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Heavy-ion collisions: exploring the QCD phase-diagram

Temperature T [MeV]
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@ Polyakov loop (L) ~ e BAFa:
energy cost to add an isolated color
charge

@ Chiral condensate (Gq) ~ effective
mass of a “dressed” quark in a
hadron
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Heavy-lon Collision (HIC) experiments performed to study the transition
@ From QGP (color deconfinement, chiral symmetry restored)

@ to hadronic phase (confined, chiral symmetry broken)

NB (gGq)#0 responsible for most of the baryonic mass of the universe:
only ~35 MeV of the proton mass from my ;470



Heavy-ion collisions: exploring the QCD phase-diagram

NJL model, Nf:2

phase diagram with isentropic trajectories
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@ Region explored at the LHC (\/sxn & 5 TeV) and highest RHIC

energy: high-T/low-density (early universe, ng/n,~1079)
@ Higher baryon-density region accessible at lower /syn =~ 10 GeV

(Beam-Energy Scan at RHIC, fixed-target experiments)
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(Beam-Energy Scan at RHIC, fixed-target experiments)
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Heavy-ion collisions: exploring the QCD phase-diagram
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@ Region explored at the LHC (\/sxn & 5 TeV) and highest RHIC
energy: high-T/low-density (early universe, ng/n,~1079)

@ Higher baryon-density region accessible at lower /syn =~ 10 GeV
(Beam-Energy Scan at RHIC, fixed-target experiments)
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Looking for signatures of the CEP
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& — oo at CEP should affect observables, e.g. ratio of cumulants of
distributions of conserved charges (Mario Motta PhD thesis and M.
Motta et al., Eur.Phys.J.C 80 (2020) 8, 770)



of space-time evolution

A Froeze-Out % Nuclear collisions and the QGP expansion

collision evolution particle
axpr cootng detectors

lumpy initial had
energy density

T,= 1fm/c

@ Soft probes (low-p7 hadrons): collective behavior of the medium;

@ Hard probes (high-pt particles, heavy quarks, quarkonia): produced
in hard pQCD processes in the initial stage, allow to perform a
tomography of the medium.
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A medium displaying a collective behavior

Pressure-driven hydrodynamic expansion

dv' oP

P = ——
(e + )dt vge  Ox!




A medium displaying a collective behavior

Pressure-driven hydrodynamic expansion

dv' _ oP
dt v<e ox!

NB picture relying on the condition \,¢, < L

(e+ P)




A medium displaying a collective behavior
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o VP = cfﬁe: response to geometric deformation depends on the
squared speed of sound (figure from M. Motta et al., Eur.Phys.J.C

80 (2020) 8, 770)
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Relativistic hydrodynamics: conceptual setup

When A, < L only conservation laws matter:

9, T" =0 + EoS P=P(e)
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rodynamics: conceptual setup

When A, < L only conservation laws matter:

0, T"" =0 + EoS P=P(e)
Ideal hydrodynamics:

TH = T = (e+ P)u"u” — P

Viscous hydrodynamics:
T,uu — -I—l;(lil/ + ﬂ_uu

@ Relativistic Navier-Stokes first-order theory (violates causality)
T =2 VY

with
1

VHYT = (VA + VVUM) — gA’“’(Vaua)

N =

@ Israel-Stewart second-order theory and further developments (respect
causality): re-discovered and improved by heavy-ion community

- pv 1 v v
T = - (a* = 2 VHFUYT)
Tr




Beyond the Israel-Stewart theory

Andamenti di PL/PT per diversi valori di 5/s con = Oe Tu =0.3 GeV

- PLIPT al secondo ordine per yis = 1/4x
PLIPT al terzo ordine per s = 1/4x
-~~~ Risultato della teoria di Israel-Stewart per nfs = 1/47|
—— Soluzione esatta per /s = 1/4m
| > -~~~ -PLIPT al secondo ordine per nis = 3/4
oz PLIPT al terzo ordine per /s = 3/4x
} 5 -~~~ Risultato della teoria di Israel-Stewart per s = 3/4|
—— Soluzione esatta per /s = 3/4r

L I I I I L
8 10 2

Q
= [fmic]

One can perform a Chapman-Enskog expansion in powers of
Kn = A,ip/L and compare the results with the exact solution of the
Boltzmann equation at fixed 7/s (bachelor thesis by Vittorio Larotonda).



