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Sketch of Time evolution of uRHICs

Kinetic
Freeze-out
Hadronisation @ ...”
QGP formation Chemical freeze-out.....-***""" i

Adapted
from ALICE

Time: 0 fm/c <1fm/c ~10 fm/c
for bulk matter (LHC)



Outline

<> Basic concepts & motivation for HQ physics in uRHICs

<> Results from the first & second stage:
- strong non-perturbative HQ dynamics [agreement to LQCD?!, close to AdS/CFT limit?]

- non-universal hadronizationin AA# e*e~ seems so already for pp@TeV

< Next steps: low py, extension to b & access to new observables

< HQ as probe of Glasma early stage phase



Basic Scales and specific of HQ
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Why Heavy?

» PARTICLE Physics: m¢j, >> Aqcp pQCD initial production
» PLASMA Physics:

- Mg p, >> Truic,nc No thermal production

- mg}, >> gTrpic,LHc SOft scatterings = Brownian motion

Specific Features:
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- X. Dong and VG, Prog.Part.Nucl.Phys. (2019)
- Jiaxing Zhao et al., Prog.Part.Nucl.Phys. (2020)

> 19~ 1/2mq (<0.1 fm/c)<< Tqcp Witness of all QGP evolution

> Tth = TQGp >> Tg,g Carry more information of their evolution




Basic Scales and specific of HQ

Why Heavy?

Higgs Va¢uum @
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* For HQ we know initial py distribution at variance with light quark & gluons

* HQ not created at hadronization by string breaking + const. quarks close to energy conservation



Standard Dynamics of Heavy Quarks in the QGP

c,b quarks
@ D
A _ @
sQGP °

limit

Fokker-Planck approach (T<<mg)

in Hydro/transport bulk

Ofch _ a(pfc,b)_l_ D 0*fcb
ot drag op diffusll%n dp?

Brownian Motion

(P)=Poe™"
<Ap2> =3D, /y(1-e™")
D, =ETy — Fluct. Diss. Theor.

= [d’k|[M(k,p)[p
1 )
D= [dk|M (K, p)| p?

| M| ? scatt. matrix from:
HTL, pQCD coll., rad., T-matrix,
QPM, NREFT, AdS/CFT...

Space diffusion
coefficient

<> This is the main set up at least at pr < 6-8 GeV

< Brownian motion challenged for charm (M. ~ 3 T~ gT) = Relativistic Boltzmann dynamics

< At pr> 10 GeV radiative E, , gnar, jet physics



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:

Dy _ Tpp(w) _T? T T
—3 = lim > Dg=—=—-=—144
T w-0 W D, Mqpy Mg
L. Altenkort et al., PRL131 (2024)
é “r INf=Nin'g) 88'8 . 11 Approximations/limitations:
= ALICE = - Extraction of pg(®) from Dg(t) is not a well posed problem with
o wor | Bavesn ¢ 1 a finite limited # of points
& 8t { - infinite HQ mass vs. charm quark, continuum extrapolation...
a6l _ o+~ ~ | ] -~ quenched N=0= to non quenched QCD (2023-24)
4 B — - . . .
- Jf } - {— 1 HQ allow for developing a NRQCD EFT at finite T
o | ]
g ¢ AdS/CFT 1 & many-body T-matrix from V(r,T) by LQCD
N Y y y




Studying the HF in uRHIC

0 0.5

< HF into Glasma

T <0.1 fm/c

o
e_initial production
- pQCD-NLO

- MC-NLO, POHWEG
- CNM effect [pp,pA exp.]

do@+X ~ Zf’{“ ®ij ®d5-,-j_>Q+X
ij

T [fm/c]

b,c

n,cC

e Dynamics of HF in QGP \

Themalization
Transp. Coeff. of QCD matter Dy(T)

Radiative E; & Jet Quenching

B,D,Ac

121

= Adapted frg
Rapp &Grec

e Hadronization
- coalescence and/or fragm.
- large AJ/D in pp,pA,AA
- affects observables




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
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Two Main Observables in HIC

PHENIX Au+Au (central collisions):

“»_Nuclear Modification factor i mnay
RAA (pT) ~ dzNAA /dedU - GLV parton energy loss (dN%dy = 1100)
colldzNNN /dedﬂ $++H+++ ..... + ....... T ..............................

