Heavy-ion collisions: theory review

Andrea Beraudo

CERN, Theory Unit

“QCD at Cosmic Energies”, Paris, 11-15 June 2012

Heavy-ion collisions: theory review



Outline

@ The motivation: exploring the QCD phase diagram

o Virtual experiment: lattice-QCD simulations
@ Real experiments: heavy-ion collisions

@ Soft observables;
@ Hard probes
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Introduction

Heavy-ion collisions: exploring the QCD phase-diagram
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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
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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

Heavy-ion collisions: theory review



Virtual experiments: lattice QCD

QCD on the lattice

The QCD partition function
2 = [1d0) exp - 35,(U)] T] det [M(U. )
q

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

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

@ M is the Dirac operator

Heavy-ion collisions: theory review



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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QCD on the lattice: results
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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;

@ Trace anomaly:
I=e—3P=T50/0T)(P/T*);

@ Energy density: ¢ =1+ 3P;
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Virtual experiments: lattice QCD

QCD on the lattice: results

From the partition function on gets all the thermodynamical quantities!:
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@ Pressure: P=(T/V) InZ;

@ Trace anomaly:
I=e—3P=T50/0T)(P/T*);

@ Energy density: ¢ =1+ 3P;

@ Entropy density:
s=(e+P)/T;
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Virtual experiments: lattice QCD

QCD on the lattice: results

From the partition function on gets all the thermodynamical quantities!:
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Pressure: P=(T/V) In Z;

Trace anomaly:
I=e—3P=T50/0T)(P/T*);

Energy density: e =/ 4+ 3P;

Entropy density:
s=(e+P)/T;

Speed of sound: ¢? = dP/de
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Virtual experiments: lattice QCD

lattice-QCD results: some comments

s(T)/T?

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

o TH = diag(e,—P,—P,—P):
the trace anomaly | = ¢ — 3P gives
a measure of the breaking of
conformal invariance (a challenge
for approaches based on AdS/CFT
correspondence?)

I(m)/T*

! |
200 250




Soft probes
Herl rehes

Real experiments: heavy-ion collisions

Real experiments: heavy-ion collisions
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Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

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

Heavy-ion collisions: theory review




Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions

Heavy-ion collisions: a typical event
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Real experiments: heavy-ion collisions

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

T,=< 1 fm/c

@ 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
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Soft probes
Hard probes

Real experiments: heavy-ion collisions

Soft probes and 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
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Soft probes

! ) e Hard probes
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?

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

o QCD EOS
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Soft probes

. . . Hard probes
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)u*u” — Pg"” and j§ = ngu”
@ 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]
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Real experiments: heavy-ion collisions

Soft probes
Hard probes

Hydro predictions: radial flow (1)

STAR preliminary
Au+Au central
VS = 200 GeV

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

T

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

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

T

oL _
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dN 3
~ e*mT/Tslopc = e*\/PT+m2/Tslopc

demT

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

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

Heavy-ion collisiol



Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

Hydro predictions: radial flow (I1)

Physical interpretation:

05 :
[ @ SPSPbePb: NAS preiminary
L WM AGS Au+Au: EB66 N
I O SPss+s:NA44
3 ] 1 1 2
— 0.4
s I “miv?) = *m<(VJ_th+VLflow) >
e . ¢ 2 2
g Wl v% ; 2 I 5
® 03 - -
3t . Y = -m{viy) + 5mvi g,
g r R 2 2
£ Fon . [ ]
& Loy .
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Particle mass (Gevlcz)
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Soft probes
Hard probes

Real experiments: heavy-ion collisions

Hydro predictions: elliptic flow

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

. . . Hard probes
Real experiments: heavy-ion collisions

Hydro predictions: elliptic flow

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

0.4 — . p
s commmmn T @ The effect can be quantified through the
03 g l t Fourier coefficient v,
wyota HE dN N
0% — =—(1+2vcos[2(¢ — Yrp)] +-..)
0.15; . VISH2+1 @ d¢ 271'
ot (MCKLN, 1/s=0.20) o , f
: n 3 Vo = (cos|2(¢p — ¢
0.05" b ’ < [ ( ‘ RP)]>
0; ‘ ‘ ‘7 ; ‘ALICE pr‘eliminary

c T t% @ vy(pr) ~ 0.2 gives a modulation 1.4 vs
0.6 for in-plane vs out-of-plane particle
emission!
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Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions

Elliptic flow: physical interpretation

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

0 n 0P
5 [(e-l—P)v} = o

@ Spatial anisotropy is converted into momentum anisotropy;

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

Heavy-ion collisions: theory review



Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

Elliptic flow: mass ordering

is a direct

@ Particles emitted according to a
thermal distribution

. ~exp[—p-u(x)/T] in the local
HE Pb-Pb events at |, = 2.76 TeV . .
035 cenvaly 2040% rest-frame of the fluid-cell;
F . T
03 1§ ] T @ Parametrizing the fluid velocity as
0.25;— D5 - f %
02F u" =~ (cosh Y,uy,sinhY),
0.15F VISH2+1
01 (MCKLN,/5=0.20) I$[ one gets (v, =tanh Y)
0.050 b
ol : ‘ ‘75 ‘ALICEpr‘eIiminary pu= ’YJ_[mJ_ COSh(y—Y) _ pJ_'uJ_]
0‘“‘1““2””3””4”"5””6
p. [GeVic]

@ Dependence on mr at the basis of
mass ordering at fixed pr
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Soft probes

! ) e Hard probes
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=+t2— 272 and =_lIn
1ls 2 t—z
@ Assuming a boost-invariant purely longitudinal expansion ( )

entropy conservation implies:
sT=s019 — So=1(s7)/70
@ Entropy density is defined in the
ds 1 dS

°= dx | dz _;dedns

@ Entropy is related to the final multiplicity of charged particles
(5~3.6 N for pions), so that:

136 dNw3
- 1o7mR% dn 2

Heavy-ion collisions: theory review



Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

“Bjorken” estimate: results

1 3.6 dNew 3

TR TR: dy 2

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

so ~ (80 fm™2) /7o

e f @ 7g is found to be quite small:
—a | $ 1, 0l<m<lfm — 80<s <800fm >
* N=T0 100 \éo zéo 250 ]

L @ This should be compared with -QCD
T[MeVv]

s(T =200MeV) ~ 10 fm >
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Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

Initial conditions: Glauber model

@ Within the Glauber model, given the nuclear thickness function

Ta(x) = /+OO dz pa(x, z)

— 00

one can express the initial entropy density in terms of the local
density of

Heavy-ion collisions: theory review



Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

Initial conditions: Glauber model

@ Within the Glauber model, given the nuclear thickness function

Ta(x) = /+OO dz pa(x, z)

— 00

one can express the initial entropy density in terms of the local

density of
e participants: s(70,x; b)=K(70) [0, (x; b) + n5.. (x; b)], with

part

Mt (Xb) = Ta(x +b/2) [1 = (1 - o} Ta(x — b/2)/B)”
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Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

Initial conditions: Glauber model

@ Within the Glauber model, given the nuclear thickness function

Ta(x) = /+OO dz pa(x, z)

— 00

one can express the initial entropy density in terms of the local
density of

e participants: s(70,x; b)=K(70) [0, (x; b) + n5.. (x; b)], with

- B
Mt (Xb) = Ta(x +b/2) [1 = (1 - o} Ta(x — b/2)/B)”
@ binary collisions: s(79,x; b)=K’(70) nuin(x; b), where

Mpin(x; b) = o) Ta(x +b/2) Te(x — b/2)

Heavy-ion collisions: theory review



Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

Initial conditions: Glauber model

@ Within the Glauber model, given the nuclear thickness function

Ta(x) = /+OO dz pa(x, z)

— 00

one can express the initial entropy density in terms of the local
density of

e participants: s(70,x; b)=K(70) [0, (x; b) + n5.. (x; b)], with
- B
Mt (Xb) = Ta(x +b/2) [1 = (1 - o} Ta(x — b/2)/B)”
@ binary collisions: s(79,x; b)=K’(70) nuin(x; b), where
Mpin(X; b) = (rm Ta(x+b/2) Tg(x —b/2)

@ An essential input is the inelastic pp cross section 0;3‘/‘3(\/5)

Heavy-ion collisions: theory review



Soft probes
Hard probes

Real experiments: heavy-ion collisions

Glauber model and heavy-ion collisions

10
Z [ oor red), i (bluc) and g (green)
=) « ALICE

° cr,i;;, ~ 40 — 60 mb at RHIC-LHC

energies;

o TOTEM
——— best COMPETE di fits

- - - - 114 - 152Ins +0.130Ins
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Soft probes
Hard probes