Beyond the Israel-Stewart theory

Andamenti di PL/PT per diversi valori di 5/s con = Oe Tu =0.3 GeV

~ PLIPT al secondo ordine per yis = 1/4r

PLIPT al terzo ordine per s = 1/4x
-~~~ Risultato della teoria di Israel-Stewart per nfs = 1/47|
—— Soluzione esatta per /s = 1/4m
-~~~ -PLIPT al secondo ordine per nis = 3/4

PLIPT al terzo ordine per /s = 3/4x
-~~~ Risultato della teoria di Israel-Stewart per s = 3/4|
—— Soluzione esatta per /s = 3/4r

7[¢m/c] ‘ " b

One can perform a Chapman-Enskog expansion in powers of

Kn = A,ip/L and compare the results with the exact solution of the
Boltzmann equation at fixed 7/s (bachelor thesis by Vittorio Larotonda).

NB For the Boltzmann approach at fixed 7/s se the results by the
Catania group
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Numerical implementation: development of ECHO-QGP

Major project which has involved the Universities and INFN sections of
Firenze, Torino and Ferrara
@ Eur.Phys.J. C73 (2013) 2524 Development of ECHO-QGP, first
public relativistic viscous hydrodynamic code in 3+1 dimensions for
the study of HIC's;
@ Eur.Phys.J. C75 (2015) no.9, 406: study of vy of pions, vorticity
and polarization of A hyperons (recently measured by the STAR
collaboration) in HIC's;

@ Eur.Phys.J. C76 (2016) no.12, 659: first relativistic
magneto-hydrodynamic code developed for the study of HIC's.
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Directed flow, vorticity and polarization
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Participant nucleons deposit more energy along their direction of motion
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Directed flow, vorticity and polarization
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Participant nucleons deposit more energy along their direction of motion

@ Fireball deformation in the RP leads to v; = (cos(¢ — ¥gp)) # 0
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Directed flow, vorticity and polarization
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Participant nucleons deposit more energy along their direction of motion
@ Fireball deformation in the RP leads to v; = (cos(¢ — ¥gp)) # 0

@ Enormous angular momentum (|J,| ~ 10% — 10*A) and vorticity
@ = 3(V x V) ~ 10%?s7! of the fireball partially transferred to
polarization of produced particles via spin-orbit interaction

1 T
p=Zexp [—(H—w J—neQ)/T
(Eur.Phys.J. C75 (2015) no.9, 406) o



Vorticity and polarization: results

@ Mean spin vector for spin 1/2 particles:

A
57 (p) = — o p, L AL = NF)ye
8m fdz,\[))‘n,:
where w,,, = —% (0uBy — 0uBy), with B, = u, /T
@ Polarization of A hyperons ~ 2% measured through A — pr—
dN 1 -
— Z (14 apPr- )
d cos 6* 2( TANEA - P