T \\Hlli

- Modification respect to pp

Vst

- Decrease with increasing partonic interaction
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What was the expectation for charm? ~

QGP created is made by 99% of q=u,d,s, + Charm Quarks <1% -

my = 0.01 GeV & M. = 1,3 GeV -> poorly dragged & long thermalization time :
In LO-pQCD 1¢therm = 20 fM/C >> tq6p >> Tg therm = O(1) fm/c > Rpa ~1 and v, ~0

/ \ ~2005
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Raa & v, with upscaled pQCD cross section
Diffusion coefficient

2
Dp chdSk ‘Mg(q)c—w(q)c(k’p)‘ K

scattering matrix

Fokker-Plank for charm
interaction in a hydro bulk

Moore & Teaney, PRC71 (2005)

— 0.22
®D (@2t =15 (a) e f (b)
1D (2rT) =3 =~ 02 (; D
A D(2rT) =6 o18b LO C
O D (2xT) = 12 :
v D (2nT) = 24 0.16-
0.14F
0.12F
0.1
Multiplying by 0.08F
a K-factor pQCD 0.06F
0.04f
----- 0.02f
%05 1152553735 4 45 5 % 05 1782 55395 45 s

pr (GeV) pr (GeV)

It’s not just a matter of pumping up pQCD elastic cross section:
too low Raa or too low v,



R&and vz_evolution & correlation

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

Raa is “generated” faster than v,

R.a Ratio normalized p; spectra pp/AA

1.8 e e 10
t=1 fm ——
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by the time (temperature) dependence of the interaction.
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Elliptic Flow:Anisotropy Azimuthal emission
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The relation between Ry, and time is not trivial and is driven

v, formation time t~ R
_|_

for HQ come from
The drag of QGP fluid



Studying charm in uRHICs - after Run 2

Raa V2

2 - L] LI} I LI l L I UL I 1T 17 >N T T T T T 1 11 I T T ]
1.8 . 0.20 TAMU MC@sHQ+EPOS2 |
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Diffusion Coefficient of Charm Quark: first stage

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

100}

(2rT)D
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LO pQCD, ¢.=0.4

D meson[Ozvzlenchuk et al] l
QPM (cCatania) - LV
D-meson [TAMU]

QPM (Catania) - BM
AdS/CFT

IQCD [Kaczmarek (2014)] ]

IQCD [Banerjee et al.]

04

% Largely non-perturbative D (close AdS/CFT)

even if Mo>>Aqep , m, (bare)

T,
X. Dong and VG, Prog.Part.Nucl.Phys. (2019)

Th(charm, p=20) < 5 fm/c

M
2712

Tth =

—_(27TDy) =

1.8

27T Dy
(T/Te)?

fm/c

pQCD, Asymptotic free regime

Not a model fit to IQCD data!
Phenomenology Ry, & v, = Lattice QCD

Infinite Strong Coupling (AdS/CFT)
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pQCD by itself indicates
a non-pert. behavior

Caron-Huot, G. Moore, JHEP(2008)




HQ Surprise also in the transverse flow v,=<p,/p>

¢ Transverse flow ™77 7777 \would you expect charm quark to
N\ / = llght hadrOnS —_— =13 7 h ?
S _ ; ave a smaller v, ¢ Or a smaller one due
/—i-'& R~ «10-2 1 to its mass?
Bulk matter E /\K“k ] iy
tilted o ] Very surprising!
> ‘k/ v; (HQ) ~ 30 times v, light hadrons (=,K,..)
-0.25F ——y
L dvy/dy] ey~ -0.0025 ]
[ Au+Au @ RHIC 200 GeV, b=7fm .
05 4

n



HQ Surprise also in the transverse flow v,=<p,/p>

UnsvEse on. 1 Would you expect charm quark to
have a smaller v, 2 Or a smaller one due

- light hadrons oo

N 0.25F - .
/—t\ = 102 ] to its mass?
Bulk matter NC;’ /\Hﬁh“k X ] ..

Very surprising!

tilted g ]
; 1 vq (HQ) ~ 30 times v, light hadrons (x,K,..)
—0.25_— l—!—-
 dvi/dy]ey,~ -0.0025 I dv,/dy=-0.080 +0.017(stat)+0.016(sys)
L Au+Au @ RHIC 200 GeV, b=7fm _
05} -
N R T R T N
) n
¢ L B L L B ]
. ¢ D% D’ STAR 10-80% 1 . .
S } — o ] T T o] % Needed non-perturbative HQ
I T w—  CIPM (Catania) - LV . .
0.05 — - QPM,charmtited == e, | interaction close to AdS/CFT
i 1 I AdS/CFT
~ e e - .
SRR ey ] % Needed also initial “tilt” of bulk &
< A e |
\ asymptotic free regime ime | none for H
A\ -perturbat = re9ine Q

-0.05

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




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

From Raa(pr) and v,(py) of D mesons

Q E Lattice QCD OGOY‘?‘?“%““‘QCoLoa—O“ ] *Main differences in comparing to LOCD-AdS/CFT:
B | oDmetal NS 204, =
QI 30 [i = Baneriee etal ,,oumunareseees®” e ~| - quenched QCD (Yang-Mills) + Mg=> oo
| 5 4 Kaczmarek et al. . . .
t | - phenomenology at intermediate py — LQCD(AdS/CFT) at p>0
20~ % ] *Main sources of differences in models:
I - impact of hadronization («unexpected» large baryon production)
10l - momentum depedence of matrix elements
i - data not enough precise/observable not enough constraining
- (especially for pr=>0)
PR T T SR NN T SO T T NN NN MO SO S A T SN !
0 1 1.5 2
T/T,
= g (GTD,) 18 0 fmfe 2.5-6 fm/c (p>0, Ty