Real experiments: heavy-ion collisions

Glauber model and heavy-ion collisions

mors (red) (blue) and o (¢ )
! e 0 7 e

+ pp(PDG) « ALICE
* pp(PDG) . TOTEM
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 iias best COMPETE a1 fits

»oous ---- 114 - 152Ins £ 01301

] ag;, ~ 40 — 60 mb at RHIC-LHC

energies;

10! 107 10° 10t 10°

v o @ The Glauber model seems to work
pretty well: nuclear modification factor

CMS Profiminary | b10% |

2| eapoom e 276 To% [ L= 740" ] (dN/dpT1)aa
i 1% ] Raa(pT
;. = e s | (pr) (Neon)(dN/dpT)pp

N j i
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W ]
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Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions

Initial conditions: event-by-event fluctuations

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

@ U, = Vgp known exactly;
@ 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

Heavy-ion collisions: theory review



Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

Event-by-event fluctuations: experimental consequences

Fluctuating initial conditions giving rise to®:

@ Non-vanishin v, in central collisions;

@ Odd harmonics (v3 and vs)

?ALICE, Phys.Rev.Lett. 107 (2011) 032301

| |
7 5
P, (Gev/c)
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Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions

Initial conditions: Color Glass Condensate

Spectrum of produced gluons evaluated within kr-factorization:

dNg N/d"L/dkmsm(n,kﬁczﬁs(xb(m ki)?)

So ~
0 dr i dy

where ¢(x, k% ) is an unintegrated gluon distribution

@ It can be expressed through the dipole scattering amplitude

N(x,r1)
@ The small-x evolution of the latter is described by the BK-equation
ON~ N — N?
~~ <~
BFKL  saturation

A unique setup able to describe data from DIS up to A-A collisions?

Heavy-ion collisions: theory review



Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

CGC and particle production

o MCrcBK 200GeV
[ oo MCrcBK 2.76TeV
I+ ALICE 2.76TeV i}
gl + PHOBOS 200GeV et
NP e o
5 r g L
se- gt
T [ 4
P4 7%
2,
P S S S S T S S S R S T
0 100 200 300 400
Npart

Particle density and its evolution with centrality nicely accomodated?
2J.L. Albacete, A. Dumitru and Y. Nara, J.Phys.Conf.Ser. 316 (2011)
012011.
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Soft probes

! ) e Hard probes
Real experiments: heavy-ion collisions

Hydro evolution: the role of the Equation of State

In ideal hydro the dependence on the
EOS enters through speed of sound.

™ 0.35 avi 1 aPi_ 26'”5

I Dt T erPOx G oxi '

0.35 E .
o5 1025 For the transverse expansion one gets:

0.25 J

c(T)

o c2x 2y

0.15 J __-s __ s
A de 10 W=t W=t
150 200 250 300 _: o.1 X y

I SR SR TR [ TN SN AN SR TN A N S S
200 400 600 800 1000 The larger the speed of sound, the larger

T[MeV] .
the radial flow!
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Soft probes

Hard probes

Real experiments: heavy-ion collisions

Hard probes

@ A few experimental results

o Jet-quenching
@ Heavy-flavor

@ The physical interpretation (with some novel ideas)

Heavy-ion collisions: theory review



Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions P

Jet-quenching

(in a broad sense: jet-reconstruction in AA possible only recently)

Heavy-ion collisions: theory review



Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions

Inclusive hadron spectra: the nuclear modification factor

PHENIX Au+Au (central collisions): B
H m  Directy
t a
F GLV parton energy loss (dN'dy = 1100) AA
i Fan = o)
Tib phy AA =
1 1 ¢i H%*H% i — <Ncoll> (th/de)pp
Ead

101

PR T R R R BN B
2 4 6 8 10 12 14 16
p; (GeVvic)
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Soft probes
Hard probes

Real experiments: heavy-ion collisions

Inclusive hadron spectra: the nuclear modification factor

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

!Q’ R B (th/de)AA
A7 (Neon) (dN* /dpr )PP

'.. o§§
\,.-*" fé*§ {
e e
.'- ..'.. °0-5% 1

:‘....' 20-400 ALICE Preliminary
©40-80%
0.1f,
10 20 30 40 50
(GeVIc)
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Soft probes
Hard probes

Real experiments: heavy-ion collisions

Inclusive hadron spectra: the nuclear modification factor

T
CMS Preliminary 'y ! B~1 0% !
2| PbPb\S,, =276 TeV, J‘L dt=7pb"
o 2 i<20
—e— Isolated photon  [nj<1.44

g (dN* /dpr
(Neon) (dNP /dpT)P?

