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Relativistic heavy-ion collisions: general introduction

Heavy-ion collisions: exploring the QCD phase-diagram
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Region explored at LHC: high-T/low-density (early universe, ng/n, ~107°)
@ From QGP (color deconfinement, chiral symmetry restored)
@ to hadronic phase (confined, chiral symmetry breaking®)

NB (gq)#0 responsible for most of the baryonic mass of the universe: only
~35 MeV of the proton mass from m, ;4 #0

V. Koch, Aspects of chiral symmetry, Int.J.Mod.Phys. E6 (1997)



Relativistic heavy-ion collisions: general introduction

Heavy-ion collisions: a typical event

@ Valence quarks of participant nucleons act as sources of strong color
fields giving rise to particle production

@ Spectator nucleons don't participate to the collision;

Almost all the
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Heavy-ion collisions: a typical event

Event display of a Au-Au collision at /syny =200 GeV




Relativistic heavy-ion collisions: general introduction

Heavy-ion collisions: a cartoon of space-time evolution

k Freeze-Out

@ Soft probes (low-pr 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



Relativistic heavy-ion collisions: general introduction

Hydrodynamic behavior: elliptic flow

@ In non-central collisions particle emission
is not azimuthally-symmetric!
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Relativistic heavy-ion collisions: general introduction

Elliptic flow: physical interpretation

200 400 600 800 1000
i T[MeV]

@ Matter behaves like a fluid whose expansion is driven by pressure
gradients
dv’ oP

(e + P)E v (Euler equation)

@ Spatial anisotropy is converted into momentum anisotropy;
@ At freeze-out particles are mostly emitted along the reaction-plane.

@ It provides information on the EOS of the produced matter (Hadron
Gas vs QGP) through the speed of sound: VP = c_fVe 7/38



Relativistic heavy-ion collisions: general introduction

The medium is opaque: jet-quenching

PHENIX Au+Au (central collisions):
% ok t g :’em The nuclear modification factor
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quantifies the suppression of high-pr
hadron spectra
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The medium is opaque: jet-quenching

3 0-5
©0-5%

() ..

-

020-40% ALICE Preliminary
©40-80%
1 |

| | |
20 30 40 50
P, (GeV/c)

The nuclear modification factor
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quantifies the suppression of high-pr
hadron spectra



Relativistic heavy-ion collisions: general introduction

The medium is opaque: jet-quenching

T ——
{ CMs Preliminary baowe T

2l ""”"\rw”’”e‘i"'j””“ ] The nuclear modification factor

(dN* /dpr
(Neon) (dN" /dpT)P?

quantifies the suppression of high-pr
hadron spectra

_ )™

RAA =
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The medium is opaque: jet-quenching
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quantifies the suppression of high-pr
hadron spectra
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Hard-photon Raa ~ 1

@ supports the Glauber picture (binary-collision scaling);

@ entails that quenching of inclusive hadron spectra is a final state
effect due to in-medium energy loss.



Relativistic heavy-ion collisions: general introduction

Di-jet imbalance at LHC: looking at the event display

An important fraction of events display a huge mismatch in Et
between the leading jet and its away-side partner

ATLAS

Run 169045

i Event: 1914004
Calorlmeter Date: 2010-11-12
Towers Time: 04:11:44 CET

"

Possible to observe event-by-event, without any analysis!



Relativistic heavy-ion collisions: general introduction

Di-jet imbalance at LHC: looking at the event display

An important fraction of events display a huge mismatch in Et
between the leading jet and its away-side partner

T CMS,/ | CMs Experiment at LHC, CERN
— 2 Data recorded: Sun Nov 14 19:31:39 2010 CEST
\ ~ T Run/Event: 151076 / 1328520

Lumi section: 249

Leading jet N T
pr:205.1 GeV/c ; - T

Subleading jet . /
:70.0 GeV/c

Possible to obs any analysis!




Heavy Flavor in heavy-ion collisions

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);

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

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

@ 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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Heavy Flavor in heavy-ion collisions

Why are charm and beauty considered heavy?

e M > Agcp: their initial production (as shown!) is well
described by pQCD
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Heavy Flavor in heavy-ion collisions

Why are charm and beauty considered heavy?

e M > Agcp: their initial production (as shown!) is well
described by pQCD

@ M > T: thermal abundance in the plasma would be
negligible; final multiplicity in the experiments (expanding
fireball with lifetime ~10 fm/c) set by the initial hard
production

o M > gT, with gT being the typical momentum exchange in
the collisions with the plasma particles: many soft scatterings
necessary to change significantly the momentum/trajectory of
the quark.