Impact of HF in-medium Hadronization

25 T T T T T T T T | T T T T | T D meson T '-El-' DolALI.CE T
L8 o D° STAR (0-10%) = ol
L6 Coal.+Frag. = : = D coal.+fragm.
145— = == Only Fragm. 3 0.25} = = D w/o recomb.
1.25_/ _i 0.2F
) (Au+Au @200 AGeV o100 5 = 7]
0.8;— \ 0‘9/@ _i 0.1f
0.65 \ %\ SC%,cf 3 oosf
2 N q E
0.4F Fragm g = 0 T
02E- e”tlon‘a,;‘y 8 —oos} PbPb@5.02TeV 30-50% .
E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 E & & A & A 4 L L L L A 1
00 ((4; V) 6 8 01 1 2 3 4 5 6 7 8 9 10 11 12 . i) 5 6
p; (Ge GeV 07 7
= pr [GeV] (GGI//C)B 910, 3 A.Dubla
Opposite to in-medium scattering Coalescence brings up both R4 and v,
- toward experimental data
Phase-space coalescence: quark recombination >Add momenta: Pf from low pr quark
fu(Pu = p1 +P2) = £, (1) ®F7(p2) @Dy (A%, Ap) - Enhance elliptic flow v, adding flows:
. ~ mc Mg
Independent Fragmentation vop(Pr) = vy, m—DpT + Uyq m—DpT

fH(PH = ZPT) = fq,g(PT)®Dq,g_)H(Z) ,z<l1

(Gev—2)

dn
2npr dprdy

-



HF Baryon enhancement wrt e*e~ even in AA& pp@TeV

Phase-space Parton Distrib. Funct. ~ Hadron Wigner function Fragmentation
coalescence dN,,,.. “ dN, dN
2 Hp,dO 3 f (xi,p;) ﬁ(pr—z,.p.-r) s = dz 2
| <pr 4 d d” py
AA@RHIC-STAR TAR, Phys.Rev.Lett. 124 (202
@ C S S ’, YS .eV ett ( oO O) <b r T T T T T T T T pp@LHC (=) C T T [ T T T [ T T T 1 pp@LHC
- (D) PYTHIA ---- Ko etal three quark (00'5 /o) . ALICE PP, E — 5.02 TeV | @) L ALICE - Data
B [ - pymHacR o Kootatdequark, ((8-;50/2/) ) < [Wi<o05 . ; °\i’ - pp. V5 TeVv PYTHIA B Marasn2012]
CR al: -10% C : ] - - 1
OS mmmm Catania, coal.+frag. (10-80%) L . - o4 C pp. 15=5.02Te —— PYTHIA 8 Mgdnzsz 7]
S 3 Rt el °8"2‘>"é83'§’0%> 0.8 —— PYTHIA 8 (Monash) - M<05 === PYTHIA8Mode 0+
o — — Tshingua (10-80% r T - === PYTHIA 8 Mode 3 7
< Rappetal 0-20%) |  [& 777 PYTHIA 8 (CR Mode 2) 1 o3  [[] =ee- acMm h
++o - \'\,.‘ - Catania, fragm.+coal. _| o 2w Catania (coal +fragm.) |
< 2r \‘\.}‘ Au+Au@200AGeV [ SH model + RQM T C NN SHM+RQM ]
e Th CATANIA (coal.+ftag.) , h
[ o i §/~/ A 0.4_ — QCl - 02 .
1= o3 i ] ]
o 0.2 - (O | RUUPTOTEN TR, 7
L‘"“““"‘rHERMUé | -PY-I-H.I A oo SN e 5 :' . ': : : """""""""" SN T\\\\\\\\\ AN 1
e e e e N S | W 3 0 L L L L | L L 1 L | 1 L L [ eopasqenapeadeespeageenpengenspunyensy | 1 l-l [y
0 2 4 6 8 5 ,10 (GeV/o) 0 2 4 B 8 10
Transverse Momentum (p_) (GeV/c) T P; (GeV/e)

- 19 prediction in coalescence [Ko PRC(2009)] of very large A/D®>> SHM[PDG] >> ete (~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 to pp

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

even in pp v
RN RARN RN RRRY AR RARRREANRRRE 0.15_' o]

