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Outline

@ The motivation: exploring the QCD phase diagram
@ Virtual experiment: lattice-QCD simulations
@ Real experiments: heavy-ion collisions

@ Collision geometry (Glauber model)
@ Evolution of the produced medium (hydrodynamics)

@ “External” probes of the medium:

o Heavy flavor: relaxation to thermal equilibrium
@ Jet quenching: medium-induced parton branchings

Throughout my lecture | will try to stress the role of numerical si-

mulations and , emphasizing — when possible —




Introduction

Heavy-ion collisions: exploring the QCD phase-diagram
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Net Baryon Density

QCD phases identified through the order
parameters

@ Polyakov loop (L) ~ energy cost to
add an isolated color charge

@ Chiral condensate (gq) ~ effective
mass of a “dressed” quark in a hadron

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 my ;4 #0

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



Virtual experiments: lattice QCD

Virtual experiments: lattice-QCD simulations

@ The best (unique?) tool to study QCD in the
non-perturbative regime

@ Limited to the study of equilibrium quantities



Virtual experiments: lattice QCD

QCD on the lattice

The QCD partition function
2 = [1dU) exp - 35,(U) T] det [M(U. )]
q

is evaluated on the lattice through a MC sampling of the field
configurations, where

° f=6/g
® S, is the gauge action, weighting the different field configurations;
@ U € SU(3) is the link variable connecting two lattice sites;

® M= ~,D, + mq is the Dirac operator



Virtual experiments: lattice QCD

QCD on the lattice: results

From the partition function on gets all the thermodynamical quantities?:

@ Pressure: P=(T/V) InZ;

p(T)/T*
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2Wuppertal group, JHEP 1011 (2010) 077
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Virtual experiments: lattice QCD

QCD on the lattice: results

From the partition function on gets all the thermodynamical quantities?:

....................................... : @ Pressure: P=(T/V) InZ;

s(T)/T

@ Entropy density: s = 0P/0T;
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2Wuppertal group, JHEP 1011 (2010) 077



Virtual experiments: lattice QCD

QCD on the lattice: results

From the partition function on gets all the thermodynamical quantities?:

@ Pressure: P=(T/V) InZ;

110

g @ Entropy density: s = 0P/0T;
b 1, @ Energy density: e = Ts — P;
3 N\=10 Il 1
100 150 200 250 B
o R R PR R
200 400 600 800 1000
T[MeV]

2Wuppertal group, JHEP 1011 (2010) 077



Virtual experiments: lattice QCD

QCD on the lattice: results

From the partition function on gets all the thermodynamical quantities?:

@ Pressure: P=(T/V) InZ;
@ Entropy density: s = 0P/0T;

cX(T)

@ Energy density: ¢ = Ts — P;
@ Speed of sound: ¢ = dP/de

200 400 600 800 1000
T[MeV]

2Wuppertal group, JHEP 1011 (2010) 077



Virtual experiments: lattice QCD

QCD on the lattice: results

From the partition function on gets all the thermodynamical quantities?:

T T T P B
Foo N=6 35
- ; @ Pressure: P=(T/V) InZ;
E e Not0 e 74
N B @ Entropy density: s = 0P/0T;
= - 2 @ Energy density: ¢ = Ts — P;
: iR @ Speed of sound: ¢ = dP/de
.260 - .460 — 6(‘)0. . .860. . .1000

T[MeV]

@ Rapid rise in thermodynamical quantities suggesting a change in the
number of active degrees of freedom (hadrons — partons);

@ One observes a systematic ~20% deviation from the
Stephan-Boltzmann limit even at large T: how to interpret it?

2Wuppertal group, JHEP 1011 (2010) 077



Real experiments: heavy-ion collisions

Real experiments: heavy-ion collisions



@ 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




Collision geometry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

Heavy-ion collisions: a typical event




Real experiments: heavy-ion collisions

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

k‘ Freeze-Out * T{o Ten T

T,=< 1 fm/c

~Y

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

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

10/76



Collision geometry
Medium evolution
Hard probes

Real experiments: heavy-ion collisions

Collision Geometry: the Glauber Model
@ For a nice overview: M.L. Miller et al., nucl-ex/0701025;

@ For some references to pp physics: T. Sjostrand and M. van
ZijL, PRD 36, 2019 (1987)

11/76



Collision geometry
lution

Real experiments: heavy-ion collisions

Glauber Model: outline

@ Nuclei are extended/composite objects:

Projectile B Target A . )
- -~ they can cross at different impact
A ,,,,,,,,, o parameter b and with a different number
""" TE o of elementary binary collisions N¢o;
@ the Glauber Model (optical or MC) is used
, — to describe the geometry of the collision
a) Side View b) Beam-line View

12 /76



Real experiments: heavy-ion collisions

Glauber Model: outline

@ Nuclei are extended/composite objects:

Projectile B Target A . )
- -~ they can cross at different impact
A ,,,,,,,,, o parameter b and with a different number
""" TE o of elementary binary collisions N¢o;
@ the Glauber Model (optical or MC) is used
, — to describe the geometry of the collision
a) Side View b) Beam-line View

Modeling collision geometry important to interpret the data

@ Thicker/denser medium going from peripheral to central collisions
(higher particle multiplicity, larger jet quenching...);

@ Initial eccentricity and fluctuations leave their fingerprints in final
hadronic observables

Analogies with modeling of UE and MPI in pp collisions

12 /76




Real experiments: heavy-ion collisions

Glauber Model: the optical limit
@ Nuclear “thickness function” [Area™!]:

?A(S)E/dZAPA(szA)

@ Nuclear “overlap function” [Area™!]:

a) Side View b) Beam-line View ?AB(b) = /ds ?A(S) ?B(s — b)

13/76



Real experiments: heavy-ion collisions Hard

Glauber Model: the optical limit

@ Nuclear “thickness function” [Area™!]:

TA(S)E/dZApA(szA)

@ Nuclear “overlap function” [Area™!]:
a) Side View b) Beam-line View ?AB(b) = /ds ?A(S) ?B(s — b)

@ Probability of elementary inelastic collision: pV)\(b) = oV T 1z(b)

m

@ Collisions at a given impact parameter b is described by a binomial
distribution:

p(n.) = (48 ) et onet - st ol

13/76



Real experiments: heavy-ion collisions

Glauber Model: results in the optical limit

@ Number of binary collisions (per A — B crossing, ZfBO P(n,b) =1):

Neon( Z nP(n,b) = AB Tag(b) ol

m

@ Number of participants:
Npart (b) = A/dsi\(s) {1-11- Ta(s - b)oi™?}

B/ds?B(s —b) {1 1= Ta(s)o A}

o Total inelastic cross section of4f = [ 27 bdb p/,°(b) obtained
integrating the probability of hav:ng at least one inelastic interaction

AB
PP (b) =Y P(nb) =1 —[1 - Tag(b)ol]*?

n=1

14 /76



Collision geometry

Real experiments: heavy-ion collisions

Glauber Model: centrality classes

PRSLIEI 6 4 20 <b(fm)>

50 100 150 200 250 300 350  <Npar’|

@ Centrality classes defined from measured
dNeyi /dNey, dividing total inelastic
cross-section in percentiles;

3

dofdNeh (a.u.)

107
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Collision geometry
lution
Real experiments: heavy-ion collisions rd pr

Glauber Model: centrality classes

2
Z K
T
>

:
+ ALICE
--- DT (109)
ATLAS-CSC (306)
-~ Perugia-0 (320)
—— PHOJET

08

@ Centrality classes defined from measured
dNeyi /dNey, dividing total inelastic
cross-section in percentiles;

Probabilit

@ Analogous observable considered in UE
] studies in pp collisions, and used for
R MC-tunes
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Collision geometry
lution

Real experiments: heavy-ion collisions

Glauber Model: centrality classes

PRSLIEI 6 4 20 <b(fm)>

50 100 150 200 250 300 350  <Npar’|

@ Centrality classes defined from measured
dNeyi /dNey, dividing total inelastic
cross-section in percentiles;

dofdNeh (a.u.)

3

Inl<1

@ Analogous observable considered in UE

EEEENE S studies in pp collisions, and used for
oI B o | MC-tunes

bbb on bl o o
[ 400 800 1200 1600 2000

en

@ Which is the range of impact parameters (to use in a theory
calculation!) corresponding to a given centrality class?

