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Temperature

Heavy-Ion Collisions (HICs) at high energy

Quarks » allow to experimentally investigate
Gluon- the QCD phase diagram

Plasma

» recreate the extreme condition of
temperature and density required
for the formation of the
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RELATIVISTIC HEAVY-ION COLLISIONS
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collision e

10° times hotter than
the center of the sun

Picture credit: Chun Shen (McGill University, Montreal QC, Canada)

Hadronization

cous hydrodynamics

Ton Collisions particle distributions

Kinetic
freeze-out

TINY

X~10fm~ 101 m

10! times smaller than
a typical water droplet

TRANSIENT QUARK'GLUON
t~10fm/c~ 1023-102%%s F PLA
108 times shorter than g I IREBA LI SMA
the QGP lifetime in the ™
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*+ NUCLEAR MODIFICATION FACTOR R,

Modification of particle
prspectra in AA collisions [N ES
w.r.t. to pp collisions N

d’N"™ /dp,dz

coll

¢ ELLIPTIC FLOW v,

Anisotropic radial flow described IV
by the of the 10 o1+ z 2 v, cos[ng]
azimuthal particle distributions ¢ n

No interaction means R;; =1 and v,=0
More interaction decreases R, and increases Vv,

d’N* /dp,dn

PHENIX Au+Au (central collisions):
[ ] Direct y
A 70 Preliminary
® n
GLV parton energy loss (dN*dy = 1100)

p; (GeV/c)

charged hadron
elliptic flow

Au+Au 200 GeV

30-40% central
STAR data

QGP flows like an almost “perfect fluid”
4mn/s = 1—-2 atT~T.
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few heavy charm and bottom quarks
produced in relativistic heavy-ion collisions

¢ ¢ SPS

O ORHIC

b

m,.= 1.3 GeV cﬁ

S

10° 10° 10*

Quark Mass [MeV]

» myo>> Agep 2 HQ produced in pQCD initial hard
scatterings

» myo > Ty, 2 negligible thermal production of HQs

HQ production points symmetric in the forward-backward

hemispheres

> 1,89 < 0.08 fm/c < 7,9°? - HQ production much
earlier than QGP formation

> T3 H9 ~ 79CP » 5-10 fm/c > 7,2CF > HQ thermalization
time comparable to QGP life

HOQ final states keep a better memory of both initial stage
and QGP evolution

> q < Myo,Pros Myg < 9Ty (b O low momentum ¢) -
Brownian motion of HQs in QGP
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HEAVY FLAVORS IN RELATIVISTIC HICS

final detected
particle distributions

Kinetic
freeze-out
HG phase D D,

Hadronization

Initial energy Qgp phase
density

n
>

t~0fm/c Tt~1fm/c T ~ 10 fm/c T ~ 101% fm/c
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BOLTZMANN (BM) EQ.

[Catania, PHSD, BAMPS, Nantes, Duke, CCNU-LBNL (LBT), ...]

c,b quarks D
BROWNIAN 3 é} ]i
MOTION R

Boltzmann

— t=2 fm/c
- {=4 fm/c
- {=6 fm/c

BM eq. gives a
non gaussian
energy loss

Das et al.,
Phys. Rev. C 90,
044901 (2014)

Dong and Greco, Prog. Part. Nucl. Phys. 104 (2019)

soft-scattering FOKKER-PLANCK (FP) EQ.

approximation
proufoler) =Clip fofol

D,=MTy
Fluctuation-Dissipation
Theorem

FP eq. solved through a LANGEVIN (LV) EQ.
[TAMU, Torino (POWLANG), Duke, Nantes, Catania, ...]

y=[d*%k[M(k, p)"p

1 2
D=§jd3k|M(k, p)| p?

|M |2 scatt. matrix from  SPATIAL DIFFUSION
some theory (HTL, pQCD coefficient D_

coll., rad., T'matrix) from lattice QCD

- INFN 2022
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CATANIA APPROACH .
Bulk evolution Boltzmann transport equivalent

to viscous hydro atn/s = 0.1
p“d, (X, p) +m(x)*m(x)2“ f, (x, p) = C[ f,, f,]

Wuppertal-Budapest

p“a,, f,(x, p)+m(x)a*m(x)e" f, (x, p) = C[f,, f,]

J
| |
Free-streaming Field interaction Collision kernel
e —3p+0 gauged to some 1)/s# 0
HQ evolution Scardina et al., Phys. Rev. C 97 (2017)

Q
100 200 300 00 S00 lagule]
T (MWIeWN)

Non perturbative dynamics: M scattering matrices (q,g — Q)
evaluated by Quasi-Particle Model fit to 1QCD thermodynamics