NB for realistic temperatures g ~ 2, so that one can wonder
whether a charm is really “heavy”, at least in the initial stage of
the evolution.

11/38



Heavy Flavor in heavy-ion collisions

Heavy quarks as probes of the QGP

A realistic study requires developing a multi-step setup:

@ Initial production: pQCD + possible nuclear effects (nPDFs,
kr-broadening) — QCD event generators;
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Heavy Flavor in heavy-ion collisions Transp:
Results

Heavy quarks as probes of the QGP

A realistic study requires developing a multi-step setup:

Initial production: pQCD + possible nuclear effects (nPDFs,
kr-broadening) — QCD event generators;

Description of the background medium (T(x), ut(x), local value of
transport coefficients...) — hydrodynamics;

Dynamics in the medium — transport calculations;

Hadronization: not well under control (fragmentation in the
vacuum? recombination with light thermal partons?)

o An item of interest in itself (change of hadrochemistry in AA)
e However, a source of systematic uncertainty for studies of
parton-medium interaction,
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Heavy Flavor in heavy-ion collisions

Heavy quarks as probes of the QGP

A realistic study requires developing a multi-step setup:

Initial production: pQCD + possible nuclear effects (nPDFs,
kr-broadening) — QCD event generators;

Description of the background medium (T(x), ut(x), local value of
transport coefficients...) — hydrodynamics;

Dynamics in the medium — transport calculations;

Hadronization: not well under control (fragmentation in the
vacuum? recombination with light thermal partons?)

o An item of interest in itself (change of hadrochemistry in AA)
e However, a source of systematic uncertainty for studies of
parton-medium interaction,

Final decays (D — Xve, B — XJ/1...)
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Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

HQ production: NLO calculation 4+ Parton Shower

(PYTHIA) {07

@ The strategy to simulate the initial QQ production is to interface
the output of a NLO event-generator for the hard process with a
parton-shower describing the Initial and Final State Radiation and
modeling other non-perturbative processes (intrinsic kv, MPI,
hadronizazion)

@ This provides a fully exclusive information on‘the final state

13/38



roduction
Heavy Flavor in heavy-ion collisions
Results

Heavy flavour: experimental observables

@ D and B mesons
@ Non-prompt J/¢'s (B — J/9 X)
@ Heavy-flavour electrons, from the decays

o of charm (e.)
D — Xve

o of beauty (ep)

B — Dve
B — Dre — Xveve
B — DY — XveY

@ B-tagged jets

14 /38



Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

HF production in pp collisions: results
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o Besides reproducing the inclusive D-meson p7-spectra?
@ and the heavy-flavour electrons

2W.M. Alberico et al, Eur.Phys.J. C73 (2013) 2481

15/38



Heavy Flavor in heavy-ion collisions

HF production in pp collisions:

(dNy/dAd) / Np

Initial production
Transport setup
Results

results
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o Besides reproducing the inclusive D-meson pr-spectra?

@ and the heavy-flavour electrons

o ...the POWHEG+PYTHIA setup allows also the comparison
with D — h correlation data, which start getting available.

2W.M. Alberico et al, Eur.Phys.J. C73 (2013) 2481
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Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

Transport theory: the Boltzmann equation

Time evolution of HQ phase-space distribution fo(t,x, p)3:

d
—folt, = C[f
pm o(t,x,p) [fq]

@ Total derivative along particle trajectory

i:g_’_‘,g_’_Fg
dt — Ot Ox op

Neglecting x-dependence and mean fields: d,fq(t, p) = C[fo]

@ Collision integral:

Clfe] = / dk[w(p + k. K)fo(p + k) — w(p, k)fo(p)]

gain term loss term

w(p,k): HQ transition rate p — p — k

3For results based on BE see e.g. Catania-group papers
16/38



Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

From Boltzmann to Fokker-Planck

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

C[f]~/dk K L 2 e fo(t )]
Ql ~ ap, 2 ap,apj Wp7 Q 7p

“B. Svetitsky, PRD 37, 2484 (1988)
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Heavy Flavor in heavy-ion collisions Transport setup
Results