@ A simple geometrical picture arises from the Glauber Model, e.g.
oot bdb{1 — [1 — Tag(b)olM*8}
5% bdb{1 — [L — Tag(b)oV]AB}
defines the 0-10% centrality class

15/76



Collision geometry

Real experiments: heavy-ion collisions Hara

Glauber model for hard processes

Hard pQCD processes (cc production, high-pt scattering...) scale with
Neolr, hence the interest of estimating (N.,1;) in a given centrality class

16/76



Collision geometry

Real experiments: heavy-ion collisions Hara

Glauber model for hard processes

Hard pQCD processes (cc production, high-pt scattering...) scale with
Neolr, hence the interest of estimating (N.,1;) in a given centrality class

@ Binary collisions per inelastic event at given b:
Nj:?)ilcw(b) = N(:oll(b)/Pi/?lB(b)

(distinction relevant only for very peripheral events)

16/76



Real experiments: heavy-ion collisions

Glauber model for hard processes

Hard pQCD processes (cc production, high-pt scattering...) scale with
Neolr, hence the interest of estimating (N.,1;) in a given centrality class

@ Binary collisions per inelastic event at given b:

Nj:?)ilCVt(b) - (011( )/pm ( )
(distinction relevant only for very peripheral events)

@ Average over all inelastic events at different b:

2 bdb N2 (b) pAB(b) [ bdb Neon(b)

coll

JZ bdbpAB(b) [ bdb pAE(b)

m

(Neott) by—b, =

16/76



Collision geometry
Medi lution
Real experiments: heavy-ion collisions Hard

Glauber model for hard processes

Hard pQCD processes (cc production, high-pt scattering...) scale with
Neolr, hence the interest of estimating (N.,1;) in a given centrality class

@ Binary collisions at given b:
Nj',il)ilCVL(b) - N(:()ll(b)/
(distinction relevant only for very peripheral events)

@ Average over all inelastic events at different b:

2 bdb N2 (b) pAB(b) [ bdb Neon(b)

coll

JZ bdbpAB(b) [ bdb pAE(b)

m

(Neott) by—b, =

One can then compare with a proper
rescaled

16/76



Collision geometry
Medium
Real experiments: heavy-ion collisions Hard probes

Modeling of MPI in pp: some similarities

In QCD for small p“Tﬁ“;
paradox solved by multiple interactions:

17 /76



Collision geometry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

Modeling of MPI in pp: some similarities

In QCD for small p“Tﬁ“;
paradox solved by multiple interactions:

@ Interactions at given b assumed to follow a Poisson distribution

Py (b) = [ﬁ(:!)]" expl-n(5)]. with 7(6) =k O(b)

overlap
NB: Poisson vs Binomial distribution in AB collisions

@ Number of interactions
na(b) B kO(b)

@ Average number of interactions per inelastic event:
(n) = J bdb (n(b)) pin(b) _ [ bdbn(b) _ ohara

[ bdbpin(b) [ bdbpin(b)  onp

17 /76



Collision geometry

Real experiments: heavy-ion collisions

Glauber Model: Monte Carlo implementation

g =" @ Effective nucleon radius R from
& =t deuteron hard-sphere scattering o =4 R?,
odh iy — sNN.
identifying o = oy";
0.151
0.1F
0.05
0123456\73910 012345678910
distance r to center (fm) proton-neutron distance r _(fm)

18/76



Collision geometry
lution

Real experiments: heavy-ion collisions rd pr

Glauber Model: Monte Carlo implementation

g =" @ Effective nucleon radius R from
& =t deuteron hard-sphere scattering o =4 R?,
ant — sNN.
identifying o = oy";
0.151
N @ Nucleons distributed in nuclei A
oo and B according to pa/g(X)
0123456‘73910 012345678910
distance r to center (fm) proton-neutron distance r _(fm)
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Collision geometry
lution

Real experiments: heavy-ion collisions pr

Glauber Model: Monte Carlo implementation

@ Effective nucleon radius R from

hard-sphere scattering o =41 R?,

identifying o = o/\V;

@ Nucleons distributed in nuclei A
and B according to pa/g(X)

@ A collision occurs if d| <2R

18/76



Collision geometry

Real experiments: heavy-ion collisions

Glauber Model: Monte Carlo implementation

@ Effective nucleon radius R from
hard-sphere scattering o =41 R?,
identifying o = o/\V;

@ Nucleons distributed in nuclei A
and B according to pa/g(X)

el kool et @ A collision occurs if d| <2R
x (fm) z (fm)

o . 100f .
Overall agreement £ oo optoa S Ny (Optical)
except for most 5 Faoo > Ny (MC)

. .. B Ay — Nyen (Optical)
peripheral collisions; A ool s + N (MO)

@ MC-Glauber
provides more
granular initial 10 )
conditions R T S o PR VR =T G B e

b (fm)

impact parameter b (fm)
18/76



Real experiments: heavy-ion collisions

Glauber model provides the initial for...
...medium evolution: hydrodynamics

Some references...

@ J.Y. Ollitrault, “Phenomenology of the little bang",
J.Phys.Conf.Ser. 312 (2011) 012002;

@ J.Y. Ollitrault, “Relativistic hydrodynamics for heavy-ion collisions”
Eur.J.Phys. 29 (2008) 275-302

® U.W. Heinz, "Hydrodynamic description of ultrarelativistic heavy
ion collisions”,
in *Hwa, R.C. (ed.) et al.: Quark gluon plasma* 634-714

19/76



Real experiments: heavy-ion collisions

Hydrodynamics and heavy-ion collisions

The success of hydrodynamics in describing particle spectra in heavy-ion
collisions measured at RHIC came as a surprise!

@ The general setup and its implications
@ Predictions

o Radial flow
o Elliptic flow

@ What can we learn?

o Initial conditions
& Event-by-event fluctuations and consequences

20/76



Real experiments: heavy-ion collisions

Hydrodynamics: the general setup

@ Hydrodynamics is applicable in a situation in which A, < L

@ In this limit the behavior of the system is entirely governed by the
conservation laws

uv o N
0, T =0, Oujg =0
—_—— ——
four—momentum baryon number

where
T =(e+P)utu”—Pg"”, jg=ngu” and u"=~(1,V)
@ Information on the medium is entirely encoded into the EOS
P = P(e)

@ The transition from fluid to particles occurs at the freeze-out
hypersuface ¥ (e.g. at T = Tg,)

E(dN/dF) = / P, expl—(p- u)/T]

21/76



Real experiments: heavy-ion collisions

Hard probes

Hydro predictions: radial flow (1)

1/(2r) &N/ (my dmy dy) [c/GeV?]

demT

STAR preliminary
Au+Au central
VSyn = 200 GeV

ok

STAR preliminary
p+p min. bias
Sy = 200 GeV

T

1/(2r) &N/ (my dmy dy) [c/GeV?]

PN T FEUT FTRRE PR R |
01 02 03 04 05 06 07
my - m, [GeV/c?]

dN

~ e

PRRTH FRREE FRETE R PRTEN PR |
01 02 03 04 05 06 07
my-mq [GeVic?]

—m7/Tglope =V p2+m?/Tsiope

® Tiope(~ 167 MeV) universal in pp collisions;

® Tgope growing with m in AA collisions: spectrum gets harder!

22/76



Collision
Medium evolution
Real experiments: heavy-ion collisions Hard probes

Hydro predictions: radial flow (I1)

Physical interpretation:

05 T
[ ® SPSsPb+Pb: N9 preliminary
| M AGS Au+Au: EB66 A
| O SPSS+S:NA44
1 1 )
0.4
3 smivd) = Sm{(vim+ Vo))
8 L } 2 2
s = 1 1
S b1 b o 2 2
3 . A (4 H = §m<Vnh> + 5V flow
£ N . .
- " :
£ Q
02 - o 5 1
i _ 2
° = Tsiope = Tto + Evaflow
0.1 L 1 L
0 05 1 15 2

Particle mass (GeV/cz)
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Collision g
Medium evol
Real experiments: heavy-ion collisions Hard probes

Hydro predictions: radial flow (I1)

Physical interpretation:

- _
= UL ALCE, Pb-Pb S =276 Tev
S Do0 PHENIX, AurAvish; =200 Gev
210° #%  STAR, Au-Au,\s,, = 200 GeV
I0) (STAR  not feed-down corrected) 1 5 1 2
B §m<VL> = om <(VJ_th + V1 flow) >
o LSRN
s RS L o 2
= Treae . = = =
Z10 Dmuuugg;gun*x&b&% 2m<"nh> + 5 MV flow
@ BLT .- =
1 e ] s 0 “ 1
oo _ 2
ALICE Preliminary T, - Tslope - Tfu + = TN frow
0-5% most central o 2

Vil b b b b L
0% 05 1 15 2 25 3

P, (GeVic)

Radial flow gets larger going from RHIC to LHCI
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Co n geometry
Medium evolution
Real experiments: heavy-ion collisions Hard pi

Hydro predictions: elliptic flow

@ In non-central collisions particle emission
is not azimuthally-symmetric!

24 /76



etry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

Hydro predictions: elliptic flow

@ In non-central collisions particle emission
is not azimuthally-symmetric!