[f()(}""l]fgq P2) fQ(Pl)fq g(}))]] 48~

X |~'M(q,g)+Q(.PlPB — Plf—’Q ..) ‘
x(2m)%6%(p1 + p2 — P} — P3)

Impact of off-shell dynamics: Sambataro et al., Eur. Phys. ]J. C 80, 1140 (2020)

(N = 2N (2 - 2]
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Predictions for R, (pr) and v,(p;) of D mesons at top RHIC and LHC energies

- INFN 2022

NUCLEAR MODIFICATION FACTOR ELLIPTIC FLOW

A TAMU MC@SHO+EP082
Ezg LIDO - = LBT ALICE
= = PHSD === POWLANG-HTL NN = 5.02 TeV

DAB-MOD LGR _
+ Catania htrality 0-10%

Prompt D’ D*, D** average
lv] < 0.5

L SUBATEGH STAR Au+Au \sy, = 200 GeV

—— TAMU c-quark diff. 0-80%
TAMU no c-quark diff.
Duke (Bayesian)

2

- 9th May 2022
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ALICE Collaboration, JHEP 01, 174 (2022)




Ry (Pr) and v,(pr) of D mesons have been the main observables for determining the
transport properties of HQs in hot QCD matter: drag and diffusion coefficients

Greco, PoS HardProbes2020, 018 (2020)

Lattice QCD
© Ding et al.

QGP diffuses charm quarks like an almost “perfect fluid”

2nTDg =2 —5 atT~T.

» = Banerjee et al

= &« Kaczmarek et al.

CHARM-QUARK SPATIAL DIFFUSION COEFFICIENT

Prino and Rapp, J. Phys. G 43, 093002 (2019) "@I/yépp
Dong and Greco, Prog. Part. Nucl. Phys. 104,97 (2019)

HQ interaction in QGP largely
NON-PERTURBATIVE

Not a model fit to 1QCD data!
Extracted independently by phenomenological models

The sources of uncertainties in the D,
determination may be clarified through

access to low p; and precision data

more exclusive observables

better insight into hadronization

predictions and measurements for B mesons

- INFN 2022
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Event-by-event fluctuations in the initial nucleon

positions give rise to odd flow harmonics

elliptic flow

(cos[2(p — ¥,)])

(cos[3(p —V3)])

triangular flow

LHC. Pb-Pb @5.02 TeV
0-10% h1z 30-50%
o — — Coal. only
= = Fragm. only
—— Coal +Fragm.

4 6 8 10
Pr (GeV)

D MESON TRIANGULAR FLOW

Plumari et al., Phys. Lett. B 805, 135460 (2020)

Sambataro et al., in preparation

s V3 ALICE centrality 15-20 %

— Vv, QPM Catania
¢ Vv, ALICE
— v, QPM Catania

CHARGED PARTICLES

Pb - Pb 5.02 TeV

D MESONS

Same approach and D_(T) describing Ry (1) & v,(Pr)

Lucia Oliva (Catania University, INFN-Catania) - 9th May 2022 - INFN 2022
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Selection of events with same centrality g, = | E: |/ \/ﬂTI 20% small g,

but different initial geometry
on the basis of the magnitude of the 120,
2°-order harmonic reduced flow vector g, B

q,-SELECTED D-MESON v, (pr )

Pb+Pb @ 5.02 TeV —— 20% large-g, (D°)

—— 20% small-q, (D°)
(a) 0-10%

- = -20% large-q, (c)
- = +20% sma|l-q2 (c)

B 20% large-q, ALICE
® 20% small-q2 ALICE

2 3 4 5 6 7 8 9
p, (GeV/c)

V.

e

A
v

large g, — large ¢,

[\

v, (small g,) < v, (unbiased)
20 % large q, > v, (unbiased)

)

30 - 50 % :
’ more pronounced difference

for more peripheral collisions

o W

V,(ESE) / v,(unbiased)

<

20% large q,

6 8 10
Pr [GeV/c]

Sambataro et al., in preparation

Same approach and D_(T) describing Ry (1) & v,(Pr)
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NUCLEAR MODIFICATION FACTOR

2 —r—'—1—'|—'r—r—1—'|—1—[—

-—- Bottom
—— B mesons
B— e _
e B— e ALICE

6 8
p; [GeV/c]

@ oB— e ALICE
- B meson
B— e

py [GeVic]

B MESONS (electrons from its semileptonic decay)

ELLIPTIC FLOW

D; is ideally M independent (M — o)

since from kinetic theory: Tfh /Tin = Vel Vo = My /M,

1QCD [Banerjee et al.]
1QCD [Kaczmarek (2014)]
1QCD [Francis (2015)]
1QCD [Brambilla (2019)]
1QCD [Brambilla (2020)]
=== (QPM (Catania) Charm
QPM (Catania) Bottom

