —— PYTHIA8Mode 2
o ] L lyl<05 wmmm PYTHIA8 Mode 0 -
07 CR - Mode 0 = s m PYTHIA 8 Mode 3 7
E CR-Mode?2 3 03  []] === QcMm 7
0.6/~ CR-Mode 3 ~L ww Catania (coal.+iragm.)
a = ] r SN SHM+RQM -
0.5 = C ]
g : 0.2% .
0.4 - %, .
= B = 77777 /////////,,// 7]
o.sjﬂ E X ]
e - Catania 7 01_ . ‘__.----------..?@;ﬁi ]
02 b D' gn'os KK POWLANG E E\t\_\ ~ , R~
r andchargeconj, ... HTL d = — = iR -
0'1:_ BR unc. (not shown): 57 % —.—1QCD B . k
O:I 11 | L1l | L1l ‘ L1l | L1l | L1l | L1l | L1l ‘ L1l | L1l | 111 ‘ L1 I: 0 2 4 6 8G V/ 10
0 2 4 6 8 10 12 14 16 18 20 22 24 eV/ec
p. (GeV/c) p; ( )

ALICE - Faggin, 4 Tue 11:00

- Catania Coalesc.+Frag. quite ok, but it is large the fragmentation contribution
- POWLANG/LCN too high, but the approach has only recombination also for mesons

- PYTHIA-CR seems to have a lack of strangeness [see also E ]
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Coalescence in pp@5 ATeV

Ty T T T rrryT TTrrprrrprT T rrrprrrpr T rrrprTT o S E : l . l . l ' I i I . l * E
: A Rllmc.l AL : : LA bcolcoall. L : 045 o[\’lo E ALICE Preliminary PYTHIA 8 7
04| —®— ALICEpp5TeV ] | XX Q.co coal +fragm. 1040 /\b\ [ pp, Vs=13TeV, |y| <05 = Monash xBR 1
| i ] CR-BLC
coal +iragm. 90 coal +fragm + ] og:j 1071 eData Mode 2 xBR =
my;>3000 MeV PDG res. 035 [ E W Catania (coal.+fragm.) x BR 3
| X C Catania (coal.+fragm.+res.) x BR .
03— - = _030 ';_‘; L #QCM x BR i
- - |
. 2 L _
[ — 0,0 [ 0,01 .. F107¢ N E
_% \ = /D {1 Qc /D : 0-3 ogo : === f
& 02} 4 4020 i ]
i % T s @ 107 ‘
[ | ] \ o {o1s : L
0.1F %‘@* i B S—— _-0_10 4 __ ‘V‘j
; i D N . ] 10 E BR(Q) - Q') = (0.51+0.07)% [EPJC 80, 1066 (2020)] 3
1 S . ] TR S TR I SR DA
: 005 0 2 4 6 8 10 12 14
I ] eVic
Fo 1) T I I I I IO B BT PP TS PO T TP PP P i | P;
012345678910 0123454671829 100 00 ALI-PREL-486637
PT |GeV] PT [GeV]
Large uncertainty in the
V. Minissale, Plumari, VG, PLB 821 (2021) exisiting €2, resonances

Seems to work from pp to PbPb = multi-charm production from pp to PbPb

Error band correspond to <r?> uncertainty in quark model



Evolution of Yields with system size Minissale et al., EPIC84(2024)

1015_ 1 10 g 100% T T r r T
i o 0
10% 10° S g%} D —o— |
107 107! © 500 | Ao = |
1072k 1072 o Qece
: O  25%f .
5107 107 =
e i = A
210—4_ 10 4 ; 0% | o— —R b
U10'5f- 107 S —25%) .
10_6;' 107 2 sou| -
107k 1 107 g
t © -75%} .
1078} 1 10°® °
b 0-0 Ar-Ar Kr-Kr Pb-Pb N
S| T T A TP B | lessclass s tacs sl asey = >--100°/° Io Io <l> Io lo
107955555 35 4735555 6 60 ’ —o0% ‘2;’/" 1‘/’ 2/" 2% S0%
A (<r>q,) < variation
> D, A, yields constrained by charm # conseervation because they dominate the yield
> Instead Q... is also very sensitive to wave function - <r’>
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How HQ interact with the medium [low-medium p,]

Tree-level with vertex g(T)

& propagators renormalized

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

“» 3 kinds of approaches:

(¢ - chzl(T))_lmatch soft scale resummed in HTL Q

b) Quasi Particle Model + tree level diagrams
[Catania, Frankfurt-PHSD, QLBT o ColBT,...]
g(T) from a fit to IQCD-EoS

screened propagators with mp ~ gT

c) T-matrix: scattering under V(r,T) deduced from IQCD (TAMU) .| /ﬁ{%” g

F pmsenmansesgaant s &
. m’_m_:{.: = 186 r=

of 2 203
7 - e
q, , ’ .
240

= 259
T + V T S0} 281 -
c H 326 1=
] 365

! 424

459

J 1 1




HQ momentum diffusion: lattice-QCD

From the non-relativistic limit of the Langevin equation one gets

ifilz—"?DPi+€i(t), with (¢'()¢(¢)))=8"5(t — t')x

oo +oo , .
hence Kk = %/_oo dt(¢' (t){( )HQ = %/ dt(F’(t)F'(O»HQ

.
— 0o v

=D>(t)

Lattice-QCD simulations provide Euclidean (t = —iT) electric-field (M = oo) correlator

(Re Tr[U(B, T)gE'(7,0)U(7,0)gE"(0,0)])
(Re Tr[U(53,0)])
How to proceed? k comes from the w — 0 limit of the FT of D”. In a thermal ensemble
o(w)=D”(w)—D<(w) = (1 — e ?¥)D” (w), so that
D~ (w) 1 o(w) 1T

k= lim = |lim ~
w—0 3 w—>031—e Bw w50 3 w

De(1) = —

o(w)

From Dg(7) one extracts the spectral density according to

[ dw cosh(7‘—ﬁ/2)0 -
De(7) _/0 2w sinh(Bw/2) ()




Two Main Observables in HIC

PHENIX Au+Au (central collisions):
] Directy

“* Nuclear Modification factor I e
E GLV parton energy loss (dN%/dy = 1100)
d*N*/dp,dn - l
R = r I
P = N rdgay, | e L %.T.T.f.iJFﬂ;.f.*..f.# ..... e

- Modification respect to pp

T \\\Hlu

AAY
s
- Decrease with increasing partonic interaction

%%%%&%Aﬁ“%i ﬁ% % % % %

v e b L e e e s
8 10 12 14 16 18 20

OH

“_Anisotropy p-space: Elliptic Flow v, by (GevIc)
AN ___ N 119y, cos(2p)+..] B . 31.77 % centrality
5 Q) +... g 7
prdprde  2mprdpy s a 100101 ‘;/o
B, - L (2
@ (©)
. \ : Collective interaction | ’ o
‘ e | i \ ‘o : : 25 3
Coordinate space: Momentum space: q’lﬂb-\Pplane (rad)

initial asymmetry final asymmetry



v; of D mesons: quantitative study

Oliva, Plumari, V.G., JHEP(2020)
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t=0.2fm/c

T T T T T T T T T T T T T
Au+Au @ RHIC 200 GeV n=1

1.2F s QGP, tilted T === QGP, tilted
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