0.4¢ = s
o commmmmen T @ The effect can be quantified through the
0 - g t Fourier coefficient v»
0.25F : i I { NN
~ i - : 0
=02 7:7(14_2\/2 COS[2((;5—1/)RP)] +)
0.15¢ VISH2+1 m d¢ 271'
r (MCKLN, n/s=0.20) [ /
oo O vo = (cos[2(¢ — Prp)])
5
Rl 73 ALICE preliminary
oI T e s s @ w(pr) ~ 0.2 gives a modulation 1.4 vs
p. [GeVic] . .
0.6 for in-plane vs out-of-plane particle
emission!
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Collisi etry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

Elliptic flow: physical interpretation

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

0 n 0P
ot e+ P)V] Toax

@ Spatial anisotropy is converted into momentum anisotropy;

@ At freeze-out particles are mostly emitted along the reaction-plane.

25 /76



etry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

Elliptic flow: mass ordering

is a direct

@ Particles emitted according to a
thermal distribution

0'45 Pb-Pb events at |/, = 2.76 TeV/ Nexp[_p. U(X)/ TfO].In the |OC3|
035 Cenvaliy2040% rest-frame of the fluid-cell;

ok 1§ ] T @ Parametrizing the fluid velocity as
0.25¢ - : f {
~02F u* =~ (cosh Y,u_,sinh Y),

O.lSi VISH2+1
o (MCKLN, 1/5=0.20) Iﬁl one gets (v,=tanh Y)
0.05- -
o ., . o n AHcEeemnan] o pou = [mcosh(y—Y)—py-ul]
0 1 2 3 4 5 6
p. [GeVic]

@ Dependence on mt at the basis of
mass ordering at fixed pr
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Real experiments: heavy-ion collisions

Initial conditions: “Bjorken” estimate

@ It is useful to describe the evolution in term of the variables
1 t+z

T=Vt?—22 and ns==1n

2 t—z

Independence of the initial conditions on 7 entails v, =z/t

27 /76



Real experiments: heavy-ion collisions

Initial conditions: “Bjorken” estimate

@ It is useful to describe the evolution in term of the variables
1 t+z

T=Vt?—22 and ns==1n

2 t—z

Independence of the initial conditions on 7 entails v, =z/t

@ For a purely longitudinal Hubble-like expansion entropy conservation
implies:
sT=sT70 — S=I(s7)/70
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Real experiments: heavy-ion collisions Hard

Initial conditions: “Bjorken” estimate

@ It is useful to describe the evolution in term of the variables
1 t+z

T=Vt?—22 and ns==1n

2 t—z

Independence of the initial conditions on 7 entails v, =z/t

@ For a purely longitudinal Hubble-like expansion entropy conservation
implies:
sT=sT70 — S=I(s7)/70
@ Entropy density is defined in the local fluid rest-frame:

ds 1 dS ds
— ST

dxidz| , 7dx,dns ~dx.Ldns
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Real experiments: heavy-ion collisions Hard

Initial conditions: “Bjorken” estimate

@ It is useful to describe the evolution in term of the variables
1 t+z

T=Vt?—22 and ns==1n

2 t—z

Independence of the initial conditions on 7 entails v, =z/t

@ For a purely longitudinal Hubble-like expansion entropy conservation
implies:
sT=sT70 — S=I(s7)/70
@ Entropy density is defined in the local fluid rest-frame:

ds 1 dS ds
— ST

dxidz| , 7dx,dns ~dx.Ldns

@ Entropy is related to the final multiplicity of charged particles
(5~3.6 N for pions), so that (at decoupling 7 = 7s):
136 dNe, 3
T ro7wR2 dny 2

27 /76



Real experiments: heavy-ion collisions

“Bjorken” estimate: results

1 3.6 dNen 3
TomR2 dn 2

So =~

@ From dN.,/dn =~ 1600 measured by
ALICE at LHC and Rpy, ~ 6 fm one gets:

SO~ (80 fm_z)/’ro

@ 7 is found to be quite small (v» must

[ L
C -
s b develop early!):
»w r N‘=6 £ 1, E 5
s 1 1 Is 0157051 fm — 80555800 fm ™
DEERT™ 150 200 250 ]
P N N R
200 400 600 800 1000

Tivev] @ This should be compared with I-QCD

s(T=200MeV) ~ 10 fm 3
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Collisi etry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

Initial conditions: Glauber model

Glauber model provides initial conditions for hydro. Taking as a guidance
SoTo &~ sT one can assume the following “soft + hard” ansatz
Cll—a

So(X) = ?0 Tnpart(x) + ancoll(x)

29 /76



Real experiments: heavy-ion collisions

Initial conditions: Glauber model

Glauber model provides initial conditions for hydro. Taking as a guidance
SoTo &~ sT one can assume the following “soft + hard” ansatz

Cll—-a

so(x) = - {znpm(x) + ancou(x)}

@ Optical Glauber:
Mpart (x) = A Tax + b/2) {1 = [1 = To(x — b/2)ol"8} +
+B Tp(x — b/2) {1 —[1 = Ta(x + b/2)cMV A}
neon(x) = AB N Ta(x +b/2) Ta(x — b/2)

29 /76



Real experiments: heavy-ion collisions

Initial conditions: Glauber model

Glauber model provides initial conditions for hydro. Taking as a guidance

SoTo &~ sT one can assume the following “soft + hard” ansatz

Cll—a
|:2npart (X) + ancoll(x):|

70
@ Optical Glauber:
Mpart(x) = A Ta(x + b/2) {1 = [1 = T(x — b/2)ol"]? | +
+B Ta(x —~b/2) {1~ [1 = Ta(x + b/2)o "] |
Neott(x) = AB o™ Ta(x +b/2) Tg(x — b/2)

@ MC-Glauber: one counts the number of participants/collisions
within the area o'V centered at x

in

NAr(X)+NBr(X) Neon (x
Ay () = 2 R 20 ) = P

29 /76



Collision y
Medium evolution
Real experiments: heavy-ion collisions Hard probes

Initial conditions: event-by-event fluctuations

@ Flow coefficients are defined as v, = ((cos[n(¢ — V,,)])).
@ For hydro simulations with smooth initial conditions

o V, = Wgp known exactly;
o all odd-harmonics vanish.

@ Real life is more complicated...

Odd harmonics appear, angles W, are not directly measured.

@ Glauber-MC initial conditions mandatory to study these effects

30/76



Real experiments: heavy-ion collisions

Event-by-event fluctuations: experimental consequences

Fluctuating initial conditions giving rise to?:

@ Non-vanishing v» in central collisions;

@ Odd harmonics (vs and vs)

31/76



Real experiments: heavy-ion collisions

Event-by-event fluctuations: experimental consequences

Fluctuating initial conditions giving rise to®:

@ Non-vanishing v, in central collisions;

@ Odd harmonics (v3 and vs)

Hydro can reproduce also higher harmonics?

v, 20-30% —

V3 20-30% —

v, 20-30%

Vg 20-30% - -

02 | PHENIX v, +=
PHENIX V3 i

PHENIX v e

n/s=0.08

?ALICE, Phys.Rev.Lett. 107 (2011) 032301
bB: Schenke et al., PRC 85, 024901 (2012)
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Medium
Real experiments: heavy-ion collisions Hard pro

Hard probes: outline

“External” colored particles produced in hard pQCD events (heavy
quarks, high-pt partons) allowing a tomography of the medium

@ Experimental findings;
@ Theory modeling and interpretation
@ Heavy flavor: stochastic dynamics of heavy quarks in the
plasma; developing tools allowing to describe approach to
equilibrium
@ Jet quenching: modeling of medium-induced parton branchings
and modification of parton showers in a medium (angular
distribution of gluon radiation, color connections...)
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Real experiments: heavy-ion collisions Hard probes

Experimental findings

(dN" /dpr)™
(Neon) (dN*® /dpT)™?

RAA =

a P e @ Sizable suppression of D meson
8ueb o0, ¥ PoPbyR ~276TeV
Fuf " ' ] spectra;
: H“'ﬂ#ﬁﬁ:# i EM
‘ 8 10 12 1; (G‘EVC) z x m 12 Mp LG‘@V 1e)

e D°, D*, D* compatible
e Strong suppression in central collisions arXiv:1203.2160

EsN-—
S Masciocchi@gsi de ALICE Heavy flavours, HP2012 21
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Real experiments: heavy-ion collisions Hard probes

Experimental findings

(dN" /dpr)™
(Neon) (dN*® /dpT)™?

- RAA =
R, compilation:

L, @ Sizable suppression of D meson
y + g0 new &

« Charged hadrons " Charged hadrons, -0 ~ .

« Identified pions - '?Mﬁ"""ﬁ'p“lf‘mf‘n;l yieza spectra;

* D mesons (charm) D; .