CHARM

T, =0.155 GeV

a measure of
thermalization time

CHARM vs BOTTOM
SPATIAL DIFFUSION

COEFFICIENT

» In QPM approach D, (c) is 30-40% larger than D, (b)
» Bottom quarks expected to be fully thermalized @ FCC

M.L. Sambataro, V. Minissale et al., in preparation

- INFN 2022
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Picture credit:

FRAGMENTATION

Peterson fragmentation function
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= D’ STAR (0-10%)
Boltzmann (Coal+Frag)
== == Boltzmann (Only Frag)
Langevin (Only Frag)

Au+Au @200 AGeV (0-10)%

COALESCENCE
dN adron d3 . -
—dg Hpi d o, =5 (fo (%0, P Fow (X0 %05 D1, P ) O (Pr= 2 Pir)
d”py ' (2n) g
S. Plumari, V. Minissale et al., Wigner function
Eur. Phys.].C 78, 348 (2018) Posy=1for p=0

RE ON
SEE MO MINISSALE

VINCEN

Only Coal.
Frag+Coal
= == Only Frag

TALK OF /

Coalescence for D mesons
brings up R, and v, toward data

ALICE (30-50%)D° D" D~ Scardina et al.,

Phys. Rev. C 96, 044905 (2017)

Coalescence predicts the
large enhancement of baryon
charm production measured
by ALICE in pp collisions

- INFN 2022
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POWLANG Pb-Pb, \s,,=5.02 TeV
Centrality 0-10%

=—— — HTL, cluster hadr, m =1.5 GeV

7“'|"'\"' T T T T TT T T T[T T T T[T T T [ TT T T [ TT T T[T T T [ TT I T TTTT[]

| POWLANG HTL transp coef - POWLANG HTL transp coef _

- Pb-Pb, Vs, =5.02 TeV 4 Pb-Pb, {5=5.02 TeV U = (px/pT>
<[ Centrality 30-50% "L Centrality 30-50%

DIRECTED

1 <P, <3 GeV/c

RAPIDITY
relativistic analog
of velocity

(vg: longitudinal
= === Charm hadrons, in-medium string, mc:1 5 GeV: dv, /dy = -0.845-107_ z i e
i particle velocity)

Charm quarks — Charm quarks- dv‘!dy =-0.408-102

—— ——  Charm hadrons, cluster hadr, m,=1.5 GeV —— — Charm hadrons, cluster hadr, m =1.5 GeV- dv, /dy = -0.726- 107

Charm hadrons, in-medium string, m =1.5 GeV

3

2 4 6 8 10 12 14 6 10 -2 -15 -1 05 0 05 1 15 2
P, (GeVic P, (GeVic)

—== ALICE 0-10% 3
POWLANG HTL transp coef

POWLANG APPROACH

» Hadronization via in-medium recombination with string-breaking

enhances the v,(p;) and for 1<p;<3 GeV the v,(y) of D mesons
Beraudo, De Pace, Monteno, Nardi and Prino, JHEP 05, 279 (2021)

> scheme enhances the radial flow of charmed s
hadrons w.r.t. string fragmentation; peak of v, is moved to higher p; F nemaanst

O-III|III|III|III|III|IIIIIII|III:

enhancement of A_*/D° due to space-momentum correlations (SMC) 0 2 4 6 8 10 12 14 16
Beraudo, De Pace, Monteno, Nardi and Prino, 2202.08732 P, (GeVic)

mmm Cluster, with SMC

= m m Cluster, w/o SMC

06
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INTENSE FIELDS AND HEAVY FLAVOR TRANSPORT

v HUGE ANGULAR MOMENTUM GENERATING A STRONG VORTICITY

Relat ic Heavy-Ton Collisic ,mm.um«
made by Chun Shen g

\\\\\\\\\\\\\\\\\

tornado cores
~10!s71

urI-IICs
~10%2-10%3 s71

Jupiter’s spot
~104s71

He nanodroplets
~107s?!

v' INTENSE ELECTROMAGNETIC FIELDS

The Earth’s Mg etic Field

LR s
e AR e

urI-IICs
~1018-101° G

Earth’s field
~1G

¢ magnetars-' |
~1014-101G

laboratéry
~ 108G

v' INTENSE COLOR FIELDS IN THE EARLY STAGE OF URHICS

B Sinice 2017 9

impact on HQ transport
coefficients and D meson
directed flow

B Sirice 2016 %

impact on D meson
directed flow

Since 207 8

impact on HQ transport coefficients
and D meson R;,; and v,

- INFN 2022

- 9th May 2022
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Not a symmetric energy
distribution...