See e.g. 13/31




Vorticity and polarization: results

0PI (%)
-

10°
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@ Mean spin vector for spin 1/2 particles:
d¥,prne(l — i
SH(p) = ——€"PTp, [ dXxp*ne(1 — ng)w,
8m fdz)\p)\n’__

where w,,, = —% (0uBy — 0uBy), with B, = u, /T
@ Polarization of A hyperons ~ 2% measured through A — p7r~
dN 1 =
=5 (1+anPr-5)
d cos 0* 2( T ANEN Py
See e.g. F. Becattini et al., Lect.Notes Phys. 987 (2021)
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The role of the magnetic field and axial anomaly
S0
——4‘,’/
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@ Huge magnetic field (B ~10"T) orthogonal to the reaction plane from
du(Thewe + Thn) =0, duF*™ =—J" and d,F™"" =0
(Eur.Phys.J. C76 (2016) no.12, 659)
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Spin Spin
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@ Huge magnetic field (B ~10"T) orthogonal to the reaction plane from
du(Thewe + Thn) =0, duF*™ =—J" and d,F™"" =0
(Eur.Phys.J. C76 (2016) no.12, 659)
@ Spin of u/d quarks aligned/anti-aligned with B
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The role of the magnetic field and axial anomaly

B u(q=2/3¢) d (q=—1/3¢) J
Momentum Momentum
Spin Spin
R-handed R-handed

@ Huge magnetic field (B ~10"T) orthogonal to the reaction plane from
du(Thewe + Thn) =0, duF*™ =—J" and d,F™"" =0
(Eur.Phys.J. C76 (2016) no.12, 659)
@ Spin of u/d quarks aligned/anti-aligned with B

@ Non-trivial topological configurations of the colour field can lead, event
by event, to an excess of quarks of a given chirality

d g 3 Fap
—(Ng — N.) = —N¢ 16772/d xF7PF 540

dt
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The role of the magnetic field and axial anomaly

B =2/3 d(g=-1/3 J
= u(q=2/3¢) (q e)
) Momentum Momentum
,\//
— '———' Spin Spin
/

A\ )
\_/

\

R-handed R-handed

@ Huge magnetic field (B ~10"T) orthogonal to the reaction plane from
du(Thewe + Thn) =0, duF*™ =—J" and d,F™"" =0
(Eur.Phys.J. C76 (2016) no.12, 659)
@ Spin of u/d quarks aligned/anti-aligned with B

@ Non-trivial topological configurations of the colour field can lead, event
by event, to an excess of quarks of a given chirality

d g2 3. FapB,ara
f(NRfNL):*Nf]ﬁﬂ_z/d x F™"™ Fagyéo

dt

-

Q= o5 B: separation of opposite-charge particles wrt the reaction plane
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cing energy-loss to colored pro

ATLAS

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET

|

Strong unbalance of di-jet events, visible at the level of the
event-display itself, without any analysis: jet-quenching
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A medium inducing energy-loss to colored probes

e CMS,/ | cMS Experiment at LHC, CERN
~ "\\\;7 N Data recorded: Sun Nov 14 19:31:39 2010 CEST
- -~ h i Run/Event: 151076 / 1328520
- ~ Lumi section: 249
Er(GeV, — - —
7(GeV) ey Leading jet T
: . :205.1 GeVic ) T
100 , Pr: 2 |
80 % ' o
60 ) Subleading jet - ] /
0 pr:70.0 GeV/c ) ; |
20 -
0o 5

Strong unbalance of di-jet events, visible at the level of the
event-display itself, without any analysis: jet-quenching
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A medium inducing energy-loss to colored probes

© ' pPb | 5,0 - 5.02 TeV, NSD (ALICE)

* 7,Pb-Pb |5y, = 276 TeV, 0-10% (CMS) ]
& W, PbPD | 5y, = 276 TeV, 0-10% (CMS)
¥ 2, PoPb |5, = 276 TeV, 0-10% (CMS) |

1 PP (ALICE)
’I 1.8 4 1, Po-Pb (CMS)

1.6 [\ =276 TeV,05%

0:4 MES E‘E ’ | 5 -

010 20 56 40 50 60 70 80 90 100
P, (GeV/c) or mass (GeV/c?)