* B Jly (oo - @ Important suppression also of J /1)
- from B decays (B — J/9 + X);

L |
Q2 e e s 0 e e e e
p, (GeVic)

« Charm and beauty: no evidence of mass effects yet (dead cone, ....)
« Pions, charm and beauty R,,: similar. Hint of a hierarchy? — Look !

GS-——
S Masciocchi@gsi de ALICE Heavy flavours, HP2012 2
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Real experiments: heavy-ion collisions

Experimental findings

Hard probes

Elliptic flow of D: results %

ALICE
* D meson compared to charged
hadrons

« D°v, in 30-50% centrality

o
L . oerasee
ot
s tomasa
02k I Syt o Blooddomn
3

0z 4 & & 102 i g
p, (GeVic

v, (prompt D)

0 e BE
| 1 DiErse

I ]

Fl
p, Gevic)
« Indication for non zero D meson v, (30 in 2 < p, < 6 GeV/c)

o Hint of centrality dependence: D° v, flow larger in less central collisions

« Comparable with charged hadrons elliptic flow

GSI-——
S.Masciocchi@gsi.de 3

ALICE Heavy flavours, HP2012

(dN" /dpr)™

Raa =
M= (Neon) (NP /dpr)PP

@ Sizable suppression of D meson
spectra;

@ Important suppression also of J /1)
from B decays (B — J/v + X);

@ D mesons seem to follow the
collective flow of light hadrons
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Real experiments: heavy-ion collisions

Experimental findings

(dN" /dpr)™

Rap =
= W) @)

ALICE
* D meson compared to charged
hadrons

« D°v, in 30-50% centrality

@ Sizable suppression of D meson
spectra;

v, (prompt D)

7 ﬂ» ; @ Important suppression also of J /1)
ot g ; from B decays (B — J/¢ + X);

Ef + DiEP2scbins

0z 4 & & 10 12 3

o S e
« Indication for non zero D meson v, (30 in 2 < p, < 6 GeV/c) @ D mesons seem to follow the
o Hint of centrality dependence: D° v, flow larger in less central collisions . .
« Comparable with charged hadrons elliptic flow CO//eCtl ve f/OW Of /Ight hadrons
GSI-——
S Masciocchi@gsi.de ALICE Heavy flavours, HP2012 3t

Sizable v, observed for D mesons — theoretical setup allowing to

describe approach to thermalization
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Real experiments: heavy-ion collisions

The Boltzmann equation

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

d
EfQ(tvxa p) = Clfq]

@ Total derivative along particle trajectory

Neglecting x-dependence and mean fields: 9:fg(t, p) = C[fg]

@ Collision integral:

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

gain term loss term

w(p,k): HQ transition rate p — p — k
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Real experiments: heavy-ion collisions

From Boltzmann to Fokker-Planck

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

.0 1., 9?2
~ ' kK ———
Cltel ~ [ ok |10 7 + 3K 50| Wl (. )]

3B. Svetitsky, PRD 37, 2484 (1988)
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Real experiments: heavy-ion collisions Hard probes

From Boltzmann to Fokker-Planck

Expanding the collision integral for small momentum exchange® (Landau)
;0 1. 0°
Clfol =~ | dk |k'— + k'K ——— k)fo(t
ol ~ [ dk [0 4 SHn o (el p)]
The Boltzmann equation reduces to the Fokker-Planck equation

5efalt.0) = 5 { A o)fa(t ) + 55 1Bl 0]

where

Ap) = [ dkKw(pl) — A(p) = Alp) P

B/(p) = 5 [ dikku(p.k) — B/(p) = HFEs(p) + (67— D) (p)

3B. Svetitsky, PRD 37, 2484 (1988)
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Real experiments: heavy-ion collisions Hard probes

From Boltzmann to Fokker-Planck

Expanding the collision integral for small momentum exchange® (Landau)
;0 1. 0°
Clfol =~ | dk |k'— + k'K ——— k)fo(t
ol ~ [ dk [0 4 SHn o (el p)]
The Boltzmann equation reduces to the Fokker-Planck equation

5efalt.0) = 5 { A o)fa(t ) + 55 1Bl 0]

where

Ap) = [ dkKw(pl) — A(p) = Alp) P

B/(p) = 5 [ dikku(p.k) — B/(p) = HFEs(p) + (67— D) (p)

Problem reduced to the evaluation of

3B. Svetitsky, PRD 37, 2484 (1988)
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Real experiments: heavy-ion collisions

Physical interpretation

@ Ignoring the momentum dependence of the transport coefficients
v=A(p) and D= By(p)=Bi(p) the FP equation reduces to

0

o i
——fo(t,p) =1 op [p'fa(t,p)] + D Apfo(t,p)

ot
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Real experiments: heavy-ion collisions Hard probes

Physical interpretation

@ Ignoring the momentum dependence of the transport coefficients
v=A(p) and D= By(p)=Bi(p) the FP equation reduces to

) g .
——fo(t,p) =1 op [p'fa(t,p)] + D Apfo(t,p)

ot

@ Starting from the initial condition fo(t=0,p)=03(p—p,) one gets

) y 3/2 v [P —Poexp(—t))?
folt.p) = (27TD[1 - exp(—27t)]> P {_29 T oo(-270
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Physical interpretation

@ Ignoring the momentum dependence of the transport coefficients
v=A(p) and D= By(p)=Bi(p) the FP equation reduces to
0

0 ;
afo(t, p) = Er [p'fa(t,p)] + D Apfo(t,p)

@ Starting from the initial condition fo(t=0,p)=03(p—p,) one gets

B . 302 7 [P — poexp(—t))?
falr.p) = (277D[1—exp(_27t)]> o {_29 T (270 ]

@ Asymptotically the solution forgets about the initial condition and
tends to a thermal distribution

v \3/2 Mg\ p?
o(t0) 2 (5.5) ex"[ <D 2Mo

— D = Mg~ T: Einstein fluctuation-dissipation relation
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Real experiments: heavy-ion collisions

The challenge: addressing the experimental situation

One needs a tool, equivalent to the Fokker-Planck equation, but allowing
to face the complexity of the experimental situation* in which

*A.B. et al., NPA 831 59 (2009) and EPJC 71 (2011) 1666
For a review: R. Rapp and H. van Hees, arXiv:0903.1096
®A.W.C. Lau and T.C. Lubensky, PRE 76, 011123 (2007)
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Real experiments: heavy-ion collisions

The challenge: addressing the experimental situation

One needs a tool, equivalent to the Fokker-Planck equation, but allowing
to face the complexity of the experimental situation* in which

@ heavy quarks can be relativistic, so that one must deal with the
momentum dependence® of the transport coefficients;

@ the dynamics in the medium must be interfaced with the initial hard
production, possibly given by pQCD event generators;

@ the stochastic dynamics takes plane in a medium which undergoes a
hydrodynamical expansion.

*A.B. et al., NPA 831 59 (2009) and EPJC 71 (2011) 1666
For a review: R. Rapp and H. van Hees, arXiv:0903.1096
®A.W.C. Lau and T.C. Lubensky, PRE 76, 011123 (2007)

37/76



Medium
Real experiments: heavy-ion collisions Hard pro

The challenge: addressing the experimental situation

One needs a tool, equivalent to the Fokker-Planck equation, but allowing
to face the complexity of the experimental situation* in which

@ heavy quarks can be relativistic, so that one must deal with the
momentum dependence® of the transport coefficients;

@ the dynamics in the medium must be interfaced with the initial hard
production, possibly given by pQCD event generators;

@ the stochastic dynamics takes plane in a medium which undergoes a
hydrodynamical expansion.

A proper generalization of the allows to

accomplish this task

*A.B. et al., NPA 831 59 (2009) and EPJC 71 (2011) 1666
For a review: R. Rapp and H. van Hees, arXiv:0903.1096
®A.W.C. Lau and T.C. Lubensky, PRE 76, 011123 (2007)
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Real experiments: heavy-ion collisions

The relativistic Langevin equation

Ap' i i
Ar = PP+ E(t)
—— ~—
determ. stochastic
with the properties of the noise encoded in
51‘1’/

(€I (Pe)=b"(pe) ;b (R)=r(P)B'P + 11 (P)(67—P'P)
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Real experiments: heavy-ion collisions H probes

The relativistic Langevin equation

Ap' i i
Ar = PP+ E(t)
—— ~—
determ. stochastic
with the properties of the noise encoded in
51‘1’/

(€ PP =b"(p) 1, DI (R)=r(P)B'D + 11 (p) (07 =P'P)
Transport coefficients to calculate:

. _1(Aph) _
@ Momentum diffusion k| = N and ) = AL

@ Friction term (dependent on the discretization scheme!)

oy BiP) 1 [ 5 0r(p) d—1k)(p)—Ki(p)
b (p)_2TEp E2 =)=+ V2

(Bpf)

fixed in order to insure approach to equilibrium (Einstein relation):
Langevin < Fokker Planck with steady solution exp(—£,/T)
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Real experiments: heavy-ion collisions H probes

Langevin equation: the numerical algorithm

Update performed in the local fluid rest-frame:
ABy,=—np(Pn)BpAT + €' (1) AT = —1p(Bn)BLAT + g7 (B,)¢' (21) VAT,
AX, = p,/E, AT

with At=0.02 fm/c (in the fluid rest-frame!) and

g'(p)=\/r(P)B'P + V(P — p'P) and () =070
Hence one needs simply to:

@ extract three independent random numbers ¢’ from a gaussian
distribution with o =1;

@ update the momentum and position of the heavy quark;

@ go back to the Lab-frame: x,;1 and p,, ;.
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Real experiments: heavy-ion collisions

The background medium

The fields v/ (x) and T(x) are taken from the output of two
longitudinally boost-invariant (“Hubble-law" longitudinal expansion
v, = z/t)

x* = (rcoshn,r,7sinhn) with 7=+/t2— 22
1

u* =, (coshn,uy,sinhn) with v, =—
1—u?

hydro codes®.