From Boltzmann to Fokker-Planck

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

C[f]~/dk K L 2 e fo(t )]
Ql ~ 8p, 2 ap,apj Wp7 Q 7p

The Boltzmann equation reduces to the Fokker-Planck equation

Sifa(t.) = 7 { A ) alep) + 5 1B ) ol ]|

where (verifyl)

A"(p)=/dkk"W(p,k) — A(p)=Alp)p'

friction

B/(p) = 5 [ dikkWulp.l) — B/(p) = P Eo(p) + (67— D) (p)

momentum broadening

“B. Svetitsky, PRD 37, 2484 (1988)

17/38



Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

From Boltzmann to Fokker-Planck

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

C[f]~/dk K L 2 e fo(t )]
Ql ~ 8p, 2 ap,apj Wp7 Q 7p
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Sifa(t.) = 7 { A ) alep) + 5 1B ) ol ]|

where (verifyl)

A"(p)=/dkk"W(p,k) — A(p)=Alp)p'

friction

B/(p) = 5 [ dikkWulp.l) — B/(p) = P Eo(p) + (67— D) (p)

momentum broadening

Problem reduced to the evaluation of

“B. Svetitsky, PRD 37, 2484 (1988)
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Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

The relativistic Langevin equation

The Fokker-Planck equation can be recast into a form suitable to follow
the dynamics of each individual quark: the Langevin equation
Ap’
At

=—np(p)p'+ £(1) ,
—— —~—
determ. stochastic

with the properties of the noise encoded in

<§i(pt)§j(pt/)>=b”(pt)it; bi(p)=ry (p)P'P + 11 (p)(67—p'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: the Langevin equation

=—np(p)p'+ £(1) ,
N—— ~—~
determ. stochastic
with the properties of the noise encoded in

(PSP =b (p) 3 BI(p)=r(p)BF + 11 (0)(57—B)

Transport coefficients to calculate:
2
Lapt) (AR
2 At 1= "at
@ friction term (dependent on the discretization scheme!)

DIto( ) _ ";|7SEZE12 (1 _ V2)ag|l/(2p) + d; 1 HH(p) ;2HL(p)

@ Momentum diffusion k| =

fixed in order to assure approach to equilibrium’ (Einstein relation): B



Initial production
Transport setup
Results

Heavy Flavor in heavy-ion collisions

A first check: thermalization in a static medium

L =8 fm T=400 MeV } T=400 MeV
— N\ HTL (u=2xT)| t=4 fm HTL (u=nT)
> 004 «— t=1 fm] ’
> = <—t=1 fm
g L
= =2 fm t=2 fm
= 0021 t=4 fm T ’
o™
o
0 f 1 " 1 1 1 " 1 " 1 1 1
0 1 2 3.0 1 2 3
p (GeV) p (GeV)

For t >> 1/1p one approaches a relativistic Maxwell-Jiittner distribution®

e P/T

et 1 3 —
fMJ(p)_47rM2TK2(I\/I/T)’ with /d pfi(p) =1

(Test with a sample of ¢ quarks with py=2 GeV/c)
SA.B., A. De Pace, W.M. Alberico and A. Molinari, NPA-831, 59 (2009)
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Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

The realistic case: expanding fireball

Within our POWLANG setup (POWHEG+LANGevin) the HQ evolution
in heavy-ion collisions is simulated as follows

@ QQ pairs initially produced with the POWHEG-BOX package (with
nPDFs) and distributed in the transverse plane according to
neon(x) from (optical) Glauber model;

®P. Romatschke and U.Romatschke, Phys. Rev. Lett. 99 (2007) 172301
and
ECHO-QGP, L. Del Zanna et al., Eur.Phys.J. C73 (2013) 2524.

20/38



Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

The realistic case: expanding fireball

Within our POWLANG setup (POWHEG+LANGevin) the HQ evolution
in heavy-ion collisions is simulated as follows

@ QQ pairs initially produced with the POWHEG-BOX package (with
nPDFs) and distributed in the transverse plane according to
neon(x) from (optical) Glauber model;

@ update of the HQ momentum and position to be done at each step
in the local fluid rest-frame

o u"(x) used to perform the boost to the fluid rest-frame;
o T(x) used to set the value of the transport coefficients

with u#(x) and T(x) fields taken from the output of hydro codes®;

@ Procedure iterated until hadronization

®P. Romatschke and U.Romatschke, Phys. Rev. Lett. 99 (2007) 172301
and
ECHO-QGP, L. Del Zanna et al., Eur.Phys.J. C73 (2013) 2524.
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Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

The Langevin equation provides a link between what is possible to
calculate in QCD ( ) and what one actually
measures (final pr spectra)

Evaluation of transport coefficients:

e Weak-coupling hot-QCD calculations’
@ Non perturbative approaches

e Lattice-QCD
o AdS/CFT correspondence
e Resonant scattering

"Our approach: W.M. Alberico et al., Eur.Phys.J. C71 (2011) 1666

21/38



Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

Transport coefficients: perturbative evaluation

It's the stage where the various models differ!