Medium-induced suppression of high-momentum hadrons and jets
quantified through the nuclear modification factor

I (dNh /dpr) ™
M= Neon) (dN"/dpr)PP
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A medium inducing energy-loss to colored probes

Medium-induced suppression of high-momentum hadrons and jets
quantified through the nuclear modification factor

(dNh /dpr) ™

Neon) (dN"/dpr)PP

RAA =
(

interpreted as energy carried away by radiated gluons
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How the medium responds to jets
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Wake arising from jet propagation in an ideal and viscous medium
studied in linearized hydrodynamics (Daniel Pablos et al., JHEP 05
(2021) 230)
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Heavy Flavour in the QGP: the conceptual setup

@ Description of soft observables based on hydrodynamics, assuming
to deal with a system close to local thermal equilibrium (no matter
why): collective behaviour of the medium;
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Heavy Flavour in the QGP: the conceptual setup

@ Description of soft observables based on hydrodynamics, assuming
to deal with a system close to local thermal equilibrium (no matter
why): collective behaviour of the medium;

@ Description of jet-quenching based on energy-degradation of
external probes (high-pr partons): opacity of the medium;

@ Description of heavy-flavour observables requires to employ/develop
a setup (transport theory) allowing to deal with more general
situations and in particular to describe how particles would
(asymptotically) approach equilibrium.

NB At high-pt the interest in heavy flavor is no longer related to
thermalization, but to the study of the mass and color charge dependence
of jet-quenching (not addressed in this talk)
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Transport theory: the Boltzmann equation

Time evolution of HQ phase-space distribution fo(t,x, p):

d
Efo(tx, p) = Clfq]
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Transport theory: the Boltzmann equation

Time evolution of HQ phase-space distribution fo(t,x, p):

d
2 falt,x,p) = Clfe]

@ Total derivative along particle trajectory

Neglecting x-dependence and mean fields: 0;fo(t, p) = C[fg]

@ Collision integral:

Clral = [ (e + . Wfalp + ) ~ w(p.K)fo(p)]

gain term loss term

w(p, k): HQ transition rate p — p — k

19/31



From Boltzmann to Fokker-Planck

Expanding the collision integral for small momentum exchange' (Landau)

C[f]~/dk K2 +1k"kf o [w(p, k)fo(t,p)]
Ql ~ ap, 2 ap,apj wip, Qlt, P

!B. Svetitsky, PRD 37, 2484 (1988)
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From Boltzmann to Fokker-Planck

Expanding the collision integral for small momentum exchange' (Landau)

C[f]~/dk K2 +1k"kf & [w(p, k)fo(t,p)]
QI ~ 8p, 2 ap’apf Wp: Q 7p

The Boltzmann equation reduces to the Fokker-Planck equation

Srfat0) = 2 Aol p) + LB () a(e.p)]
where

Ap) = [ dkKw(pl) — A(p) = Alp) P

friction

B/(p) = 5 [ dikulp.k) — B/(p) = (&7 — D)E(p) + DD E(p)

momentum broadening

!B. Svetitsky, PRD 37, 2484 (1988)
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From Boltzmann to Fokker-Planck

Expanding the collision integral for small momentum exchange' (Landau)

C[f]N/dk K2 +1k"kf & [w(p, k)fo(t,p)]
QI ~ 8p’ 2 8P’8PJ Wp: Q 7p

The Boltzmann equation reduces to the Fokker-Planck equation

%fo(t, p)= ai,- {A'(p)fo(t7 p)+ %[B”(p)fo(t,p)l}
where

Ap) = [ dkkwipd) — A(p) = Alp)p

friction

B'(p) = %/dk KKw(p,k) — B'(p)= (5" — p'P)Bo(p) + P'P Bi(p)

momentum broadening

Problem reduced to the evaluation of :
directly derived from the scattering matrix

1
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Approach to equilibrium in the FP equation

The FP equation can be viewed as a continuity equation for the
phase-space distribution of the kind 9:p(t, 5) + V,-J(t,p) =0

5efoltp) = 5 { A)a(t) + 5 BTNt 0]