...but a TILTED FIREBALL
on the reaction plane
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e
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t=4 fm/co,
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-
P :
sl .
4 pr=r
H s

W06
W oonlg

=12 fm/c

-10-5 0 5 10

z [fm]

Huge orbital angular momentum of the colliding nuclear system

> in ultra-relatvistic HICs J= 10°-10%h

» dominated by the y component perpendicular to the reaction plane
» partly transferred to the plasma

asymmetry in local participant density
from forward and backward going nuclei

Bozek and Wyskiel, Phys. Rev. C 81, 054902 (2010)

(21 ,1Ms) = po————— €xp : ———0(|ns| + 1 s.:-:]'
PRI 1) = PO 700, 0) .’

W(x1,ns) =2(Na(xr)f—(ns) + Np(xL)f+(ns))

0 Ns < —Nm
Ns + Tlm _ —
- N =Ts = Tm
=Tlm
1 1 Ms = Thm

f—l— ‘ s J = f— I.'—T}‘c i =

tilted initial conditions for the

hydrodynamic or transport Sg*:f)‘l?gm‘z
3 Z
evolution of QGP 1, = tanh™' =
PROPER TIME
Kolomeitsev, Toneev and Voronyuk, 7 = +Jt2 —2Z2

Phys. Rev. C 97, 064902 (2018)

Lucia Oliva (Catania University, INFN-Catania) - 9th May 2022 - INFN 2022
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Oliva, Plumari and Greco, JHEP 05, 034 (2021)
The huge angular momentum and the tilt of the fireball induce in the QGP
an intense VORTICITY a DIRECTED FLOW
collective sidewards
deflection of particles
along the x direction

vy = Dy /D7)

STAR 40-80%
—_— N, =11

measure of the local
angular velocity of
the fluid

=
o N B O ©

o]
QGP pige [fm]
QGP pyge [fm]

t=1.0fm/c

o N B O

-——= n,=12

6
n= —In tani

PSEUDORAPIDITY

(6: polar angle of
particle momentum)

Exp. Data: STAR Coll.,
PRL 101 (2008) 252301

Au+Au @ RHIC 200 GeV, b =9fm

2 3
m% J
-2 -15 -1 -05 0 05 1 15 2

Ns

Lucia Oliva (Catania University, INFN-Catania) - 9th May 2022 - INFN 2022

QGP as the most vortical fluid: w, ~ 3 ¢/fm  Negative slope in the 7 dependence of
in agreement with the ongoing research the v, of bulk particles due to the *“tilt”
on A hyperon polarization (v, = 0 if the fireball is not tilted) 19

STAR Collaboration,
Nature 548, 62 (2017)



tilted fireball HOs production points

Excellent qualitative prediction with LV approach
dv,P/dy = 0.02-0.04 (= 10-15 times larger than light charged)
Chatterjee and Bozek, Phys. Rev. Lett. 120, 192301 (2018)

QGP pige [fm?]

05 0 05 1 15 2
Ns

the slope of (vf ) 1s ~ 50 times smaller than that at RHIC

EXP: dv,P/dy = — 0.080 +0.017(stat)+0.016(syst) (in line with model predictions) and is consistent with O

about 30 times larger than that of kaons Beraudo et al., JHEP 05, 219 (2021)

TH: dv,P/dy = — 0.065 (25-30 times larger than ch.) 4 POWLANG  Pb-Pb, {5,=5.02TeV D mesons

—_ HTL Centrality 10-40% 3<‘pTc6 GeVic

Oliva, Plumari and Greco, JHEP 05, 034 (2021)

¢ D" D’ STAR10-80%
I Hadronization via in-medium
recombination with string-breaking
can enhance the D-meson v,(y)

(for 1<p<3 GeV)

Exp. data: STAR Coll., Exp. data: ALICE Collaboration,
Phys. Rev. Lett.. 123 (2019) 162301 Phys. Rev. Lett. 125, 022301 (2020)

- INFN 2022

- 9th May 2022
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Oliva, Plumari and Greco, JHEP 05, 034 (2021)

t=0.2fm/c

0.1

& D% 0° STAR 10-80% Au+Au @ RHIC 200 GeV n,=1

charm NOT tilted . QGP, tilted QG P, tilted
— —  charm tilted —— charm, NOT tilted — = charm, tilted

A X

——

6 4 2 0 2 4 6
X [fm]

® D°+D° STAR 10-80% CHARM
T TILTED

pQCD
—

QGP tilted in both cases

v, (HQOs) > v; (QGP)

origin of the large directed flow of HQs
different from the one of light particles

longitudinal asymmetry leads to
pressure push of the bulk on the HQs

Lucia Oliva (Catania University, INFN-Catania) - 9th May 2022 - INFN 2022
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Oliva, Plumari and Greco, JHEP 05, 034 (2021)