)AA

RAA =

Heavy-ion collisions: theory review



Soft probes
Hard probes

Real experiments: heavy-ion collisions

Inclusive hadron spectra: the nuclear modification factor

AN
R molsdphon B
‘—e— Charged particles [y|<1.0
15 b ]
AA
P o (dn"/dpr)
1 AA = pp
(Neon) (dN"/dpT)
05
8
s
% 20 a0 e e 100

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.

Heavy-ion collisions: theory review



Soft probes

Hard probes

Real experiments: heavy-ion collisions

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

dnh 1 /1
o~ dzzfllef*)h z
dpt P?—; 0 (=)

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

Heavy-ion collisions: theory review



Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions P

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

dnh 1 /1
o~ dzzfllef*)h z
dpt P?—; 0 (=)

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

@ Surface bias:
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Soft probes
Hard probes

Real experiments: heavy-ion collisions

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)
hedroniztion 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

Heavy-ion collisions: theory review



Soft probes
Hard probes

Real experiments: heavy-ion collisions

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
Calorimeter Date:  2010-11-12
Towers Time: 04:11:44 CET

I

0] P, [GeV]

504 E [GeV]

Possible to observe even

Heavy-ion collisions: theory review



Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions P

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
2 T | /| Run/Event: 151076 / 1328520
Lumi section: 249

Leading jet - .
pr:205.1 GeVic ) . B

. Subleading jet
pr:70.0 GeVic
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Soft probes
Hard probes

Real experiments: heavy-ion collisions

correlations: results

< T T 0100% ] g T 00% ] S ' "1020%] S [\Sy=2.76 Tev 0-10%
¥ = i ~h n g ;’L:E
z z z z —1.
2 9 ] 3 B £ + int 1
ks 02 04 06 08 02 04 06 08
AJ AJ AJ AJ
S 10F =3 =3 S 10F
3 ! El ! g * 3 “F @ pb+pb ata
3 g B 2 | opwpoaa
a3 1 = £ 1 7% ¥ Ononc+pyTHA 3
ES S 2 ES
= =2 =2 =
i | oht 1 oy |
e Sy R et
vy Lo L vy
Dij A; = S5-7% enhanced di i
@ Dijet asymmetry A; = == enhanced wrt to p+p and increasing
J ET1+ET2

with centrality;

@ A¢ distribution unchanged wrt p+p (jet pairs ~ back-to-back)
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Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions

Dijet correlations: adding tracking information

Tracks in a ring of radius AR=+/A¢2+ An? and width 0.08 around the
subleading-jet axis:

Heavy-ion collisions: theory review



Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions P

Dijet correlations: adding tracking information

Tracks in a ring of radius AR=+/A¢2+An? and width 0.08 around the
subleading-jet axis:

1wl @ i ® i © i @ i
0 E PYTHIA 1 Fo,, >120GeVic | E: i ]
L +HYDJET A;<O11 T socevie 011 <A, <0.22 A,>033
3 W
<) 030%
£ 10E Leading ser Subleading Jet ¥ Leading Jet Subleading Jet § £ Leading Jet Subleading Jet]
2 %
o
P 1
2 ™ ]
—~ 10 |
L2 A;>033
S
o
)
£  Leadog et Sublading e
3 ]
.
o
W I
0.5 0 05 0.5 0 0.5 0.5 0 0.5 05 0 05

Leadingjet - Subleading jet Leading jet \ - Subleading jet Leadingjet , - Subleading jet Leadingjet - Subleading jet
ARLeAdMgiet A 9 ARLeRdalet A 0 AREANGIE oD 9 ARLeAdMgiet Ap o

Increasing A, a sizable fraction of energy around subleading jet carried by

(pT< 4 GeV) with a




Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions

Dijet measurements: Fragmentation Fuctions

E=—Inz=—1n (p‘f‘"‘d‘/pj;t)7 pYak > 4GeV
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Real experiments: heavy-ion collisions

Dijet measurements: Fragmentation Fuctions

=—Inz=-In ( track / &y ]et) pFak > 4GeV
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Real experiments: heavy-ion collisions

Dijet measurements: Fragmentation Fuctions

=—Inz=-In ( track / &y ]et) pFak > 4GeV
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Dijet measurements: Fragmentation Fuctions

=—Inz=-In ( track / ]et) pFak > 4GeV
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Hard component of jet-FF in AA not strongly modified wrt to pp.
Data ( ) compatible with
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Hard probes

Real experiments: heavy-ion collisions

Physical interpretation of the data: !