@ uM(x) used to perform the update each time in the fluid rest-frame;

@ T(x) allows to fix at each step the value of the transport
coefficients.

®P.F. Kolb, J. Sollfrank and U. Heinz, Phys. Rev. C 62 (2000) 054909
P. Romatschke and U.Romatschke, Phys. Rev. Lett. 99 (2007) 172301
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Real experiments: heavy-ion collisions

Evaluation of transport coefficients: x, (p) and x(p)

It's the stage where the various models differ!

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

"Similar strategy for the evaluation of dE/dx in S. Peigne and A. Peshier,
Phys.Rev.D77:114017 (2008).
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Real experiments: heavy-ion collisions

Evaluation of transport coefficients: x, (p) and x(p)

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)

"Similar strategy for the evaluation of dE/dx in S. Peigne and A. Peshier,
Phys.Rev.D77:114017 (2008).
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Real experiments: heavy-ion collisions Hard probes

r1(p) and x)(p): hard contribution

g/q(hard) _ 1 1 nB/F(k)/ 1i”B/F(k')/ 1 .
il t|— |t
gt T 22E 2% [, 2K 2 (It = [t7)%

2
x 2r)*é@(P+ K - P — K') ) [Mgq(s, t)]” g1

hard 1 ng,r(k) 1+ ng/r(k’) 1 “
et 2 L[ e ) [ a0t 1)
"2 ). 2k ). 2k  2F

% (2r)* 6@ (P + K — P! — K') [My (s, 8)]] o7

where: (|t| = ¢*>—w?)
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(soft)

When the exchanged 4-momentum is soft the t-channel gluon feels the
presence of the medium and requires resummation.
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um evolu
Real experiments: heavy-ion collisions probes

r1(p) and k) (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 Z7 - 9
e e R ACIL e e ey

AL(Z’ q) =

where medium effects are embedded in the HTL gluon self-energy.
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Real experiments: heavy-ion collisions

Soft contribution: some comments

The resummation of the in-medium gluon self-energy prevents the
appearance of soft divergences in x (p)

8T. Sjostrand and P.Z. Skands, JHEP 03 (2004) 053.
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Real experiments: heavy-ion collisions

Soft contribution: some comments

The resummation of the in-medium gluon self-energy prevents the
appearance of soft divergences in x (p)

@ Dealing with MPI in pp collisions divergence d&/dp? ~a2(p3)/p*
from t-channel diagrams regularized through the overall factor®

az(pt +p70) P
a2(py) (PR +p7o)

Physical argument: hadrons at sufficiently large distance-scales are
neutral objects, so that scattering processes cannot involve
arbitrarily long-wavelength gluons. p, ¢ is a free parameter to be
tuned to data;

8T. Sjostrand and P.Z. Skands, JHEP 03 (2004) 053.
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Real experiments: heavy-ion collisions

Soft contribution: some comments

The resummation of the in-medium gluon self-energy prevents the
appearance of soft divergences in x (p)

@ Dealing with MPI in pp collisions divergence d&/dp? ~a2(p3)/p*
from t-channel diagrams regularized through the overall factor®
az(p +riy) P

a3(pr) (Pl +p70)?

Physical argument: hadrons at sufficiently large distance-scales are
neutral objects, so that scattering processes cannot involve
arbitrarily long-wavelength gluons. p, ¢ is a free parameter to be
tuned to data;

@ in thermal-QCD, at least in a weak-coupling framework, the
medium correction to the tree-level gluon propagator can be
calculated from first principles.

8T. Sjostrand and P.Z. Skands, JHEP 03 (2004) 053.
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Real experiments: heavy-ion collisions

1m evolu
probes

A first check: thermalization in a static medium

t=8fm T=400 MeV + T=400 MeV
o~ HTL (u=2mT)| t=4fm HTL (u=nT)
] 004 - _ — -
% N t=1fm <«—t=1fm
0} |
g t=2fm t=2fm
£ o002 + -
& t=4fm
o
0 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-Jittner distribution

e P/T

wilP) = Ve T KoMy T

9

with /d3p fa(p) =1

(Test with a sample of ¢ quarks with py=2 GeV/c)

9A.B., A. De Pace, W.M. Alberico and A. Molinari, NPA-831, 59 (2609)
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Real experiments: heavy-ion collisions Hard probes

HF studies: a multi-step setup

@ Initial generation of Q@ pairs (POWHEG + Parton Shower) and
distribution in the transverse plane (Ta(x+b/2) Tg(x—b/2));

@ Langevin evolution in the QGP (u*(x) and T(x) given by hydro);
@ At T, HQs hadronize (fragmentation with PDG branching ratios)

@ and decay into electrons (PYTHIA decayer with PDG decay tables),
eg. D — Xvee.

NB One has first of all to check to be able to reproduce pp results!
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Real experiments: heavy-ion collisions Hard probes

Results at RHIC

Heavy-flavor electrons: invariant spectra

10 T T T L e e
? min. bias x 1

4

@ pp spectrum nicely reproduced,

@ Continuous curves: AA case after
Langevin evolution?;

@ Dashed curves: pp result scaled by (Neon)

dNi2mp, dp,dy (GevZc?)
"
8

*W.M. Alberico et al., EPJC 71 (2011) 1666

10 Au-Au
E——- XNy, S
Y I R N P B S BRI B b 5|

0 1 2 3 6 7 8 9

4 5
p; (Gevic)
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Real experiments: heavy-ion collisions

Results at RHIC

Hard probes

T
PHENIX data

14 -
ng, > e!:
12 -.__. . e -
1 . A ey i
n::(( l .'. . ]
o6l n % ', i
ey
ons g8 §
04 *, ﬁg; i} L] il
02 .'Hui #{{ %
o HEH
o 2 4 6 8
p; (Gevic)

14
12 |
=
1H_s . n
< N\
08 G
06 |- ~ ~ -
04 -E T
PHENIX data b
02 ® Pr.oscevic
= Prsgocevic
0 ! 1 I L L L
0 50 100 150 200 250 300
Npart

@ Left panel: Raa(pr) in central events;

@ Right panel: integrated Raa vs centrality

47 /76



lution
Real experiments: heavy-ion collisions Hard probes

Results at RHIC

0.15 T T T T
o PHENIX data
M gﬁlrozlfm @ Flow at low-pr results
A o T=0.1fm underestimated,;
o1} |
{ ® With a very small 79~0.1 fm
e { 7 1 discrepancy reduced, but still
*
005 F HE % 3 A 4 ¢, H present
H §§§§i IS L 11 Shortcoming of the approximations in
giii ; evaluation of x, ;7 Effect of
OH.“;.'.'T'...T.'...E.;. 17 117 hadr(k)n?ization by coalescence with light
0 1 2 3 4 quarks?
p; (GeV/c)
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Real experiments: heavy-ion collisions Hard probes

Results at LHC

[ 9% inpp at LHG =7 TV, y1<0:5): POWHEG-BOX4PYTHIA Parton Shower D" in pp at LHC N5=7 TeV, Iy}<0.5): POWHEG-BOX+PYTHIA Parton Shower

~ 10° ~ 10° 510°

> - E|

® 3 E

o o ]
ERl ER 102

3 X 3

g o ]
T 1o T 10 - 10

8 F 3 E
1= - 1
107 107
10?2 il 102

5 10 15 5 10 15
P, (GeV) P, (GeV)

Hard production in elementary p-p collisions generated with POWHEG +
PYTHIA PS: nice agreement with FONLL outcome and ALICE results
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Results at LHC

s 120 T T T T ]
14 t Pb-Pb, |s,,=2.76 TeV 7
- Centrality: 0-20%
08f o E
L — D" ]
0.6 * ALICE, D mesons B
0.4 % =
02f 4
C | 1 | | 1 1 1 il