/D°

T T T T | T T T
- ALICE pp, Vs = 5.02 TeV

h — ~14F POWLAIHVTGL b - pp. Vsn = 13TeV, 60 < Ny, < 1201
< [ll<05 < C — pp min bias [ ]
i —=— ALICE ] 10f e pp IQCD, min bias [ ATLAS, c->p ]
0.8 —— PYTHIA 8 (Monash) ‘ v PP IQCD, high mult 0.10[~ == EPOS4HQ, D° -
s - PYTHIA 8 (CR Mode 2) 1r -——- Pb-Pb, IQCD 0-10% I
0_6 - Catania, fragm.+coal. _| 0 8: """""" POWHEG+PYTHIA ~ L
| [ SH model + RQM ] “r = 0.05 -
0.41 2 - O8F gy "y, -\:
- RLR S ] 0.4f [N ﬁ’&? 0.00} 1
0.2 . Pk b o I
- . 02F Lacal Colar Recombiination
- 1 Tp R T O I N
0 | | L L | N L N | | ) 1 | 0|||||||||||||II|I||||||||||||||1
5 10 v 0 2 4 6 8 10 12 14 16 0 2 4 6 8
p, (GeV/c) p, (GeV/c) pr (GeV/e)

> 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

: : . I Leading Color (N.20): Prob. of Local Color neutralization=>0
_ (3 Dipole-ype reconnection
@ L When string color reconnection is switched-on in pp
o >_@ ‘_< - Very large baryon A., £, enhancement
¢ Baryomc reconnection - not so relevant for D, like coalescence+fragmentation

> Not indipendent strings - Local reconnection ->
string energy minimization-> smaller invariant mass
close to D meson states (like in coalescence)

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

Altmann et al., Towards the understanding of heavy quarks hadronization: from leptonic to heavy-ion collisions, EPJC 85 (2025)



HF Baryon enhancement: impact on R,

2.0

1.8}

1.6

1.4}
1.2}

210
S

0.8

0.6

0.4F
0.2}

0.0

D% 0-10% = |
w/ baryons - - - -

w/o baryons
charm -------- ]

4 5
pt (GeV)

Till 2019-20 the baryon production (A, ..

was discarded by theoretical approaches
But data at pr> 2 GeV nearly blind to it

A baryon production was mostly neglected in most studies of Rxa, but:

- Strong impact on Raa low-intermediate pr—=>affect estimates of D,

)



“See” Hadronization mechanism through elliptic flow

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

> Large v, of Ac~ vy, ( pT)+ 2 Va4 ( PT)

- Effect to be measured in AA; will it be seen also in pp? [for Run3-4]
0-30 [ T T T T T T T T T T T ] .
130-50% Pb + Pb, sNN=5.02TeV | v A dominated by coalescence:
0'255 ] pr range? self-consistent with A./D ratio?
0.20¢}
N 0.152 > Would PYHTIA-CR predict finite v, of D, A¢ in pp?
S _

010t by String shoving? Can it predict D, A, systematic
S for v,?

0.05}

0.00 4 Methods/tools of AA allow better insight

into hadronization in pp!?
He and Rapp, PRL 2020 23




A very solid comparison to LQCD, to the development of NRQCD-EFT,
to quantify interaction only by space-diffusion D (full Brownian motion)
requires a “full” HQ , but M~ g%~ gT, <p>~3T at T~ 300-500 MeV

- full Heavy is the Bottom



Extension to bottom dynamics: Ry, V5, V3

|||||||||||

0.2

0.0

|||||||||||

ALICE b(—c)—e —a— |
B—>e coal.+fragm. =—-—:

B coal.+fragm. coal

i — T —

...........

01234567 891011 0123456 7 8 9101112

pr [GeV]

pr [GeV]

014} 30-50%

;u%- ‘\\<-

0.06} e

4 ‘f.

0.04} Tt
7
0.02} / Vo 1t

ALICE b(—c)—e —e— |

B coal.+fragm. =—

B—e coal.+fragm. =—-=-
bottom

V3

AR i
-

< J N " M
000, 2 3 4 5
pr [GeV]

6 7 80 1 2 5 4 5 6 7 8

» No parameters changed wrt charm (only M)

> Agreement within still large uncertainty

> QPM implies a mass dependence of Dy(T),
not seen in LQCD/NRQCD

(2nT)Dg

T T T T T
1QCD [Banerjee et al.]
1QCD [Kaczmarek (2014)]
1QCD [Francis (2015)]
1QCD [Brambilla (2020)]
1QCD [Altenkort (2023)]

AOqEO

E s QPM (Catania) Charm

QPM (Catania) Bottom

F = mm QPM (Catania) M = oo

-
T, =

non-qué

CD
nched (M= )
bt al., PRL130(2023)]

[Altenkort ¢
1 1 1

M.L. Sambataro et al., PLB 849(2024)
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Phase of Transition
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D. (T, p>0) lattice QCD
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> Very small new LQCD-Dq (T) [ty,(charm, p=>0)~ 1-2 fm/c]: mass independent? down to charm mass?