. E (~pr) (1-2)E

T T T
| | |
hard process ‘ ‘ ‘
| | |

@ Interaction of the high-pt 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).

Heavy-ion collisions: theory review
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The basic ingredients

@ Vacuum-radiation spectrum;

@ (Gunion-Bertsch) induced spectrum

Heavy-ion collisions: theory review
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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 2
P (1 2P pr= (=P oy K
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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)py, m7m———, —k
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
dO—vaC = dO' ?CR/(TF

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

Heavy-ion collisions: theory review
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@ On-shell partons propagating in a color field can radiated gluons.

P “
i M a
w

T
|
I
|
| 1ay
|
|
|

(a) (b) (c)
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@ On-shell partons propagating in a color field can radiated gluons.

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

dNSB as [ L as [ L q?
& _ s = Ki—K:1?) = Co== [ — 1
*dxdk Ckw2(A?><[0 1]> Ckw2(Ag><k%k—qP>

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

k k—q 1 do
Ko = — K = d o= | dg———
0 kza 1 an < > / qO'el dq
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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:
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dO_ind

— dohard cp & L 2 2 2 sin(wy L)
Y dwdk =do CR; <)\§1> <[(K0K1) +K17K0] <1m

In the above w; =(k—q)?/2w and two regimes can be distinguished:
@ Coherent regime LPM (w;L < 1): do"=0 — do™d = dovac

Heavy-ion collisions: theory review



Soft probes

. . . Hard probes
Real experiments: heavy-ion collisions P

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
@ Incoherent regime (wiL>1): do™~ ((Ko—Ki)?+ K] —Kj)
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dO_ind hard Qs L 5 > 2 sin (wl L)
wdwdk =do CR; <)\§1> <[(K0 - Kl) + Kl - KO] (1 u)lL >>

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

darad — do GB +d0_vac + dovac

gain loss
where

doCB = dohard cp & (L/Ad)<(KO—-K1V>(dwdk/w)
da”MfA,dahde (L/Ad)< ) (dwdk/w)

gain

wm:@—ugwﬁm@ﬁkﬁmwm)

loss
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Integrating the lost energy w over the inclusive gluon spectrum:

dNind CROé ’u2 E
AEY= [ d dk £~ S1ER ) % )n—
(AE) /)“ﬂ/ “dwdk ~ 4 (Ag> "

@ [? dependence on the medium-length;

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

) p%/x\? often replaced by the transport coefficient g, so that

(AE) ~ asgl?

g: average g2 acquired per unit length

Heavy-ion collisions: theory review



Soft probes

Hard probes

Real experiments: heavy-ion collisions

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

T

E=10GeV, L=5fm, m,=0.46 GeV, A;=1.26fm, 0,203 ‘

E=10GeV, L=51m, 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).

Depletion of gluon spectrum at small angles due to their
rescattering in the medium!

Heavy-ion collisions: theory review
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Real experiments: heavy-ion collisions

Medium-modification of color-flow for
high-p1 probes

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

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

Essential ideas presented here in a

3A.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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Vacuum radiation: color flow (in large-N,)

high-pT quark

| Nucleus 1 |

|
hard process
i Nucleus 2
i i
| /

Final hadrons from the fragmentation of the Lund string (in red)

@ First endpoint attached to the final quark fragment;

@ Radiated gluon — color connected with the other daughter of the
branching — belongs to the same string forming a kink on it;

@ Second endpoint of the string here attached to the beam-remnant
(very low pr, very far in rapidity)

Heavy-ion collisions: theory review
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Vacuum radiation: color flow (in large-N,)

high-pT quark,

| Nucleus 1 |
|

hard process
i Nucleus 2
i i

| /

@ Most of the radiated gluons in a shower remain color-connected
with the projectile fragment;
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Vacuum radiation: color flow (in large-N,)

| Nucleus 1

|
hard process
i Nuceus2 77 T
"""""""" i

7

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

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

1-=z z
Py ~ [22 4+ (1 — 2)? Poe ~ | ——
e~ [+ (1-2)°] v Pq 2 +1—z

+2z(1-2)

less likely: no soft (i.e. z — 1) enhancement!
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Hadronization in the presence of
medium-modified color flow