GO 2 4 6 8 10

14 16 o 5 T +
P, (GeVic) Py (Gev)

10

Challenge for theoretical models: reproducing both Ras and v,

OM. Monteno talk at “Hard Probes 2012"
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Real experiments: heavy-ion collisions Hard probes

Jet quenching

(in a broad sense: jet-reconstruction in AA possible only recently)
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Real experiments: heavy-ion collisions

Inclusive hadron spectra: the nuclear modification factor

. PHE.N\X };l,;ifv(cemra\ collisions): |
“aop t e
C GLV parton energy loss (dN"dy = 1100)
| Mu it PO L
AA =
l%d' ity R (Neon) (dN*?/dpT )™
[ AA
A
Prepeit s
10"
S S S T R

14 1
p; (Gevic)
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Real experiments: heavy-ion collisions

um evolu
probes

Inclusive hadron spectra: the nuclear modification factor

T T T
ALICE, charged particles, Pb-Pb
=276 TeV, |n|<08

b AA
Ran = (d N/ dPT)
AA = PP

(Neon) (dN*/dpT)

©0-5% @

1 o 020.40% ALICE Preliminary
L ©40-80%
0.1, L L L L |
10 20 30 40 5
p, (GeVic)
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Real experiments: heavy-ion collisions probes

Inclusive hadron spectra: the nuclear modification factor

CMS Proliminary | T

T
: 0-10%
Z’PhPh\’m=2.76TeV.J Ldt=7pb" 7]

Iyl<20 -

(dN"/dpr) ™

(Neon) (dN" /dpT)™?

RAA =
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CMS Preliminary b10%

2| PbPbyS,, =276 TeV.J Ldt=7pb"

-2 Iyl<2.0
== B N "
(d N"/dp T)

(Neon) (dN" /dpT)™?

RAA =

0 I

1 L
0 20 40 60 80 100
m; (GeV)

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.

50

76



Collision geometry
Medium evolution

Real experiments: heavy-ion collisions Hard probes

Some CAVEAT:

@ At variance wrt eTe™ collisions, in hadronic collisions one starts
with a parton pr-distribution (~ 1/p%) so that inclusive hadron
spectrum simply reflects higher moments of FF

dnt 1 /1
a0 dZZ”ilDf_)h z
dpt PT zf: 0 ( )

carrying limited information on FF (but very sensitive to hard tail!)
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Real experiments: heavy-ion collisions Hard probes

Some CAVEAT:

@ At variance wrt eTe™ collisions, in hadronic collisions one starts
with a parton pr-distribution (~ 1/p%) so that inclusive hadron
spectrum simply reflects higher moments of FF

Nh !
L ~ iZ/ dZZ“ilDf_)h(Z)
0

f

carrying limited information on FF (but very sensitive to hard tail!)

@ Surface bias:
leading hadron

Quenched spectrum does not reflect (Lqgp)
hadronization crossed by partons distributed in the transverse
plane according to ncon(x) scaling, but due to
d process its steeply falling shape is biased by the
enhanced contribution of the ones produced
close to the surface and losing a small amount
of energy!

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

ATLAS

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

] P [GeV]

E

i
“ |l Tracks
:

Possible to observe even
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Real experiments: heavy-ion collisions Hard probes

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

~— CMS,/ | cMS Experiment at LHC, CERN
~— % | Data recorded: Sun Nov 14 19:31:39 2010 CEST
—~— \|Run/Event: 151076 / 1328520
- ‘ ~ | Lumi section: 249
E; (GeV) L - - —
_ Leading jet ) o

pr:205.1 GeV/c ) . T

Subleading jet |
pr:70.0 GeVic - . |

©
o
sl

Possible to obs
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correlations: results

El

g T h0100% | g g "1020%] & [\ Su=2.76 TeV 0-10%
2 g 3 4o 3 4o e
B 1 %7 e 5B PoPb]
z° z° z° } 2 ¢ L,=17 bt
2 9 {1 29 2 9 +++ 2 o P ¢ 4 1
P ] 3 . P ]
q 0.2 04 0.6 08 U‘Z U‘A 06 D‘E 0‘2 04 0.6 U‘B
AJ AJ AJ
=3 o =3 =3 =3 i
3 ! El Y g * 3 “F @ po+pb Data
B g B Z [ Op+wppam
k3 i = 1 == 1 7% ¥ Oruinc+PYTHIA |
£ B £ £
El 2 El El
wl 1 T { ot | oy ]
2 75 3 2 75 3 % 75 3 3 75 3
B¢ A9 o9 B¢

@ Dijet asymmetry A; = £ enhanced wrt to p+p and increasing
T1TET2
with centrality;
@ A¢ distribution unchanged wrt p+p (jet pairs ~ back-to-back)
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Collision geometry
Medium evolution

Hard probes

Real experiments: heavy-ion collisions

E (= pr)

(1—-z)E

T T

| |

hard process i i i
| | |

@ Interaction of the high-p parton with the color field of the medium
induces the radiation of (mostly) soft (w < E) and collinear

(kL < w) gluons;

@ Radiated gluon can further re-scatter in the medium (cumulated q;

favor decoherence from the projectile).
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Real experiments: heavy-ion collisions Hard probes

The basic ingredients

@ Vacuum-radiation spectrum;

@ (Gunion-Bertsch) induced spectrum

55 /76



Collision geometry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

A hard parton with p;= [p+, Qz/2p+,0} loses its virtuality @ through
gluon-radiation. In light-cone coordinates, with pL =FE + pz/\ﬁ:

k2
kgE Xp-ﬁ-aiak
i a 2Xp+
I[)+
‘ M 'S
P+ (1— 2)P" pf = (1—X)P+,m,—k
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Collision geometry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

A hard parton with p;= [p+, Qz/2p+,0} loses its virtuality @ through
gluon-radiation. In light-cone coordinates, with pL =FE + pz/\ﬁ:

k2
kg = | xp+, m, k

k
M\xl” 2
‘ pr= 1-x P+, ?_k
P [( P+ )P+ ]

(1—x)P* 2(1—X

@ k. vs virtuality: k? = x(1-x) Q%
@ Radiation spectrum (our benchmark): IR and collinear divergent!

rad __ hard s dk* dk

doyc =do ?CRFF

@ Time-scale (formation time) for gluon radiation:
Atiaa ~ QHE/Q) ~2w/k*  (x ~ w/E)
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Real experiments: heavy-ion collisions

o P
" M o
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Collision geometry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

@ On-shell partons propagating in a color field can radiated gluons.

@ The single-inclusive gluon spectrum: the Gunion-Bertsch result

e~ 5 (i) (o) = s () ()

where Cg is the color charge of the hard parton and:

K _ k—q B 1 do®
Ko: p, K1: and <>:/dq;W
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Collision
Medium evolution
Real experiments: heavy-ion collisions Hard probes

N

dond «@ L sin(wy L)
=doMdCr—= | = Ko—Ki)?+K—K3| [1-——~
Ydwdk ~ 97 R% <)\§1><[( 0~ Ki)* + Ky — K] wil

In the above w; =(k—q)?/2w and two regimes can be distinguished:
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dond «@ L sin(wy L)
=doMdCr—= | = Ko—Ki)?+K—K3| [1-——~
Ydwdk ~ 97 TRa2 <)\§1> <[( 0~ Ki)* + Ky — K] wil

In the above w; =(k—q)?/2w and two regimes can be distinguished:
@ Coherent regime LPM (w;L < 1): do"=0 — do™d = dovac
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Collision geometry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

dond «@ L sin(wy L)
=do"Cr— (7 ) ( [(Ko— K1)* + K —Kg] (1~
Ydwdk ~ 97 TRa2 <)\§1> <[( 0~ Ki)* + Ky — K] wil

In the above w; =(k—q)?/2w and two regimes can be distinguished:
@ Coherent regime LPM (w;L < 1): do"=0 — do™d = dovac
@ Incoherent regime (wiL>1): do™~ ((Ko—Ki)?+ K] —Kj)

The full radiation spectrum can be organized as

rad __ GB vac vac
do™® =do~" + ngaln + doGe.
where

doCB = dohard cp & (L/)\e‘) (Ko — K1)?) (dwdk/w)

doy 7dahardc (L/)\el)< ) (dwdk/w)

gain

loss

doye = (1 — L/Azl) doherd CR;; K2 (dwdk/w)
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Real experiments: heavy-ion collisions Hard probes

Behavior of the induced spectrum depending on the gluon formation-time
trorm = wfl =2w/(k — q)?

yac = 2w/k2, due to the transverse
g-kick received from the medium. Why such an expression?

differing from the vacuum result t2°
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Behavior of the induced spectrum depending on the gluon formation-time

trorm = wfl =2w/(k — q)2

differing from the vacuum result t;%.° = 2w/k?, due to the transverse
g-kick received from the medium. Why such an expression?