We account for the effect of 2 — 2 collisions in the medium

Intermediate cutoff |t|* ~ m%® separating the contributions of

@ hard collisions (|t| > |t|*): kinetic pQCD calculation

@ soft collisions (|t| < [t]*): Hard Thermal Loop approximation
(resummation of medium effects)

8Similar strategy for the evaluation of dE/dx in S. Peigne and A. Peshier,
Phys.Rev.D77:114017 (2008).

22 /38



Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

Transport coefficients x7/,(p): hard contribution

g/q(hard) __ 11 /nB/F(k)/ 1:l:nB/F(kI)/ t *
y = —— t
T 22E J, 2k ). 2K 2 Ut = 1)

x (21)* 6P + K — P’ — K') [Mg/q(s.0)|" &%
g/q(lnrd) 1 nB/F(k)/ 1:l:nB/F(k,)/ 1 O£ — |#]*
fL 2E/ ok o a2k ), aE I

x (21)*0W(P + K — P' — K') [Mg q(s, )| a7

where: (|t| = ¢°>—w?)
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Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

Transport coefficients x1/,(p): soft contribution

When the exchanged 4-momentum is soft the t-channel gluon feels the
presence of the medium and requires resummation.
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Results

Transport coefficients x1/,(p): soft contribution

When the exchanged 4-momentum is soft the t-channel gluon feels the
presence of the medium and requires resummation.

The blob represents the dressed gluon propagator, which has longitudinal
and transverse components:

-1 1
77 A b - b
g%+ MNy(z,q) 7(z.9) 22— q>—Ty(z,q)

Ai(z,q) =

where medium effects are embedded in the HTL gluon self-energy.

24 /38



Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

Lattice-QCD transport coefficients: setup

One consider the non-relativistic limit of the Langevin equation:

B op +E(1), with () () =0T5(t — )

Hence, in the p—0 limit:

+oo oo
k=3[ O Omang [ dFOF ),

— 0 —oo

=D>(t)
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Lattice-QCD transport coefficients: setup

One consider the non-relativistic limit of the Langevin equation:

B op +E(1), with () () =0T5(t — )

Hence, in the p—0 limit:

+oo oo
k=3[ O Omang [ dFOF ),

— 0 —oo

=D>(t)

In the static limit the force is due to the color-electric field:
:g/deT(t,x)taQ(t,x)Ea(t,x)

In a thermal ensemble o(w)=D>(w)—D<(w) = (1 — e "*)D>(w) and
D~ (w) 1 o(w) 1T

lim = 2\*) ~ L olw
w—0 3 wILnO31 — e hw w~>0 3 w()’((,u)
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Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

Lattice-QCD transport coefficients: results

The spectral function o(w) has to be reconstructed starting from the euclidean
electric-field correlator
(Re Tr[U(B,7)gE'(7,0)U(r,0)gE'(0,0)])

(Re Tr[U(5,0)])

De(r) = -
according to

[T dwcosh(r — 5/2)
DE(T)_/O 27 sinh(Bws2) )
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The spectral function o(w) has to be reconstructed starting from the euclidean
electric-field correlator

(Re Tr[U(B, 7)gE"(7,0)U(7, 0)gE(0, 0)])
(Re Tr[U(5,0)])

_ [T dwcosh(r — 5/2)
DE(T)*/O 27 sinh(Bws2) )

DE(T) = —

according to

One gets (arXiv:1409.3724) 4

Gimp/Gnorm

1/ T? =~ 2.4(6) (quenched QCD, cont.lim.) 85 1 contingd ==

s K/T3=2.4(6) m—

~3-5 times larger then the perturbative result

(W.M. Alberico et al, EPJC 73 (2013) 2481). 2
Challenge: approaching the continuum limit in full 2y
QCD (see Kaczmarek talk at QM14)! 15|
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Initial production