=p(t,P)

=—Ji(t.p)
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Approach to equilibrium in the FP equation

The FP equation can be viewed as a continuity equation for the
phase-space distribution of the kind 9:p(t, 5) + V,-J(t,p) =0

e faltp) = o { A @)ale.p) + 5 [E70)atc. o)}

=p(t,P)

=-Ji(t,P)
admitting a steady solution f.,(p) = e E/T when the current vanishes:

A(@)a(p) =~ 25 Pt (o) — () 2ol
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Approach to equilibrium in the FP equation

The FP equation can be viewed as a continuity equation for the
phase-space distribution of the kind 9:p(t, 5) + V,-J(t,p) =0

. 9 .
— fo(t,p) = =— S A'(p)fo(t —[BY(p)fo(t
e faltp) = o { A @)ale.p) + 5 [E70)atc. o)}
=p(t,P) ’
=—Ji(.B)
admitting a steady solution f.,(p) = e 5/7

when the current vanishes:
[y oBi(p iirOfeq(p
A(@)a(p) = =25 Pt () — B7() 2l

op/
One gets
_Bp) 0 Ly
A "= '— — [0YB, "V (B — B,
(p)p TE, P 8p,[ o(p) + 'P (Bi(p) — Ba(p))] »
leading to the Einstein fluctuation-dissipation relation

CEE F

_1
> op 2 (Bi(p) — Bo(p)) |

quite involved due to the momentum dependence of the transport
coefficients (measured HQ's are relativistic particles!)
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The relativistic Langevin equation

The Fokker-Planck equation can be recast into a form suitable to follow
the dynamics of each individual quark arising from the pQCD Monte
Carlo simulation of the initial QQ production: the Langevin equation
Api . .
Ap = olp)pl+ €(t)
t —— ~—

determ. stochastic

with the properties of the noise encoded in

Ouwr
At

(€(P) =0 (E(P)E(P))=b"(P) 1~ b(P)=ri(p)B' P +r7(p)(6"D'P)
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The relativistic Langevin equation

The Fokker-Planck equation can be recast into a form suitable to follow
the dynamics of each individual quark arising from the pQCD Monte
Carlo simulation of the initial QQ production: the Langevin equation
Api . .
Ap = olp)pl+ €(t)
t —— ~—

determ. stochastic

with the properties of the noise encoded in

€D =0 (€IS = 0) 2 bip)

s ()P B+r 7 (p) (7P BY)
Transport coefficients related to the FP ones:

@ Momentum diffusion: k1(p) = 2By(p) and k.(p) = 2B1(p)

@ Friction term, in the [to pre-point discretization scheme,

e (p) = A(p) = Bi(p) [10Bi(p) n d - 1

TE, > op (Bi(p) — Bo(p))
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Asymptotic approach to thermalization

dN/dp
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@ Left panel: evolution in a static medium
@ Right panel: decoupling from expanding medium at Tro =160 MeV

For late times or for very large transport coefficients HQ's approach local

kinetic equilibrium with the medium.
Figures adapted from Federica Capellino master thesis, awarded with

Milla Baldo Ceolin and Alfredo Molinari INFN prizes.
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Theory-to-data comparison:

1.6F T .
ALICE

1ab Pb-Pb, {5y =5.02TeV ]
Centrality 30-50%

1.2) Prompt D°, D*, D** average ]

a snapshot of recent

results
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— = PHSD
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E = Catania

T
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=--=LBT
--- POWLANG-HTL

LGR

osf _4
o8| E
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410" 1 2 34567 10 20 30 1 2 3 45678910 20 30
Py (GeV/c) Py (GeV/c)
dN/dpr|
Raa = Ad vy = (cos[n(¢ — V,)])
(Neon) dN/dp,, ! !