Consider for instance the (K2) term, with the hard off-shell parton
pi=[ps, @?/2p,, 0] radiating a gluon which then scatters in the medium

f — shell n — shell = (kiq)z
k
C>
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Behavior of the induced spectrum depending on the gluon formation-time

trorm = wfl =2w/(k — q)2

differing from the vacuum result t;%.° = 2w/k?, due to the transverse
g-kick received from the medium. Why such an expression?

Consider for instance the (K2) term, with the hard off-shell parton
pi=[ps, @?/2p,, 0] radiating a gluon which then scatters in the medium

T — shell n — shell = (kiq)z
. W/ kg: {Xp+’2xp+7kq

2

CD

The radiation will occur in a time set by the uncertainty principle:

Qz ~ (k - q)Z/X - tform ~ Qil(E/Q) ~ 2W/(k — q)2
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Collision geometry
Medium evolution
Real experiments: heavy-ion collisions Hard probes

Behavior of the induced spectrum depending on the gluon formation-time

trorm = wfl =2w/(k — q)2

differing from the vacuum result t;%.° = 2w/k?, due to the transverse
g-kick received from the medium. Why such an expression?

Consider for instance the (K2) term, with the hard off-shell parton
pi=[ps, @?/2p,, 0] radiating a gluon which then scatters in the medium

T — shell n — shell = (kiq)z
. W/ kg: {Xp+’2xp+7kq

2

C>
The radiation will occur in a time set by the uncertainty principle:
Qz ~ (k - q)Z/X I tform ~ Qil(E/Q) ~ 2W/(k — q)2

— if tform = L the process is suppressed!
59 /76



Collision geometry
Medium evolution

Real experiments: heavy-ion collisions Hard probes

Integrating the lost energy w over the inclusive gluon spectrum:

dNind CROé ,Uz E
AE) = k £~ SEL) % n—
(AE) /}“ﬂ/d Yiwdk 4 (Ag> N

@ [2 dependence on the medium-length;

@ 1ip: Debye screening mass of color interaction ~ typical momentum
exchanged in a collision,

° ;zzD//\Z,l often replaced by the transport coefficient g, so that

(AE) ~ asgl?

§: average g2 acquired per unit length
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Collision ¢
Medium

Real experiments: heavy-ion collisions Hard probes

Medium-induced radiation: energy distribution Medium-induced radiation: angular distribution
T T T T B T T T

N=1 opacity N=1 opasity

4
10 GeV, L=5fm, m,=0.46 GeV, A =1.26fm, a =03 o
% o g § 2.
3 S o5l N
F e
2 E=10GeV, L=5fm, m,=046 GeV, A =1261m, 1 =03
0
1
| | | T 0
05 1 15
02 04 06 08
X 0 (rad)
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Hard probes

Real experiments: heavy-ion collisions

Medium-induced radiation: angular distribution

B T T
— N=1opadity

Medium-induced radiation: energy distribution
T T

— N=Lopasity

E=10GeV, L=5m, m,=046 GeV, A =126 m, 0,203 ‘

E=10GeV, L=5fm, m,=046 GeV, A =1261m, 1,03

At variance with vacuum-radiation, medium induced spectrum

@ Infrared safe (vanishing as w — 0);
@ Collinear safe (vanishing as ¢ — 0).

Depletion of gluon spectrum at small angles due to their
rescattering in the medium!
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Real experiments: heavy-ion collisions Hard probes

Medium-induced radiation: angular distribution
T

Medium-induced radiation: energy distribution
T T T T

E=10GeV, L=5fm, m,=046GeV, A=126fm, 0 =03 ‘

E=10GeV, L=5fm, m,=046 GeV, A =1261m, 003

At variance with vacuum-radiation, medium induced spectrum

@ Infrared safe (vanishing as w — 0);
@ Collinear safe (vanishing as ¢ — 0).

In general (N) > 1, so that addressing multiple gluon emission

becomes mandatory
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Real experiments: heavy-ion collisions

How to address more differential observables?

@ So far we focused on inclusive spectrum of radiated gluons: a
parton radiating gluons of energy w; and w, simply contributes
twice to such a spectrum;
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How to address more differential observables?

@ So far we focused on inclusive spectrum of radiated gluons: a
parton radiating gluons of energy w; and w, simply contributes
twice to such a spectrum;

@ A more differential information (e.g. exclusive one, two... gluon
spectrum) is desirable in order to deal with more exclusive
observables (jet fragmentation, jet-shapes...);
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Real experiments: heavy-ion collisions probes

How to address more differential observables?

@ So far we focused on inclusive spectrum of radiated gluons: a
parton radiating gluons of energy w; and w, simply contributes
twice to such a spectrum;

@ A more differential information (e.g. exclusive one, two... gluon
spectrum) is desirable in order to deal with more exclusive
observables (jet fragmentation, jet-shapes...);

@ Ideally one would like to follow a full parton-shower evolution in the
plasma, described by modified Sudakov form factors

t
A(t, ty) = exp {—/to th/’/ dz%P(z7 ],
where medium effects are included as corrections to the DGLAP
splitting functions:
P(z,t) = P"(z) + AP(z,t)
As an evolution variable one can use the parton virtuality t= Q?
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Real experiments: heavy-ion collisions

Evaluation of modified splitting functions

@ Vacuum-radiation spectrum

e C dk* dk o <2CR) dk?
g — 2-RTT

Kkt k2 2w
allows to identify the soft limit of P¥2°(z) (where z=1—x):
dNg* a1

2Cr
= Pvac PV&C ~
dzdk? ~ 27K (), — (2) 2S11—z

1Q-PYTHIA: EPJC 63 (2009) 679; Q-HERWIG: JHEP 0911 (2009) 122
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Real experiments: heavy-ion collisions

Evaluation of modified splitting functions

@ Vacuum-radiation spectrum

e C dk* dk o <2CR) dk?
g — 2-RTT

kt k2 T o

allows to identify the soft limit of P¥2°(z) (where z=1—x):

dNyae as 1 2Cr
8 = s pvac pvac ~
dzdk? ~ 27 k? (@, — (@) = 1=,
@ Medium-corrections to the splitting function are then obtained
through the matching with the induced radiation spectrum®!:
ot dNind
AP(z,t) ~ = —£
(z,%) os dzdt

where k> =z(1—2z)t.
1Q-PYTHIA: EPJC 63 (2009) 679; Q-HERWIG: JHEP 0911 (2009) 122
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Real experiments: heavy-ion collisions Hard probes

In-medium parton showers: results

Raa(=0.p.)
g - F
w[ T 1 2f Q-PYTHIA
it L B i <§>=14 GeV?/fm
. 0-10% PbPb at 200 GeV, PQM geometry
3 T o8]~
wBio2 o7 - L
o r
& 06—
<S03 | ] F
04—
1074 ﬁ L
02
108 | | | | [ ‘ I-L'] ‘
25 5.0 75 10.0 125 15.0 0,
0 14 16
q (Gev) p_(Gev)

Q-HERWIG Sudakov factor (§Lo = 0 — 50 GeV?) and Q-PYTHIA Raa
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Real experiments: heavy-ion collisions

Some comments

@ In Q-PYTHIA and Q-HERWIG the only effect of the medium enters
into a modification of the splitting functions, enhancing the
probability of gluon radiation,;

@ however color-exchanges with the medium can also affect!?

@ correlations between successive gluon emissions (a.k.a. angular
ordering in the vacuum)
@ color-flow in parton branchings

The in-medium will be our next subject

2A B., arXiv:1207.4294 [hep-ph]
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Real experiments: heavy-ion collisions Hard prob

QCD-antenna radiation in a medium
Problem analyzed in a series of papers:

Y. Mehtar-Tani, C.A. Salgado and K. Tywoniuk, PRL 106 (2011)
122002, PLB 707 (2012) 156-159, JHEP 1204 (2012) 064...
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Real experiments: heavy-ion collisions probes

QCD radiation in the medium: antiangular ordering

s
(=2 V]
T T

medium-induced
S\ radiation
vacuum e
radiation T

«'w dN/dwd8

. i L f
0 01 02 03 04
[*]

(=
T T T

The total (vacuum+medium) radiation spectrum reads

aSCF% sinf df
m w 1—cosf

dNS. = [0(cos O — cosl,5) + Ameat(cos by — cos )]

@ Apea from 0 (no medium effect) to 1 (complete decoherence of the
gq pair, radiating as two uncorrelated color charges)

® For Apeq—1 deYSt :ng,i’t: pair forgets about initial color;
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Real experiments: heavy-ion collisions

Medium-modification of color-flow for
high-pT probes’3

@ | will mainly focus on leading-hadron spectra...