Heavy-ion collisions: theory review
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Hadronization a la PYTHIA

Leading string
k

high-pT quark Medium
| Nucleus 1

| Nucleus 1 i . | 5
! *., Subleading string
hard process .
hard process i Nucleus 2 )
i Nucleus 2 i

= | »

“Initial State Radiation”
(gluon decohered: lost!)
Gluon contributes to enhanced soft
multiplicity from subleading string

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

Heavy-ion collisions: theory review
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Fragmentation function

™50V, By guon™5 O&Vs 0y =0L, T=200MeV

T T T T T T T T T T T T

10 -
E -+ In-medium FSR E|
bl -~ In-medium ISR (leading+subleading strings) | 1
[\ ~. In-medium ISR (only leading string) ]

BN 3
Fe ]
[ \\ ]

-1,

UN,(dN/dp,) (Gev™)
°
e

o
1)
2

3

0'0010 10 20 30 40

p; primary hadrons (GeV)

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

@ Enhanced soft multiplicity from the subleading string

Heavy-ion collisions: theory review
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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

N \ \ \ \ \ @ Quenching of hard tail of FF
B medi 3 R
\ et 158, (eadingsaubleaing srings)| affects higher moments: e.g.
\ - In-medium ISR (only leading string) 1
% 5 E o FSR: (x°) ~ 0.078;
; ] e ISR: <X6>1ead ~ 0.052
g 01 E
2
=
001 3
0.001 0 w0

0 30 0
p; primary hadrons (GeV)

Heavy-ion collisions: theory review



Soft probes
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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"Jdpr ~ (x"1)/p}

o ] @ Quenching of hard tail of FF
T e affects higher moments: e.g.
oo T e ] o FSR: (x°) ~ 0.078;
0_4; 1 o ISR: (x®)1eaq ~ 0.052

I - @ Ratio of the two channels
02l a--a < >ISR/<X >R i .

| suggestive of the effect on the
ol L hadron spectrum

20 5 60 170
p; leading fragment (GeV)
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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;

i k k

high—pT quark

| Nucleus 1
|

hard process
i Nucleus 2

| /
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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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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. §).

Heavy-ion collisions: theory review
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Heavy-flavor
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Experimental findings

D meson R, : |y|<0.5

ALICE
S
B g ALICE
5 : Cantaty 0.20% Gontaliy 4080%
g 14 PP (5 = 276 ToV
4
12
|
03
ik ]g
il i
L s“w‘u‘“v‘z B S R
P, (GeVic) P, (GeVic)
* DY D*, D* compatible
e Strong suppression in central collisions arXiv:1203.2160
(1= .
S Masciocchi@gside ALICE Hoavy favours, HP2012 21

@ Sizeable suppression of D meson spectra;

ion collisions: theory review
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Experimental findings

LIS ALICE
o2 comvay
19 PoPb 5y, =276 Te W%
14 « Average D, D, D", [y|<0.5.
3 - Charged hadrons, [<0.6

e Charged hadrons

 Identified pions t e erebminan 2
Al
* D mesons (charm) st
.
arXiv:1201.5069 08|
04
02
t |
% 810 12 14 18 I8
P, (GeVic)

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

SN
S Masciocchi@gsi.do ALICE Hoavy flavours, HP2012 25

@ Sizeable suppression of D meson spectra;

@ Important suppression also of J /i) from B decays;

ion collisions: theory review
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Experimental findings

Elliptic flow of D: results NEW

ALICE

« D°v, in 30-50% centrality * D meson compared to charged
hadrons

« Indication for non zero D meson v, (30 in 2 < p, < 6 GeVi/c)
« Hint of centrality dependence: D° v, flow larger in less central collisions
« Comparable with charged hadrons elliptic flow

SN
S Masciocchi@gsi.do ALICE Hoavy flavours, HP2012 31

@ Sizeable suppression of D meson spectra;
@ Important suppression also of J /i) from B decays;

@ D mesons seem to follow the collective flow of light hadrons

Heavy-ion collisions: theory review
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Some challenges posed by experimental data

Radiated energy: angular distribution

71—
r — light quarks (<E>™~15Gev)|
2- — cham (<B>™-09 Gev) N
[ — beauty (<E>™-03 GeV) ]
gL 1
S 1
o] /
e/ ]
3 [/ ]
T | ]
¥ ol
3 p=5GeV, L=5fm, m,=046GeV |
F AF1261m, 0,203 1
Al
0 05

@ Color charge: Cr vs Cy;
@ Mass effect: radiation from b strongly suppressed;

@ Reconsidering the importance of collisional energy loss?