In spite of their large mass, also the D-mesons turn out to be quenched
and to have a sizable v,. Does also charm reach local thermal
equilibrium? Transport calculations are challenged to consistently

reproduce this rich phenomenology.
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EBE fluctuations and D-meson v3

sdens fm ) 0-10% Pb-Pb coll.

450 N
0.2~ Pb-Pb, \/STIN=5.02 TeV
400 r Centrality 0-10%
350 0.15 POWLANG - HTL, charm hadrons
- --- POWLANG - IQCD, charm hadrons
300 cMs, D, prelim., only stat. unc.
0. [CMS-PAS-HIN-16-007]
250
0.05 s
200 ;
150 A frmes
100
-0.05
50
0 B e N SR VRN AR BPRRTN IR O
2 4 8 10 12 14

Vs

y (fm)

{
%

0 6

(fm) P, (GeV/c)
Transport calculations carried out in , with
hydrodynamic background calculated via the (

) starting from Glauber Monte-Carlo initial conditions.
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What do we want to learn? A bit of history...

Theory and experimental verification of brownian motion by Einstein

(1905) and Perrin (1909)
From the vertical distribution of an emulsion

n(z) = nge~ (Me/KeT)z
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What do we want to learn? A bit of history...

Theory and experimental verification of brownian motion by Einstein

(1905) and Perrin (1909)
From the vertical distribution of an emulsion

n(z) = nge~ (Me/KeT)z

imposing the balance between gravity current

2 _ 2 Mg
jgrav = nv- = _n67ralrl
and diffusion current
. on D Mg
. —_ -— — n
'/dlff 82 KB T

One gets an expression for the diffusion coefficient

_ KgT

D=
6man
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What do we want to learn? A bit of history...

nental data.) See Problem 4.5, [Data from Perrin, 1948.]

From the random walk of the emulsion particles (follow the motion along
one direction!) one extracts the diffusion coefficient
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and from Einstein formula one estimates the Avogadro number:
RT
6ran D

Perrin obtained the values A/ ~ 5.5 — 7.2-10%3.

NAKBER — NA:
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What do we want to learn? A bit of history...

nental data.) See Problem 4.5. (Data from Perrin, 1948.]

From the random walk of the emulsion particles (follow the motion along
one direction!) one extracts the diffusion coefficient

and from Einstein formula one estimates the Avogadro number:
RT
6ran D
Perrin obtained the values A4 ~ 5.5 —7.2-10%3. We would like to extract
HQ transport coefficients in the QGP with a comparable precision!

NAKBER — NA:
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HQ momentum diffusion: lattice-QCD

Getting the HQ momentum-diffusion coefficient requires to evaluate

+o0 oo
o %/_m dt<fi(t)§i(0)>HQ - %/_Oo dt(Ff(t)F"(O)>HQ
=D>(t)

where F(t) = /dx QT(t,x)t*Q(t,x)E?(t, x)
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HQ momentum diffusion: lattice-QCD

Getting the HQ momentum-diffusion coefficient requires to evaluate

1 [te° ) . 1 [T ) )
=3 HEOEOma=3 [ dtFOF©Oug
—0o0 —00 —_—
=D>(t)
where F(t) = /dx QT(t,x)t*Q(t,x)E*(t,x)
From the lattice one can get only the euclidean correlator (t = —iT)

(Re Tr[U(B,7)gE'(T,0)U(T,0)gE(0,0)])

DE(T) = -

(Re Tr[U(3,0)])

How to proceed?
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1 [te° ) . 1 [T ) )
=3 HEOEOma=3 [ dtFOF©Oug
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=D>(t)
where F(t) = /dx QT(t,x)t*Q(t,x)E*(t,x)
From the lattice one can get only the euclidean correlator (t = —iT)

(Re Tr[U(B,7)gE'(T,0)U(T,0)gE(0,0)])

DE(T) = -

(Re Tr[U(3,0)])