¢ D’ D° STAR10-80%
charm NOT tilted
— — charm tilted

——

¢ D% D° STAR 10-80%
— QPM
pQCD

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

v, (HQOs) > v; (QGP)

origin of the large directed flow of HQs
different from the one of light particles

longitudinal asymmetry leads to
pressure push of the bulk on the HQs

effective because the HQ interaction in
QGP is largely non-perturbative

ADS/CFT
SCD [Kaczmarek {2014)]

IOCD [Banarjee ot al) Similar conclusions with
POWLANG approach

Beraudo et al., JHEP 05, 279 (2021)

strict connection between the
magnitude of the D-meson v,

Greco, NPA 967, 200 (2017) and the HQ diffusion coefficient

Lucia Oliva (Catania University, INFN-Catania) - 9th May 2022 - INFN 2022
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Huge magnetic field in the overlap area up to eB = 5-50 m_2
mainly produced by spectators protons

dominated by the y component

intense electric field generated by Faraday induction
charged currents induced in the conducting QGP generates
a magnetic field pointing towards the initial one

VV VY

external charge and current
produced by a point-like charge
in longitudinal motion

induced current

- o,=00115fm" RHIC 200 GeV from Ohm’s law

6, =0.023 fm" " Au+Au b =9 fm

b o= 5. =0046fm "' 2
el )

Maxwell equations can be solved analytically for a
medium with constant electric conductivity

Tuchin, Adv. High Energy Phys. 2013, 1 (2013)
Gursoy, Kharzeev, Rajagopal, Phys. Rev. C 89, 054905 (2014)

le Field| [GeV/fm]

p*a,f(x,p) + qF 1,0, f (x,p) = C[f]

Oliva, Plumari and Greco, JHEP 05, 034 (2021) BM eq. with

- INFN 2022

- 9th May 2022
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The huge EM fields induce a
splitting in the DIRECTED FLOW
of particles with the same mass

and opposite charge

Av, = v{ —v]

n<o
o "2
Fg | Fg4 -
: ea‘aﬁ
-
-
o =

Florentz = Q(E + v X B)

» Av, of light hadrons in AA: O(104-10)
Gursoy et al., Phys. Rev. C 89, 054905 (2014)

> Av, of heavy mesons in AA: O(10%)

Das et al., Phys. Lett. B 768, 260 (2017)

» Av, of light mesons in pA: O(10%)

nX’

l‘ep:,-epp Oliva, Eur. Phys.]. A 56, 255 (2020)
< Dubla, Gursoy and Snellings, Mod. Phys. Lett. A 35, 2050324 (2020)

434 333

Oliva et al., Phys. Rev. C 101, 014917 (2020)

»
P

l

Rt e it

collision
overlap zone

e
N

—— Dlcq], t=t,
— — Dicql, t=t,
- —- = Dcq], t=2 fmre.

N & D[Cq],tzifm/c//

LHC: Pb+Pb@2.76 TeV

b=9.5 fm

RHIC 200 GeV

p+ Au

- INFN 2022

- 9th May 2022
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Oliva, Plumari and Greco, JHEP 05, 034 (2021)

® D° STAR10-80%
D°, STAR 10-80%
(4]

6, =0.023fm’

Ny = 1.1
Au+Au @ RHIC 200 GeV, b=9fm, p;>1.5GeV

-1.5 -1 -0. 0 . 1 1.5
y

Exp. data: STAR Coll., PRL. 123 (2019) 162301

¢ D" D’ STAR 10-80%
a, =0.046 fm”
a, =0.023 fm”
== 0,=00115fm"

Au+Au @ RHIC 200 GeV, b=9fm, pr>15 GeV

DIRECTED FLOW OF
NEUTRAL D MESONS

The electromagnetic fields induce a large
splitting in the directed flow of HEAVY QUARKS

d(AV))/dY | oy = — 0.011 £0.024(stat) £0.016(syst)

d(Av,)/dy|s =—0.01

= 10 times larger than charged

in agreement with
Das et al., Phys. Lett. B 768, 260 (2017)

BUT
exp. Av,P still consistent with
zero due to the large errors

Av, (HQ) > Av, (QGP)

charm quarks are more sensitive to the

EM fields due to the early production

Avy = v1(D°%) —v1(D?)