> Most studies at pr>1.5-2 GeV [mainly not including impact of A.], need new wave of prediction:
- compare to LQCD need data pr> 0

- need precision data at low pt not only for D but also for A,

—> add more esclusive observables: v, (soft)-v,(hard), angular DD correlation,...



Going deeply into Hot QCD matter created in uRHICs

@ (b) (©)
/ /
4 P,
- ¥ Collective interaction » ) Y
' pressure £
‘ - x Oy - e
y
Coordinate space: Momentum space:
initial asymmetry final asymmetry
When including fluctuations, all moments appear:
event-by-event 2 R
. &
=42 =3 n=4 =5

All harmonics appearing
with different weights.
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Going deeply into Hot QCD matter

. . . . \ngular Scale
Vv, anisotropies CBM anisotropies 05°

— [ N | CMSIposter 'QM201I2 (Wei I'.i) ] '
—  MCGlb. n/s=0.08
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o Initial QCD quantum fluctuations © Spec(']clraldlndeg I
o Tdependence of /s and D(T) © Stalz ar kMO el Matter
o Equation of State o Co kDar Matter
o Freeze-out dynamics o Dark Energy
L : o Hubble Constant
Keeping size and time of QGP

Keeping Age and Flatness of the Universe
Go to WMAP website and pla Y Butld a Luntverse...



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

va(light) vs v,, (charm) - ebe
Transverse view of HIC,nowdays

LHC: Pb+Pb@5.02 TeV LHC: Pb+Pb@5.02 TeV
10 \ \ \ 03 015 ———————— 17— 71— 10 015 ———r+———1———1 7 10
i / 9 i / L ]
s y All harmonics appearing I Y, , o - 11
— | - . . . - 0. ~ - .
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p=g I 0.152 o} r (V]
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When including fluctuations, all moments appear: v, (Iight) v, (Iighl)

ultra-central
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HL-LHC allows to access v,, light-HQ correlation

Event-by-event coupling of the anisotropy of the bulk (light) and the charm (heavy) one
—> Much more precise determination of the strength interaction: drag y ~ 1/D;

Very large sensitivity to T dep. of Ds

n " m

ligh ligh h . h .
C(vlight vheavy): !(Vn'g f_<vn'g l>)(vmeavy_,\,\vmeav_y))

|

1 0.8~ - ]
— QPM ] N 1C _
S — = pQCD rescaled P u 1F ]
— | -] ~ 0,6 -+ -
n [ charm, p=0.1 GeV P -~ ] 10 03 é - 1E J
g s © L 1E N
~ f ‘ 04 (0-02% [ ]
~ 02 N J1F N
& ﬁ 1 hssd - © QPM 1 .
< = 0.2 @ pQCD rescaled 10 ~
0.1 - 10 ]
: : : | Y Y SR TR T | ol R B
M N N . " N o N " N N N N N : N 1 I 1 / ) p
0 olz o3 014 0'5 T - X (?m) 5 10 ° 2 3 n 4 > - 3 n 4 3
T (GeV) S. Plumari et al., Phys.Lett.B 805 (2020)

All at fixed Raa(py)



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

Color Glass Condensate (CGC) as high-energy limit of QCD (non-linear evolution at low x)
in the BFKL direction in the plane [Q? x]?

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

5 g p= 3 SGeV g’ut=0.1 fm/c

I 01 I \Hll l\ ‘H-‘IO
gZLL’E time

Transverse plane view

QS~A4/3

Boost

log (1/z) or log(s)

L

> 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]

31



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 2 rR@>o.Us 1€V, 99-9Y /o, y= 2.0 1.8 P T Y 0.3
free-streaming free-streaming e T" and D from 1=0.1 fm/c
i up to 0.3 fm/c up to 0.3 fm/c | ® experimental
e Glasma at 1=
1.5 _%':fom:::‘f: 411.5 0.1-0.3 fm/c
E " and D from | 1.2 D, 18% smaller+ 0.2
7=0.1 fm/c
10 11.0 2 >
i in QGP ' 0.6 101
0.5¢ Q T 10.5
7=0.3 fm/c i T=1 fm/c |
ool— L 0 o-—-— ... .. 5. .
0 2 4 6 8 0 2 4 6 8 100 0 00 2 4 6 8 0 2 4 6 8 1(? 0
p; (GeVic) p, (GeVic)

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

% 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]



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
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.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
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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!

L. y r
Q0 i bkt b QAP
pair back-to-back Ap D

15 At [fm/ C] charm quarks
005 Pr (Tform) =2 GCV

0.1 Q.=2GeV pA collision should keep memory of it
0.2 . . .
1 especially correlating it to Raa, Vi
- identify Glasma phase
5e / \ - solve the puzzle od R, ~1 and v, large
Nearly identical for y N\
bottom despite mass 03 E 3n/2 N ey pr[GeV] -
[Sma”el‘ tform ] A¢ 2‘ 0.5 Langevin
%0 5.0
s 10.0
Calculation in SU(3) +longitudinal expansion E
E
£
D. Avramescu et al., arXiv:2409.10.565. [hep-phl] = 35



Summary & Perspectives

% Open HF set up a strong connection among LQCD,NREFT/phenomenology/exp. observables:
- large non-perturbative interaction: Ds(T):
agreement of phenomenology to LQCD?! close to AdS/CFT? validity of NREFT/ QCD at finite T?!