Heavy Flavor in heavy-ion collisions Transport setup
Results

Lattice-QCD transport coefficients: res

ults

The spectral function o(w) has to be reconstructed starting from the euclidean

electric-field correlator

(Re Tr[U(B, 7)gE"(7,0)U(7, 0)gE(0, 0)])

De(7) = - (Re Tx[U(B,0)])

according to

27 sinh(Bw/2)

De(r) = /0+°° dw cosh(T — 8/2)

o(w)

One gets (arXiv:1409.3724) Bam
3a

1/ T? ~ 2.4(6) (quenched QCD, cont.lim.) ZE"

2Ba

~3-5 times larger then the perturbative result Eé z::
(W.M. Alberico et al, EPJC 73 (2013) 2481). 1Bb
Challenge: approaching the continuum limit in full 1Ba
QCD (see Kaczmarek talk at QM14)! o
loa

o strategy (i)
O strategy (i)
1
4

5
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Lattice-QCD transport coefficients: results

The spectral function o(w) has to be reconstructed starting from the euclidean
electric-field correlator

(Re Tr[U(B, 7)gE"(7,0)U(7, 0)gE(0, 0)])

D = -
o (ReTR[U(3, 0)]
according to
+°° dw cosh(T — 3/2)
De(r) = [ S ST )
One gets (arXiv:1409.3724) BT T
5/ T? ~ 2.4(6) (quenched QCD, cont.lim.) ey //,_./.-7

ook (0 =4m) 7

~3-5 times larger then the perturbative result
(W.M. Alberico et al, EPJC 73 (2013) 2481).
Challenge: approaching the continuum limit in full
QCD (see Kaczmarek talk at QM14)!

K (GeV*/fm)
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From quarks to hadrons

In-medium hadronization may affect the Raa and v, of final D-mesons
due to the collective flow of light quarks. We tried to estimate the effect
through this model interfaced to our POWLANG transport code:

@ At Tg4e. c-quarks coupled to light g's from a local thermal
distribution, eventually boosted (uf; ;,#0) to the lab frame;

@ Strings are formed and given to PYTHIA 6.4 to simulate their
fragmentation and produce the final hadrons (D + 7 +...)

One can address the study of D—h and e—h correlations in AA collisions

‘\\\ Away side

Dbar 1

"‘\\\\( cb

string

Green: associated hadrons gbar

string D (trigger part)
n 27/38

Near side



Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

From quarks to hadrons: effect on Ras and v

Experimental data display a peak in the Ra4 and a sizable v, one would
like to interpret as a signal of charm radial flow and thermalization

2 — 77— T

— D’ thermal spectrum (T, =155 MeV) B
o ALICE data D aver. (stat. err. only) 30-50%

— D’ therm (T,,=155 MeV), o

o STAR data (staterr. only) 0-10%

with shad} o6

Au-Au coll. @ 200 GeV
0-10% centr. class (b=3.27 fm) Pb-Pb coll. @ 2.76 TeV
: 30-40% centr.class (b=9.25 fm)

4 6
py (GeVie)

3
Py (GeVie)
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From quarks to hadrons: effect on Ras and v

Experimental data display a peak in the Ra4 and a sizable v, one would
like to interpret as a signal of charm radial flow and thermalization

? T ' T T T T T T e ALICE dataD aver.
L « STAR data 0-10% 1 Pb-Pbcoll. @276 TeV | & 1 thermal spectrum (T, =155 MeV)
+ D’ therm (T, =170 MeV) with shad 30-50% centr.class — POWLANG-HTL + in-medium frag
151 POWLANG-HTL + in-medium frag | —| o3 —- POWLANG-HTL + vacuum FF

H -~ POWLANG-HTL + vacuum FF

Au-Au coll. @ 200 GeV
0-10% centr.class (b=3.27 fm)

=02

L e e e L o e I e
—
LN

T
Py (GeVie)

However, comparing transport results with/without the boost due to
Ul ;g at least part of the effect might be due to the radial and elliptic
flow of the light partons from the medium picked-up at hadronization.
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Heavy Flavor in heavy-ion collisions

D-meson Ry at RHIC

2

Initial production

Transport setup
Results

® STAR data 0-10%

— POWLANG-HTL + in-medium frag
H -~ POWLANG-HTL + vacuum FF

Au-Au coll. @ 200 GeV
0-10% centr.class (b=3.27 fm)