SLOPE TIME
EVOLUTION

oo f=("), ly<05

D
/‘:’,,- A’Uf +--% f=Av,, |y <05
St

g
L ]

normalized to the final value at t = 9 fm/c

T
@
N
©
£
P
]
£
>
©
2
=
T

G, =0.023 fm”

Au+Au @ RHIC 200GeV
Ny=1.1

b=9fm, pT>1.5GeV

-

v,” more sensitive to the early
QGP evolution when T is higher,
while v,P probes more T~T,

= include v,” in Bayesian fits )
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ALICE Coll., Phys. Rev. Lett. 125, 022301 (2020)
the Av,” has opposite sign and magnitude ~ 40 times larger than models

s Analytic solution of EM fields with constant o,;

¢ B parametrization between in-vacuum and in-medium decay:

B(r) = By/[1+ (t/1z)"]  n=2 i
E from Faraday law o
reproduces the ALICE data for Av, (D°,D°)

but it is really a slow time decay of B

Sun, Plumari and Greco, Phys. Lett. B 816, 136271 (2021)

Pb+Pb @ 5.02 TeV, b=7.5 fm
xT=0’ -'rls=1

(=]

-eBlr case A (x30)
= =-eE,_case A (x30)
—-eBlr case B
== =-¢E caseB

-eB‘f case C
: -eEl_ case C

eF (GeV/fm)
-

Case A (=30)
- Case B, 1,=0.4 fm/c

== Case C, 1,=0.4+0.1 fmic
® ALICE

-1.0

- INFN 2022

- 9th May 2022

Lucia Oliva (Catania University, INFN-Catania)

26



ALICE Coll., Phys. Rev. Lett. 125, 022301 (2020)

the Av,” has opposite sign and magnitude ~ 40 times larger than models

s Analytic solution of EM fields with constant o,;

¢ B parametrization between in-vacuum and in-medium decay:

B(t) = By/|1 + (t/15)"] n=2 n=1 case o
E from Faraday law

reproduces the ALICE data for Av, (D°,
but it is really a slow time decay of B

Probing the EMF with leptons from Z° decay:
= charged leptons only EM interaction
Tdecay(zo) = Tform(c) ~0.08 fm/c

-
=

Pb+Pb @ 5.02 TeV

-
Q
%

Leptons aty =0.5 Charms at y =0.5

s Z°CMS

=
=]

lepton MC B4 ~E- —m. _

—_
o
S

=
o

—a- -dInf /dp,xAp,

—
o
&

D°)

Pb+Pb @ 5.02 TeV, b=7.5 fm
XT=0, Tls=l
-eBlr case A (x30)
= =-eE,_case A (x30)
—-eB!r case B
== «-.¢E caseB

-eB‘f case C
: -eEl_ case C

(=]

eF (GeV/fm)
-

Case A (=30)
- Case B, 1,=0.4 fm/c
== Case C, 1,=0.4+0.1 fm/c
® ALICE

-1.0

—ZmMe : Sun, Plumari and Greco, Phys. Lett. B 816, 136271 (2021)

\ 7 lepn enabical o, et Bl Av, of leptons from Z° decay can help to
\ 3 AV, clarify the EM origin of Av; of D° mesons

(dN/2np_dp, dy)/(dN/dy) (GeV')

-
Q
4
[=]

1
30 40 S50 60 70 80 90 3

if Av, of neutral D mesons has EM origin

it is a proof of QGP formation

p; (GeVic)
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What happens for 0<t<0.3 fm/c? TR Loy W U0 S e V,~C
Imprints of early stage on HQ transport? J
McLerran-Venugopalan (MV) model for the
[

initial conditions of the classical gluon field

-
McLerran and Venugopalan, Phys. Rev. D 49, 2233 (1994)
Phys.Rev. D 49, 3352 (1994); Phys. Rev. D 50, 2225 (1994)

;oar .. b P " 2 . 2 "'r__F_'; :_J, .
(pA(xT)pr(yr)) = (g°pa) o 5(2) (7 — yT)

Classical Yang-Mills (CYM) equations
for the dynamical evolution of glasma

1

—

!
1
—D;Fj,. .solved

in SU(2)

D'I}‘FT}"i + 'TDj F}z

interaction with the initial
glasma induce strong

Wong equations for the dynamics of a
S Y diffusion of charm quarks

heavy quark in the evolving glasma

Mrowczynski, Eur. Phys.]. A 54, 43 (2018)
Ruggieri and Das, Phys. Rev. D 98, 094024 (2018)
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g, =34 Cev P+ Pb @ 5.02 TeV

=0.2 fm/c
=0.3 fm/c
- =04 fm/c

— 1=1fmlc

Pb + Pb @ 5.02 TeV

€ Mp,=3.4 GeV

— 1=0.2 fm/c
— 1=0.3 fm/c

=0.4 fm/c

Strong and fast diffusion of HQs in the glasma

The dominance of diffusion-like dynamics
leads to an enhancement of R, at high p,