@ ...but the effects may be relevant for more differential
observables (e.g. jet-fragmentation pattern)

BA.B, J.G.Milhano and U.A. Wiedemann, J. Phys. G G38 (2011) 124118
and Phys. Rev. C85 (2012) 031901 + arXiv:1204.4342-[hep-ph]
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Real experiments: heavy-ion collisions

From partons to hadrons

The final stage of any parton shower has to be interfaced with some
hadronization routine. Keeping track of color-flow one identifies
color-singlet objects whose decay will give rise to hadrons
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From partons to hadrons

The final stage of any parton shower has to be interfaced with some
hadronization routine. Keeping track of color-flow one identifies
color-singlet objects whose decay will give rise to hadrons

@ In PYTHIA hadrons come from the fragmentation of qg strings,
with gluons representing kinks along the string (Lund model);
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Real experiments: heavy-ion collisions

From partons to hadrons

The final stage of any parton shower has to be interfaced with some
hadronization routine. Keeping track of color-flow one identifies
color-singlet objects whose decay will give rise to hadrons

@ In PYTHIA hadrons come from the fragmentation of qg strings,
with gluons representing kinks along the string (Lund model);

@ In HERWIG the shower is evolved up to a softer scale, all gluons are
forced to split in qg pair (large-N.!) and singlet clusters (usually of
low invariant mass!) are thus identified.
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high-pT quark,

| hadron 1 |
|

hard process
i hadron 2
i i

| /

® Most of the radiated gluons in a shower remain color-connected
with the projectile fragment;
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Vacuum radiation:

| hadron 1
I

hard process
i hadon2 77 T
"""""""" i

%

® Most of the radiated gluons in a shower remain color-connected
with the projectile fragment;

@ Only g — qq splitting can break the color connection, BUT

1—=z z

+

qu”[zz'i‘(l_z)z} vs ng”{ +2(1-2)

1—2z

less likely: no soft (i.e. z — 1) enhancement!
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Real experiments: heavy-ion collisions

Hard probes

Medium-induced radiation: color-flow (4 Lund string)

high-pT quark Medium

| Nucleus 1 i |
I

hard process
i Nucleus 2
i i

s

“Final State Radiation”
(gluon € leading string)
Gluon contributes to leading hadron

Leading string

Medium

| Nucleus 1
I

"u‘ Subleading string
hard process *.,
i Nucleus 2 e,
i e, i

7

“Initial State Radiation”
(gluon decohered: lost!)
Gluon contributes to enhanced soft
multiplicity from subleading string
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Real experiments: heavy-ion collisions Hard probes

Fragmentation function

™0 GV, B guor=5 OV, 9,01, T=200MeV

R T T T T T T T T T T

108 -
E -+ In-medium FSR E|
Ei -~ In-medium ISR (leading+subleading strings)| 1
[\ ~. In-medium ISR (only leading string) ]

—~ \

f%’ 1k 4
<] EN ]
—~ [ \w ]
& [ S 1
T o1 7,
P4 E E|
T, £ ]

3 F ]
z L ]
=

0.01= =
0.001 . | . | . | . | . .
0 10 20 30 40 60

p; primary hadrons (GeV)

ISR characterized by:
@ Depletion of hard tail of FF (gluon decohered!);

@ Enhanced soft multiplicity from the subleading string
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Real experiments: heavy-ion collisions

FF: higher order moments and hadron spectra

Starting from a steeply falling parton spectrum ~ 1/p7 at the end
of the shower evolution, single hadron spectrum sensitive to higher
moments of FF:

dN" /dpr ~ (x"*)/p}

Een B0 GV, g5 OOV, G001 T=200MeV

g \ \ \ \ \ @ Quenching of hard tail of FF

L _ ] .

\ et 158, (eadingsaubleaing srings)| affects higher moments: e.g.
\ ~- In-medium ISR (only leading string) ]

% ) : o FSR: (x°) ~ 0.078;

e ) 1

- . ] @ ISR: (x%)10aq ~ 0.052

-

T o1 fa

g

z%

- 0.01

0.00% i 5 ‘ :

2 30 40 60
p; primary hadrons (GeV)
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Real experiments: heavy-ion collisions probes

FF: higher order moments and hadron spectra

Starting from a steeply falling parton spectrum ~ 1/p7 at the end
of the shower evolution, single hadron spectrum sensitive to higher
moments of FF:

dN" /dpr ~ (x"~*)/p}

] @ Quenching of hard tail of FF
e affects higher moments: e.g.

0.8—

-

T o FSR: (x°) ~ 0.078;
I o ISR: (x°)1eaq ~ 0.052

I @ Ratio of the two channels
T i suggestive of the effect on the

07‘_________ hadron spectrum

80 90 100

3 40 50 60 70
p; leading fragment (GeV)
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Real experiments: heavy-ion collisions Hard probes

Relevance for jet observables

Some comments in the light of experimental results!*:

@ Vacuum-like fragmentation of strings of reduced energy
(color-decoherence of radiated gluons), in agreement with no change
of hard-FF (p% > 4 GeV) in Pb+Pb wrt p+p measured by CMS;

10'F s prosminary T ek A0 PRowdeswin U | Tracks n cone 3R <03) o LAt
s [ —
R ¥ oeomcuesiacue T setes Pt
10 PEPEVEL- 276 TV s R + — poreence
[
o 4 E
2 e 2
210 . E
= @
10 4 tlod E i
10° e k.
1) 0<A<0.13 4 A 0.35<A <0.70
b s
[©]Leading Jet
25 « Subleading Jet-
Q
a-
-
ois
Nl 4
TS e 5.
| g prinoid
05
OB S PSSR A 6 5 5 Y e A AR 05T 16 D SRR 4 AR 05 11505 has U
ac
E=In(E7/p*) & =In(p7p ™) & =In(p"/p, ") &=In(p"/p ")
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Relevance for jet observables

Some comments in the light of experimental results!*:

@ Vacuum-like fragmentation of strings of reduced energy
(color-decoherence of radiated gluons), in agreement with no change
of hard-FF (p% > 4 GeV) in Pb+Pb wrt p+p measured by CMS;

@ Enhanced multiplicity of soft particles from the decay of subleading
strings (decohered gluons give rise to new strings!), in agreement
with CMS observations;
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Real experiments: heavy-ion collisions

Relevance for jet observables

Some comments in the light of experimental results:

@ Vacuum-like fragmentation of strings of reduced energy
(color-decoherence of radiated gluons), in agreement with no change
of hard-FF (p% > 4 GeV) in Pb+Pb wrt p+p measured by CMS;

@ Enhanced multiplicity of soft particles from the decay of subleading
strings (decohered gluons give rise to new strings!), in agreement
with CMS observations;

@ Broad angular distribution of soft hadrons around the-jet axis
observed by CMS remains to be explained: larger amount of
partonic rescattering (i.e. higher orders in opacity) probably
required.

1*CMS PAS HIN-11-004 and PRC 84, 024906 (2011)
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Real experiments: heavy-ion collisions

@ Hadronization schemes developed to reproduce data from
elementary collisions: a situation in which most of the radiated
gluons are still color-connected with leading high-pr fragment;

high—pT quark

| Nucleus 1
|

hard process
i Nucleus 2

| /
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Real experiments: heavy-ion collisions

Relevance for info on medium properties

@ Hadronization schemes developed to reproduce data from
elementary collisions: a situation in which most of the radiated
gluons are still color-connected with leading high-pr fragment;

@ In the case of AA collisions a naive convolution
Parton Energy loss ® Vacuum Fragmentation

without accounting for the modified color-flow would result into a
too hard hadron spectrum: fitting the experimental amount of
quenching would require an overestimate of the energy loss at the
partonic level;
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Real experiments: heavy-ion collisions

Relevance for info on medium properties

@ Hadronization schemes developed to reproduce data from
elementary collisions: a situation in which most of the radiated
gluons are still color-connected with leading high-pr fragment;

@ In the case of AA collisions a naive convolution
Parton Energy loss ® Vacuum Fragmentation

without accounting for the modified color-flow would result into a
too hard hadron spectrum: fitting the experimental amount of
quenching would require an overestimate of the energy loss at the
partonic level;

@ Color-decoherence of radiated gluon might contribute to reproduce
the observed high-pt suppression with milder values of the medium
transport coefficients (e.g. §).
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Real experiments: heavy-ion collisions

Final considerations

@ Heavy-ion collisions produce certainly a “dirty” environment;
nevertheless the final goal is to interpret the experimental
findings in terms of QCD;

o | tried to give a general overview on the subject, with the
hope that some of you can find such an issue of interest and —
may be — discover topics where you can give a contribution to
the field: multi-disciplinary skills are welcome and necessary!

o Feel free to contact me for any question, comment, proposal...

Thank you!
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