05

H + D’ therm (T, =170 MeV) with shad
15—

* STAR data 0-10%
— POWLANG-HTL (T, =170 MeV) ||

POWLANG-HTL (T, =155 MeV)
—. POWLANG-IQCD (T, =170 MeV) 1
POWLANG-IQCD (T, =155 MeV)

Au-Au coll. @ 200 GeV
0-10% centr.class (b=3.27 fm)

3
Py (GeVie)

It is possible to perform a systematic study of different choices of

@ Hadronization scheme (left panel)

@ Transport coefficients (weak-coupling pQCD+HTL vs
non-perturbative I-QCD) and decoupling temperature (right panel)
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Heavy Flavor in heavy-ion collisions

D-meson Ry at LHC

® ALICE data D aver. 0-20%

4 =- POWLANG-HTL + vacuum FF

N + + D’ therm (T, =170 MeV) 0-10% shad
— POWLANG-HTL + in-medium frag

08

®  ALICE data D aver. 0-20%
— POWLANG-HTL (T, =170 MeV)

POWLANG-HTL »L:]55 MeV)
— POWLANG-IQCD (T, =170 MeV)
POWLANG-IQCD (T, =155 MeV)

Pb-Pb coll. @ 2.76 TeV
0-20% centr.class (b=3.32+6.04 fm)

< .

£06 .
04 SNF e e]
" Pb-Pb coll. @ 2.76 TeV e 02F lj H g

| 0-20% centr.class (b=3.32:+6.04 fm) ST
n L n L n L n L n L n L n L L n L n L n L n Il n
OQ 1 3 5 6 00 1 2 4 5 6 7 8
py (GeV/e) pr (GeVic)

Experimental data for central (0—20%) Pb-Pb collisions at LHC display a
strong quenching, but — at least with the present bins and pr range —

don't show strong signatures of the bump from radial flow predicted by

“thermal” and “transport + Q@ m-String fragmentation” curves.

30
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Heavy Flavor in heavy-ion collisions

D meson Raa:

Initial production
Transport setup
Results

in-plane vs out-of-plane

One can study di

collisions at LHC:

Raa in- and out-of-plane in non-central (30—50%) Pb-Pb

T T T T T T T T T 1 T

ALICE data (staterr. only) 30-50%, in-plane
— POWLANG-HTL + in-medium frag (
POWLANG-HTL + in-medium fmg(

—  POWLANG-IQCD + in-medium frag 1T
POWLANG-IQCD + in-medium frag (T, =155 MeV)|

aed

— T T T

«  ALICE data (sta.err. only) 30-50%, out-of-plane -
— POWLANG-HTL + in-medium frag (T, =170 MeV)

POWLANG-HTL + in-medium frag (T

—  POWLANG-IQCD + in-medium frag (T,

POWLANG-IQCD + in-medium frag (T, =155 MeVJ]

04 I ]
[ 02— =
02f g
ol L T N N
o i 2 3 6 7 8 o 1 3 6 7 8

4
Pr (GeVlc)

4
Pr (GeV/c)

@ Data better described by weak-coupling (PQCD+HTL) transport

coefficients;
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D meson Rja: in-plane vs out-of-plane

One can study di Raa in- and out-of-plane in non-central (30—50%) Pb-Pb
collisions at LHC:

T T T T I—T 7 T 71 T T T T T T T

L o ALICE data (staterr. only) 30-50%,
— POWLANG-HTL + in-medium frag (T
POWLANG-HTL + in-medium frag (T,
t T —- POWLANG-HTL +vacuum FF (T, =170MeV) | 0.8€
POWLANG-HTL + vacuum FF (T, =155 MeV)

L «  ALICE data (sta.err. only) 30-50%, out-of-plane -
PN — POWLANG-HTL + in-medium frag (T,

POWLANG-HTL + in-medium frag (T
— - POWLANG-HTL + vacuum FF (T,

in-planc

L S ]
04 - ]
02 .
ol L P T S T S RO
o i 2 3 5 3 7 5 o [ 2 6 7 8

4 4
Pr (GeVlc) Pr (GeV/c)