Liu, Plumari, Das, Greco and Ruggieri,
Phys. Rev. C 102, 044902 (2020)
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g’1,,=34Gev p +Pb @ 5.02 TeV Pb + Pb @ 5.02 TeV

Strong and fast diffusion of HQs in the glasma

The dominance of diffusion-like dynamics

it =34 Gev leads to an enhancement of R, at high p,

=0.2 fm/c

— =0.2fm/ : ' ler]
=U. m/c = mic y 5 5 y
=0.3 fm/ Liu, Plumari, Das, Greco and Ruggieri

———- =04 fm/c — ™03im/c

e | 0.4 fmc Phys. Rev. C 102, 044902 (2020)

free-streaming | e Glasma at 70,103 frfc| HQ spectrum in the glasma phase as initialization of HQs in the QGP

up to 0.3 fmic plus Kw=1.13K

Glasmaat™ | o gerimenta for studying the impact on D-meson observables in AA collisions

0.1-0.3 fmlc
e " and D from T
=0.1 fmic plus

Koo =0.89K - The inclusion of the glasma phase leads to a gain in v,(pq):
larger interaction in QGP stage to have the same Ry, (pr)

Sun, Coci, Das, Plumari, Ruggieri and Greco,
Phys. Lett. B 798, 134933 (2019)

G"’l’)Zd(‘iBl')2‘4l‘5311')0'0

p; (GeV/c)

- INFN 2022

- 9th May 2022

Lucia Oliva (Catania University, INFN-Catania)

30



Balance among many ingredients for reproducing R,, and v, of D meson at RHIC and LHC energies:

cold nuclear matter effects, HQ in-medium interaction, fragmentation and recombination/coalescence
hadronization processes, hadronic rescattering.

—> Successful estimate of D (T) of hot QCD medium from R,, and v, in comparison to lattice QCD data.
Future perspectives on D (T) determination: extension to new observables, system size scan, extension
to b quark, more precision data and low p; access.
Intense fields in ultra-relativistic collisions influence transport coefficients and observables of heavy-flavor
particles: vorticity, EM fields, glasma.

- The very large v, for D mesons can be generated only if there is a longitudinal asymmetry between
the bulk matter and the ¢ quarks and if the latter have a large non-perturbative interaction in QGP.

- The Av, of neutral D mesons is well described at RHIC energy but still a challenge at LHC. If
confirmed to be of EM origin it is a proof of QGP formation and can constrain EM field evolution.

- Heavy-flavor particles can play a role in spotting the glasma dynamics and linking pA and AA
collisions at ultra-relativistic energy.

Future perspectives: inclusion of v, (more sensitive to the initial high temperature) for D (T) estimate,
investigate the impact of glasma (link pA and AA collisions)

Thank you for your attention!
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v dimension

boundary plate (2D, stationary)

NON-PERTURBATIVE
behaviour of QGP

iy
Q

v
&

m ite strong coupllng I|m|t

I2CD: Meyer et al.
ID_C_EJ: Nakamura et al.
d e
¥PT Meson Gas asymptotic
HIC-IE .
free regime

Plumari et al., JPCS 420, 012029 (2013)

SHEAR VISCOSITY n

is a measure of how velocity SHEAR VISCOSITY OVER

of fluid changes with depth ENTROPY DENSITY RATIO 1/s
is a measure of how much

the system is strongly coupled

Au+Au 200 GeV
30-40% central
STAR data

Schenke, Jeon and Gale,
Phys. Rev. Lett. 106, 042301 (2011)
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Ry (Pr) and v,(pr) of D mesons have been the main observables for determining the
transport properties of HQs in hot QCD matter: drag and diffusion coefficients

- INFN 2022

QPM (Catania) - LV
D-meson [TAMU]

Do sonOrv oo ot el [QGP diffuses charm quarks like an almost “perfect fluid”

2nTDg =2 —5 atT~T,

J

QPM (Catania) - BM
AdS/CFT
|IQCD [Kaczmarek (2014)]

|IQCD [Banerjee et al.]