- hadronization reveals pp@TeV much closer to AA than e*e™ or e p!?

» It is a Phase of Transition to a new PROGRESS:
- new LQCD results for D4(T) = smaller than previous average estimate (ty, (charm)~ 1-2 fm/c)

- better identify impact of baryon HF hadronization (large A/D) on estimate of Dy(T)
- Precision data @low pT | new observables: R,, (A.), v, (A.), light-HF v, correl.,DD angular corr.

| extension to bottom | multicharm production (ALICE3)-> breakthrough

% Open HF can have a relevant interplay with developments of Glasma studies [especially for pA]
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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



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
&)
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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)
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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)
ALICE3



“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 ]
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D° D' DI Ay = E Jy Dt 5o+

=c

Seems only hadronization models treating pp as a small QGP fireball or
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

» OK SHM-RQM for Ac and D’s

> Large Z. Q.only in coalescence, lack of yield

in PYTHIA, SHM-RQM, ... large error bars
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QPM (N;=2+1) extension to QPMp (N=2+1+1)

From Dyson-Schwinger ( ~ PHSD group in Ng=2+1)

ST/ T(1y))
6

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

"

it
{(NL + ;NI)T" +

"

q

1

N, [
5 255

C. S. Fischer, J. Phys. G, R253 (2006)
H. Berrehrah, W. et al., PRC 93(2016)
M.L. Sambataro et al. e-Print: 2404.17459

1/2

M, :(T,,.p) = (N; : IZ(T*/T(I ) Tz-l-ﬂ
a.q\"He-P) = 8N, 8 c\fq 72 W1+ Ay(Te(pg)/ T*)p?

+ my,

Momentum dependent masses
p >> Aqcp My 452 current masses

QPM extended from Nf = 2+1
to Nf = 2+1+1 (ch'arlm'qua'rk‘ i§ inc'lu'de?d)
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Pressure, trace anomal?/m““’ww.,,. _3p)/T"
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o4

N 1 " N "
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my, 4,s(p) expected but solves also a know issue...


https://arxiv.org/abs/2404.17459

Quark susceptibility from QPM to QPMp

T O*InZ
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M.L. Sambataro et al. e-Print: 2404.17459

Case1l: m, = 1.5 GeV

Case 3: m,(T) fixed by charm x5

Quite different quark susceptibility )(g

even if correspond to same gqcp(T) ?!

For m(p) = const.
3

7~ () k(7 +3(7) (7)

K~ (2) K (2)

with m(p) one can have &(T) like that of a massive gas
with y7 of a lighter mass gas

x4 weights higher p
of the f(p) wrt ¢

Citare non diagonaliArticolo 23 + talk sessione


https://arxiv.org/abs/2404.17459

QPM (N;=2+1) extension to QPMp (N=2+1+1)

Extending QPM from Nf = 2+1 CHARM QUARK X5 = T 32_11172
to Nf =2 + 1+ 1 charm included SUSCEPTIBILITIES = o
25— — T T A N - Disfavored: increasing mc(T) and
| N=2+141 = = [Case 1] ok oosk . T m¢ smaller than 1.5 GeV
L [Case 2] | VY , 7 . mc (standard valute) not bad!
= \ — - [Case 3] P A7
[5) © h . “é . 1 . .
<) N = 062 053 03 - IQCD data overestimated for
= L5 ——— === 02 }‘?, ¢ 1QCD[WB] 1T~(.2-0.3 GeV with constant m
e QPM [Case 1]
% QPM [Case 2]
L mmm  QPM [Case 3]
1+ — 7 == QPM [Case ]
\ l . l \ / QPM _[Case 3]
0.1 0.2 0.3 0.4 0.5 0.6 . L L P
T[GeV] 0.2 0.3 7 [GCV?A 0.5
Case 1: m, = 1.5 GeV - aar :
¢ 3 :3 - Susceptibility seems to imply a

Case 3: m,(T) fixed by charm y5(T)