@ Data better described by weak-coupling (PQCD+HTL) transport
coefficients;
® Q,perm-string fragmentation describes data slightly better than

in-vacuum independent Fragmentation Functions!
31/38



Initial production
Heavy Flavor in heavy-ion collisions Transport setup
Results

D-meson v, at LHC

04 T 04

L ® ALICE data D aver. ® ALICE data D aver. Pb-Pb T L @276Tev ]
- . @

[ PbPbcoll @276 TeV | & D hermal spectrum (T, =155 MeV) — POWLANG-HTL (T, =170 MeV) . ;}(',7 o eV ]

L 30-50% centr.class — POWLANG-HTL + in-medium frag POWLANG-HTL (T, =155 MeV) -50% centr.class 4

03 L —- POWLANG-HTL + vacuum FF osll = POWLANG-IQCD (T, =170 MeV) ]

l + 1" POWLANG-IQCD (T, =155 MeV) ]

S0z $ 502 ]
01 N ] /1 ol

2 3 s % 2 6 8

4 4
py (GeVie) Py (GeV/e)

Concerning D-meson v, in non-central (30—50%) Pb-Pb collisions:

@ QG,0m-String fragmentation routine significantly improves our
transport model predictions compared to the data;

@ HTL curves with a lower decoupling temperature display the best
agreement with ALICE data
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Hot-medium effects in small systems?

HF in small systems
(p-Pb and d-Au collisions)
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Hot-medium effects in small systems?

Hydrodynamic behavior in small systems?

(@) CMS PbPb S = 2.76 TeV, 220 < NJI'"™ < 260 (b) CMS pPb |5, = 5.02 TeV, 220 < Njy'"™ < 260

1<p;®<3Gevic

1<pi**<3Gevic

1<py®<3Gevic

1<pf®<3GeVic

5 % - é& 34
= =z S
g g5 o
°olg ol 32 255K, “‘\:“
o 2 _.‘ 2 a1 1‘\‘"“8“““‘"‘ 7 TR
- § R AR
o ¢ T

'l\‘\‘

@ Long-range rapidity correlations in high-multiplicity p-Pb (and p-p)
events: collectiv flow?
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Hot-medium effects in small systems?

Hydrodynamic behavior in small systems?

A e s
[ 0-5% d+Au @ 200 GeV  (a)T 0-20% p+Pb @ 5.02 TeV (b)]
0.20[ M pion 1 Opion 1
I @ proton 1 o proton ]
>NO.15* + T g 1

: r G
0.101- T | ) ]
[ . I o ]
[ viscous hydro. I o %] ]
0.05F n/s = 1.0/(4m) I o0 Q ]
[ o —pion T o ALICE: ]
',.9 ---proton 10 F) Ol (0-20%)-(60-100%)
b b b b b b b s e b s s e e 1y
5101520253035 0510152025 3.035

[ (GeV/c) P, (GeVic)

@ Long-range rapidity correlations in high-multiplicity p-Pb (and p-p)
events: collectiv flow?

@ Evidence of non-vanishing elliptic flow v (and mass ordering) in
d-Au and p-Pb. 34/38



Hot-medium effects in small systems?

Hard observables in p-A collisions: no medium effect?

T L ARl R ma s s e
&4 8L ALICEp-Pb sy =5.02TeV it ]
o Charged jets, anti-k, mm’\ <05
1.6F Reference: Scaled pp jets 7 TeV 1F 7
1.4 1F E
IGlobal normalization uncertainty

1.2F 1F E
- ]

J R — +F+ .--:e—.,-,-,-.,.+—{—.- .|.
0.8 1F E
0.6F 1F E
0.4F 1F E
0.2} Resolution parameter R =0.2 1 F Resolution parameter R = 0.4 B
okl 1 1 1 1 1 1 1 1 1 1 1

20 40 60 80 100 120 20 40 60 80 100 120

Pr ot (GeVic) P chiet (GeVic)

No evidence of medium effects in the nuclear modification factor

@ neither of jets
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Hot-medium effects in small systems?

Hard observables in p-A collisions: no medium effect?

e AR
ALICE, charged particles

o p-Pb |5, =502TeV, NSD, |n_|<0.3

= Pb-Pb \5,,=276 TeV, 0-5% central, | n| < 0.8

S T
3 HHHHHHHHH@EBME

m

0.28 o T LR

coa b been b b b b e be i by

0 2 4 6 8 10 12 14 16 18
pT(GeV/c)

n
=]

No evidence of medium effects in the nuclear modification factor
@ neither of jets

@ nor of charged particles

NB Lack of a p-p reference at the same center-of-mass energy source of
systematic uncertainty 35/38



Hot-medium effects in small systems?