Air in Water liquid 2.0 x 105

Hydrogen in Iron solid 1.66 x 10-°
HQ in QGP Liquid? (100-500) x 10

21T Dy THERMALIZATION
B3 M fm/c
%4 (T/T.)? / OF HEAVY QUARKS
CHARM-QUARK SPATIAL DIFFUSION COEFFICIENT The smaller D, the faster is the
approach to thermalization
Prino and Rapp, J. Phys. G 43, 093002 (2019) felzyépp
AY

Dong and Greco, Prog. Part. Nucl. Phys. 104, 97 (2019)
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Fragmentation: e*e’, ep, pp

fH (PH = ZpT) = fq,g ( pT) ® Dq,g—>H (2)1

Picture credit
Vincenzo Greco

Greco, Ko and Levai, Phys. Rev. Lett. 90, 202302 (2003)
Fries, Muller, Nonaka and Bass, Phys. Rev. C 68, 044902 (2003)
Fries, Greco and Sorensen, Ann. Rev. Nucl. Part. Sci. 58, 177 (2008)

Quark recombination

fy(Ry =2p;) = fq(pT)® fq(pT)

RHIC Au+Au Vs, = 200 GeV

or

Baryons (ng=3) ++ +

*
-ﬂ**{h

7 L ,F"'+. T

o Mesons (ng=2)

KE. (GeV)

@ n (PHENIX) 4 p (PHENIX)
m K (PHENIX) @ A (STAR)
* KJ(STAR) ®m E(STAR)

0.5 1 1.5
KE/n(GeV)
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The temporal evolution of the fireball produced in relativistic HICs is described by
solving the relativistic Boltzmann equation for the parton distribution function f(x,p)

(Pu@” + gQF" p, %) | =(C[ ] |

Instead of starting from cross sections
we simulate a fluid at fixed /s

. 8- 3,/
| Clfo] = . _dL L 2] .‘
j) : 5E; ) 2E,(27)3 | 2By (27)3

x [fQ (:j-)ll )fq._r; (1)‘,2) - fQU-’I )fq._r;(l"z ']

'—(j ( ]72[) ) [ ) (_)- x| M(q,g)+@(P1P2 — Pips)|’

x(2m)*8%(py + p2 — Py — Ph)

Plumari, Puglisi, Scardina and Greco,

PRC 86 (2012) 054902 Non perturbative dynamics — M scattering

matrices (q,g — Q) evaluated by Quasi-Particle
Model (QPM) fit to 1QCD thermodynamics

IN
i

Boltzmann transport
equivalent to viscous hydro at D= g 8O
T]/Szo.]. mﬁ{T‘r:\—l‘,qE(T}TE (1IN = 2N; ||”|i(;L _.':_)|H

')

487>

- INFN 2022

- 9th May 2022

Lucia Oliva (Catania University, INFN-Catania)

36



The temporal evolution of the QGP fireball and the heavy quarks (HQ) in relativistic HICs
is described by solving the relativistic Boltzmann transport equation
for the parton distribution function f(x,p)

p“ad fg(xrp) = C[fg:fq]
fq(x p) + qF xtpvapfq(xr p) = C[fg:fq]

QGP

HEAVY
QUARKS pﬂaufHQ (x,p) + qulﬁpvaﬁfHQ (x,p) = C[fgrfq;fHQ]

Collision integral
change of f due to collision processes
responsible for deviations from ideal hydro (n/s # 0)

. S ,_/i" Pf '_/2]3, . -
/(’ J2E] (21 )%)Ef(H fifa)

change of fdue to .

interactions of the partonic Clf] = 1 /
plasma with the external 9, |

electromagnetic field

EEET

>\|'\/[1)_,1 )f|(._fl pﬁ—p — D1 — ]y )

Ferini, Colonna, Di Toro and Greco, Phys. Lett. B 670, 325 (2009)
Ruggieri, Scardina, Plumari and Greco, Phys. Rev. C 89,054914 (2014)
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A.Beraudo, A. De Pace, M. Monteno, M. Nardi and F. Prino, JHEP 05, 279 (2021)

POWLANG POWLANG
Pb-Pb, \s,,=5.02 TeV 0.0 _ Pb-Pb, |s,,=5.02 TeV
Centrality 30-560% Centrality 30-50%:

c quarks Ty D mesons

— I F._]T,___: 3 GeV/c — 2. <3 GeV/

< 6 GeVic

—=-3<p <6 GeVic S — 3¢p

15 1 05 0 0. _ 5 _1

Hadronization via in-medium recombination with string-breaking
can enhance the D-meson v,(y) for 1<p;<3 GeV
Even though the v,(y) of bulk medium is small, there is a strong correlation between
the HQ momentum and position and four-velocity of its fluid cell at hadronization
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38
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RHIC 200 Gev — o Asymmetry in charged

minimum bias

o PN particle and electric field

—— PHSD
PHSD + EMF

profiles in p+Au
» enhanced particle
production in the Au-going
direction
» electric field directed from
the heavy ion to the proton

Fiorentz = CI(E + vV X B)

> -
=)
Z
3 >
— (@ | } Z
é =) N
gl = | <
tollision *
overlap zone 1
Y

Oliva, Moreau, Voronyuk and Bratkovskaya,
Phys.Rev.C 101,014917 (2020)
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