Heavy-ion collisions: theory review
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A possible tool to study the
heavy-quark dynamics in the QGP:
the relativistic Langevin equation

@ Trivial extensions of jet-quenching calculations to the massive
case simply describe the energy-loss of heavy quarks, which
remain external probes crossing the medium;

@ The Langevin equation allows to follow the relaxation to
thermal equilibrium.*

*W.M. Alberico et al., EPJC 71, 1666 and J.Phys.G G38+(2011) 124144
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Update of the HQ momentum in the plasma: the recipe

Ap' i i
R OLAN0)
N—— ~—~
determ. stochastic
with the properties of the noise encoded in

€PN =6 P B (p)=ri(p)P +rr(p)ET—P )
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Update of the HQ momentum in the plasma: the recipe

Ap' i i
R OLAN0)
N—— ~—~
determ. stochastic
with the properties of the noise encoded in

€PN =6 P B (p)=ri(p)P +rr(p)ET—P )

Transport coefficients to calculate:

1(ApT) o .
2 At T At

@ Momentum diffusion k=
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Update of the HQ momentum in the plasma: the recipe

Ap' i i
R OLAN0)
N—— ~—~
determ. stochastic
with the properties of the noise encoded in

€PN =6 P B (p)=ri(p)P +rr(p)ET—P )

Transport coefficients to calculate:

1(Ap7) (Apf)
- dr = :
2 At T A
@ Friction term (dependent on the discretization scheme!)

_kp) 1 [ 5 0k(p) | d—1ki(p)—KT(P)
P=a1e, 2|0 ) e T2 2

@ Momentum diffusion k=

,,]DIto(

fixed in order to insure approach to equilibrium (Einstein relation):
Langevin < Fokker Planck with steady solution

Heavy-ion collisions: theory review
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In a static medium...

L t=8fm T=400MeV } T=400 MeV
—~ N HTL (u=2mT)| t=4m HTL (u=ntT)
S, 004 «—t=1fm[ :
D a <« t=1fm
o L
g t=2fm t=2 fm
o - 4 -
= 0.02 t=4 fm
N
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-Jiittner distribution®

e P/T
fui(p) =
M 4xM2T Ky(M/T)’

with /d3p fmi(p) =1

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

5A.B., A. De Pace, W.M. Alberico and A. Molinari,-NPA-831, 59 (2609)
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In an expanding fluid...

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

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

V31—

ut* =%, (coshn,v,sinhn) with F=

hydro codes®.
@ u"(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

Heavy-ion collisions: theory review



Soft probes
Hard probes

Real experiments: heavy-ion collisions

Numerical results: spectra in p-p

[ 0" impp at LHC W= Tev, Iy<0.5): POWHEG-BOX+PYTHIA Parton Shower [ o inppat LHC N5=7 T, Iy<0.: POWHEG-BOX+PYTHIA Parton Shower
~ 10°F 310° 3
S UE E| E
3 F = =
s f ] ]
2
2 1%} = 10% £
3 | E E
g 1 ]
S 1ok - 10 -
8 F E E
1 < 1 -
107 — 107 =
102 107 |
5 10 5

Hard production in elementary p-p collisions generated with POWHEG +
PYTHIA PS: nice agreement with FONLL outcome and ALICE results
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Numerical results: spectra in Pb-Pb

< L2 T T T T T T T T T
@ r Pb-Pb, |s=2.76 TeV 7
b Centrality: 0-20% |
0.8 o -

L — D' ]

0'65 e ALICE, D mesons ]
02 ]
oL P Y U U U ERE RS

0 2 4 6 8 10 12 14 16

P, (GeVic)

In Pb-Pb collisions ¢ and b quarks are then propagated inside the
medium through the Langevin equation’

M. Monteno talk at “Hard Probes 2012”
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