Hard and soft probes: different sensitivity to the medium

The quenching of a high-energy parton is described by the pocket formula
(AE) ~ Crasgl® ~ T?1?

with a strong dependence on the temperature and medium thickness.
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Hot-medium effects in small systems?

Hard and soft probes: different sensitivity to the medium

The quenching of a high-energy parton is described by the pocket formula
(AE) ~ Crasgl® ~ T?1?
with a strong dependence on the temperature and medium thickness.

If one believes that also in p-A collisions soft physics is described by
hydrodynamics (A, << L), then starting from an entropy-density profile

2 y2
202 20}2,

and employing the Euler equation (for v < 1) and Tds = de

s(x,y) ~ exp {

(6+p)i\7:,ﬁp N 8.V =—-c*Vins
dt ﬁP:cszﬁe

whose solution and mean square value over the transverse plane is
i

i 2 X _ 2 t

V=g S5t — v/ = ¢

g; Ox/y

The result has a much milder temperature dependence (cs2 ~ 1/3) wrt § and,

although the medium has a (/3 times) shorter lifetime, radial flow develops

earlier, due to the larger pressure gradient 36/38



Hot-medium effects in small systems?

Medium modeling: event-by-event hydrodynamics

Event-by-event fluctuations (e.g. in the nucleon positions) modeled by
Glauber-MC calculation leads to an initial eccentricity (responsible for a
non-vanishing elliptic flow)

Neont X—X2 2 _ 212 4 xyl2
22 XP[ )] — 622\/{}/ {X2J};y—§}{y}
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Hot-medium effects in small systems?

Medium modeling: event-by-event hydrodynamics

Event-by-event fluctuations (e.g. in the nucleon positions) modeled by
Glauber-MC calculation leads to an initial eccentricity (responsible for a
non—vanishing elliptic flow)

S B [N LE

One can con5|der an average background obtained summing all the
events of a given centrality class rotated by the event-plane angle 1,

s(x) =

entropy density (1/fm°) tau0=0.25 fm/c entropy density (1/fm%) tau0=0.25 fm/c

600 250
500

200
400

150
300

100
200

50
100
0 [

Um)
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Hot-medium effects in small systems?

Medium modeling: event-by-event hydrodynamics

Event-by-event fluctuations (e.g. in the nucleon positions) modeled by
Glauber-MC calculation leads to an initial eccentricity (responsible for a
non-vanishing elliptic flow)

Neont X — X; 2 2 3212 4 4Ly )2
s(x) = 2Zexp{ 22)] — 62:\/{y {xzﬁ}:y—;}{y}

One can consider an average background obtained summing all the
events of a given centrality class rotated by the event-plane angle 1,

02—

Temp (GeV) tau0=0.25 fm/c

[ p-Pb @ 5.02 TeV (0-20% centr.class)
0.1

0.04— .

e ALICET' z,:.m (02
4 CMSv, (4] (120N, <150)

60-100% sub.)

I I
0
0 05 1 15 2 25

py (GeVie) 37/38




Hot-medium effects in small systems?

Transport-model predictions

I e R e R AR AARRARRRARRRAN g [T T T T T T T T
= T d-Au, \5,;=200 GeV, centrality 0-20% | o~ 1.6~ p-Pb, |s=5.02 TeV, centrality 0-100%]
1.8 E r 1
’ 6: e*«HF B 1.4 charm hadrons, |y|<0.5
14b E 1.2 .
12F g 1= f =
1 ] 0.8 1
0.0 * PHENX m<035 e ) ]
©F POWHEG+EPS09+k broad B 0.61+ + ALICE, D meson: - -
0.6F- POWLANG, T,= 155 MeV, ly|<1 4 : POWHEG+EPS09+kt broad 1
[ —— HTL, smearing=0.2 ] 0.41f POWLANG, T, = 155 MeV —
0.4~ . HTL, smearing=0.4 | IS - :It smearing:g.f q
£ q - 3 F ---- , smearing= ]
0.2E LatQCD, smear!ng:O.Z = 0.2 LatQCD, smearing=0.2 |
r LatQCD, smearing=0.4 1 F LatQCD, smearing=0.4 4
S R N PRI PR N PEETE SR PPN IR A AP I VT A N B

0 8 9 0 12 14 16 18
p. (GeV/c) p, (GeVic)
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