M.L. Sambataro et al. e-Print: 2404.17459

- T-matrix
0.20

025 030 035 040

T(GeV)

decreasing m(T) from 1.9 GeV
at Trdownto 1.5 GeV at 27,
similar to T-matrix (TAMU)


https://arxiv.org/abs/2404.17459

Diffusion D,(T) from QPM to QPMp VL Sambataro et s e Print: 240417459

_ T _ T T T T T T T T T T T
Ds‘My_M Ty ' | » QPMp describes ¢,P, x4, xs of LQCD and is closer than
QPM to Ds to LQCD(new) with dynamical fermions
PMIO_— ] . . .
Q NES z 1 > Still a signficant mass dependence from charm to
2 N\ PR —— bottom not seen in LQCD + Non Rel. EFT
E L O 1Q¢cp [Kaczlgarek (2014)] . . .
< S ’ Y R e > Can this new Dy(T) generate predictions for R, v,, V3
QPMp ‘T'/ e in agreement with experimental data?
mm QPM [Case 1] NZ2+1+1 .
charm/ { . = QPM [Case []NF24141 — 71 Termaliz. Time Ty,
/i, e QPM, [Case 3] N72+141 T=T
F ‘ QPM, [m, =47 GeV]N=2+1+1 10+ C o
Mq=> o017 13 2 24 28 32 —_
T/T, - - Bottom

> For observables is relevant the p-dependence:
T=Tc-> 40 % larger t, (smaller D,) at p~5 GeV, but could be
larger: to be done a comparison among different approaches
[QPMp p-dependence within the Bayesian analisys of Duke groupl]

> AtT.seems LQCD+NERFT clould lead to a gap wrt Ds calculation L
from the hadronic part. [Das, Torres-Rincon, 2406.13286[hep-phl] o0 2 4 6 8 10

Ty, [fm/c]
9]
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Q
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https://arxiv.org/abs/2404.17459

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 Rys & v, moderate & less different wrt fragmentation

> Larger 5, ~M /T t§, more sensitive to dynamical evolution: carry more info
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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)
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Going deeper into A.enhancement

Altmann et al., arXiv 2405.19137

Cross section ratios
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- -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)
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- 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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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)



On-shell & off-shell dynamics for charm

Extending collision integral to off-shell dynamics: solvable in a box at equilibrium

Clf] = /dmiA(mi)/dmfA(mf) Spectral function for q & g

. 1 / d3q / d3q/ / d3pl 2 m27*
2E, | 2E,(2n)3 | 2E,(2n)® | 2E,(2n)° AP (mi) = = v ——— | off-shell = PHSD
1 ot . m (m} — M?)? + (miv})
X %Z|MQ| (2m)**(p+a—p —d)
x [ f(d,mys) — f(p)f(a,m;)] (20)
+ a k(p) making the drag off-shell=drag on-shell
Evolution of charm at p=5 GeV O ——— S -
¢ off-shell=¢ off-shell < t=2fm/e
60_----|----|----|ll T 040_ I~ ]
: T=200 MeV ©
sof  On-Shell Off-Shell i E: g 77\ ]
[ w——t =1 fm/c = =t=11fm/c ] = L .
_ p——t=2fmlc — —t=2fm/ ] Z ; r o/ ; ;
7% 40:- t=4fm/c t=4fm/c — 68 L TR T T
L = ~ )% RERE AR LR LA | L RN R N AR A R R L I I
S 30t '=0.75 M, = 2*PHSD — A e 1F (= 8 fm/c _
; % 10 F _' _ " nThermal-:
= 20p ] O i, 1f — On-Shell ]
I 1 =+ Off-Shell]
T 20y 1t - — Langevin
Z I : 15 ]
0 | I...\.P..... LBl 1 1 L |
01 2 3 4 5 60 1 2 3 4 5 6
p [GeV] p [GeV]

M.L. Sambataro et al., EPJC80(2020)



dN/dp [GeV™]

Impact of off-shell dynamics on charm

1r <~ ]
| VSIS

I 1
t=2fm/c
— Initial
= (On-shell 1
= Off-shell ]

dN/dp [GeV™]

O 1 2 3 4
p [GeV]

0O I 2 3 4 5 6
p [GeV]

M.L. Sambataro et al., EPJC80(2020)

Bulk is not with the same energy density:
- energy density of off-shell case is smaller
- dynamics is Boltzmann-like: not gaussian

fluctuation areounf the average like in Langevin dynamics



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



Av, from e.m. field?

By |JFAruday

Oliva, Plumari, V.G., JHEP 05 (2021) j/

D
Av1
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-0.04
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0.05]
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— D)

©
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- ©,=0023fm"
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r T]m=1.1
[ Au+Au @ RHIC 200 GeV, b=9fm, p.>15GeV |
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v b b b e by b by 1
-1.5 -1 -0.5 0 0.5 1 1.5
y
T T T L LR BB B I
0.06 ¢ D°-D° STAR10-80% -
L = o, =0.046 fm"
0.04 — G =0.023 fm” .

« 0,=00115fm"
el

I IS R

| Au+Au @ RHIC 200 GeV, b=9fm, p;>1.5GeV |

PRI B

95 4 05

0
y

05 1 15

d(Av)/dy|exp= — 0.011 £0.024(stat)+0.016(syst)

d(Avy)/dy|w=—0.01, L. Oliva et al.