How to proceed? x 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) i 1 o(w) 1T

o= lim — i = ~ Zo(w
=0T 3T e i 03 W
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HQ momentum diffusion: lattice-QCD

Getting the HQ momentum-diffusion coefficient requires to evaluate

1 [te° ) . 1 [T ) )
=3 HEOEOma=3 [ dtFOF©Oug
—0o0 —00 —_—
=D>(t)
where F(t) = /dx QT(t,x)t*Q(t,x)E*(t,x)
From the lattice one can get only the euclidean correlator (t = —iT)

(Re Tr[U(B,7)gE'(T,0)U(T,0)gE(0,0)])

DE(T) = -

(Re Tr[U(8, 0)])

How to proceed? x 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
_ . D7) .1 ow) 1T

P lim e = im0 7)
From Dg(7) one extracts the spectral density according to
+°° dw cosh(r — 3/2)
D = S S . AN
e(7) /0 or sinh(Fwy2) )
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HQ momentum diffusion: lattice-QCD

The direct extraction of the spectral density from the euclidean correlator
+°° dw cosh(r — 3/2)
D = _—
e(7) /0 27 sinh(Bw2) )

is a ill-posed problem, since the latter is known for a limited set (~ 20) of
points De(7;), and one wishes to obtain a fine scan of the the spectral
function o(w;). A direct x2-fit is not applicable.
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HQ momentum diffusion: lattice-QCD

The direct extraction of the spectral density from the euclidean correlator
+°° dw cosh(r — 3/2)
D = _—
e(7) /0 27 sinh(Bw2) )

is a ill-posed problem, since the latter is known for a limited set (~ 20) of
points De(7;), and one wishes to obtain a fine scan of the the spectral
function o(w;). A direct x2-fit is not applicable. Possible strategies:

@ Bayesian techniques (Maximum Entropy Method)

@ Theory-guided ansatz for the behaviour of o(w) to constrain its
functional form (A. Francis et al., PRD 92 (2015), 116003)

R T"'I.STC,TL:LZA?/\M—\ T"‘lSTL
10" T T T T .
Y /’i 5om From the different ansatz
. 3a .
ok Al —— on the functional form of
Vi 0
< / o $§= o(w) one gets a systematic
s L 18 ™ = .
= e B T uncertainty band:
N | T
P R B 3
ys 1ab = H/T ~18—-34
: 10’3#
| . B
R 10 10' 10 1 B 3 i 29 /31



From momentum broadening to spatial diffusion

In the non-relativistic limit an excess of HQ's initially placed at the origin will
diffuse according to
2 : 2T?
(X°(t)) ~ 6Dst with Ds=—.
K

t— o0

For a strongly interacting system spatial diffusion is very smalll Theory
calculations for Ds have been collected (F. Prino and R. Rapp, JPG 43 (2016)
093002) and are often used by the experimentalists to summarize the difference

among the various models
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2 : 2T?

(X°(t)) ~ 6Dst with Ds=—.
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For a strongly interacting system spatial diffusion is very smalll Theory
calculations for Ds have been collected (F. Prino and R. Rapp, JPG 43 (2016)
093002) and are often used by the experimentalists to summarize the difference
among the various models BUT
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@ Momentum dependence plays a
major role for charm
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For a strongly interacting system spatial diffusion is very smalll Theory
calculations for Ds have been collected (F. Prino and R. Rapp, JPG 43 (2016)
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Are pp collisions really a reference?

A 7 4 1 T . . .
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May a small fireball be produced also in (high-multiplicity) pp events?

@ Baryon-to-meson ratio different from et e~ FF: breaking of
factorization!
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May a small fireball be produced also in (high-multiplicity) pp events?

@ Baryon-to-meson ratio different from et e~ FF: breaking of
factorization!

@ Models including the possibility of HQ coalescence with light
thermal partons seem able to reproduce the data (V. Minissale et
al., Phys.Lett.B 821 (2021) 136622)
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