~ 10 times larger than charged,
similar to S. Das et al., PLB768 (2017)
but could be also consistent with 0!

cg

74(

Time evolution
| T L T ] T Y T T T 1] T T T T
1 pon— TS . °
L D E PR Y
r \V1
T o8k i e D,
2 =1 o---® f=(v.") |y[<05
- e D
T o (Ale) oo f=av,>, yl<05
5 0.6 L% -
£ ]
5 r
3 0-4__ normalized to the final value att =9 fm/c 7]
o
gml. G, =0.023fm"
““I Au+Au @ RHIC 200GeV AP
" b=9fm, p,>1.5GeV My =1
0 L | L 1 L | L L L | 1 1 | | "
o 1 2 3 4 5 6 7 8 9 10
t [fm/c]

v, expected to be more
sensitive than v,to high T
(early time) D¢(T)!

Unexplored...




EIectro-Magnetic field

By |JFAruday
I
A \S

~ 2 .
>0m, Magnetic field —— Used for studies of CME
10 - LHC: Pb+Pb@2.76 ATeV— e
S b=9.5fm, r.=0, =0 3 101
m.2>~_ ] _
10" T = E
E TTYmSS—e
> 107
<)
B -1 )
% 10’3 — GL)[:O.O fm 3
— 0, =0.0115fm"| ]
10" — 70023 fm" | 3
— 0,=0.046 fm”"
107 A NS 5 T (fm/c)
0 0.2 0.4 0.6 0.8 1 A.Huang et al., PLB777(2018)
) t [fm/c] 7 ’
like in:

K. Tuchin, PRC 88, 024911 (2013).
K. Tuchin, Adv. High Energy Phys. 2013, 1 (2013).
U. Gursoy, D. Kharzeev, K. Rajagopal PRC 89, 054905 (2014).

Assumptions:

Medium o, at t<O0

Electric Conductivity const. in T

No Modification in the bulk due to currents

No e-b-e fluctuations

Chiral topological charge [arXiv:2002.05047,Tuchin]

v1(D° )-v,( D°)

Pk

Pb+Pb @ 5.02 TeV, b=7.5 fm 7

=== Case C, 1,=0.40.1 fm/c

1.0
0.5
0.0 —
5 "° == Case A (x30)
1.0t === Case B, 1,=0.4 fm/c
15k Sun Tlue . : l*b :ALIC'E |

45 1.0 -05 0.0

N

B(T) = eBy/(1 + T2/T§)

"B(T) = eBo/(l + T/TB)

05 1.0 15

Tt <1 fm/c
B(t) = B(1)
E (1)> E (1)

Computation of early stage e.m. field is quite an issue:
< eB,(t=0) in the vacuum: = 50 m;*> @LHC but assumimg

a medium with 6.~ 0.02 fm = eB,(t=0) ~ m;> @LHC



E.m. field: a main source of uncertainty

v,(D°%-v,( D°

D

eF (GeV/fm)

N

1.0
0.5

0.0 —
05—
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
—-eBy case C
== «-E _caseC

t (fmlc)

'Pb+Pb @ 5.02 TeV, b=7.5 fm

= 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 [ B, at t=0 vacuum value |

eBy(z,y,7) = —B(7)pp(z,y) 13=0.4 fm/c assumption
B(T) = eBo/(1+ 7%/73) V x E = —-0B/ot: % ~ 0 small

B(t) =eBo/(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 wrt to data

* 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)

. . . 56
Time derivative of B,(t) even more relevant than absolute values”



V; splitting for D°-D° and I*- |- from Z° decay and

10-1 T x T x T x T
Pb+Pb @ 5.02 TeV
10?
—7"MC
10° e Z'CMS
e |opton MC

s charm

== e|epton analytical 1

dN/d’p_dy/(dN/dy) (GeV™)

0 20

Surprises:

80 80

P, (GeV)

- No medium strong interaction
- Tdecay(Z%)= Tjorm(charm)=0.08 fm/c

- Massless more easily to drag + qE, —qv,B, = q(E, -B, )

- Charge 1.5 times larger

1) Avy(I*,1) < Avy(D% D) even if Apy(l) = 2% Apy(D)

2) even the sign of Av, (I*,]) can be opposite!?

not because wins electric field

01 (pT? y) ~

~ A_pz (pT-, y) _alnfa

2 Opr

0.4 —

0.3

0.2

0.1

Y.Sun et al, arXiv:2004.09880

Leptons aty =0.5

Charms aty =0.5

- ~E —pg. -
-
-

—o-Av,
=a=-dInf/dp,xdp,

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

— 0.4

103

10.2
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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




7% mass and width modification in AA

Changing eB, Changing lifetime 1
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Y.Sun, V. Greco, X.N. Wang, arXiV:2111.01716 a

To be done vs centralities, systems, ...



