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Outline

> Aim (not a review on results and theorethical models):

= Provide basic introduction to QGP & next talks
" Underline aspects and tools shared with other nuclear

physics fields

QCD and QGP at high temperature :
* Thermodynamics, lattice QCD: EoS of QGP

= Initial state: gluon saturation
" Nearly perfect fluid
* QGP in the heavy quark sector

= Hadronization in a hot QCD medium



Finanziamenti e Attivita Teorica in Italia

Progetti-Fondi:

<> RM31 (coord. Naz. F. Becattini) : FI, BA, CT, FE, LNS, PV, TO, TS, RM1
<> FIRB 2008 (coord. Naz. V.G. + C.Ratti): CT, TO

<> PRIN 2009 (coord. Naz. F. Becattini): FI,CT,TO

<> ERC-StG2010 (coord. V.G.): CT

<> HadronPhysics3- WP2 (coord. Naz. F. Becattini): FI,CT

+ QGP International School (W. Alberico & M. Nardi) - Villa Gualino
joint activity with ALICE (L.Ramello, E. Vercellin & F. Antinori)



Matter under extreme conditions...

Fermi Notes on Thermodynamics

Quts« | Fleyen Science Questions for the New Century
« RESEARCH COUNCIL OF THE NATIONAL ACADEMIES...

No. 7 - What Are the New States of Matter at Exceedingly
High Density and Temperature? QGP.is at T>10*°K and p > 10°° cm?



Phase Transition: from the hadronic side

agedorn: en5|ty O adronic states p(m) 1000 Number of Hadronic states

grows exponentially o(m) = Cm“e m/ Ty 500 |

fit to exp. data T,=160 MeV
T, is called Hagedorn limiting temperature (1965)

for an hadronic system (no quarks at that time)

Perche’?

Partition function for a gas of hadrons, m>>T

m

log Z(T, V)OCfdm m* p(m)e T mfdm m“+3/ze

Integral divetges for T->T,:
hadronic matter cannot have a T>T,

Cabibbo-Parisi, PLB59(1975) - the year after the Gross -Wilczek paper:

Divergency of the partition function has to be associated with
a phase transition of hadronic matter to quark-gluon matter
+ asymptotic freedom at large T -> weakly quark gluon gas
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Similar to QED, but gluons self-interact!

- Asymptotic freedom
- Confinement

127

10 100
FOUR-MOMENTTRANSFER Q(GeVY)

(33 — 2nf) log (%)

A ~ 200 MeV~ 1 fm~! ~ (hadron size)™

Two regimes:

- Q@>>>Ap One can use perturbative QCD (pQCD)
- Q~Aqep » Q>Aqp non perturbative methods :
lattice QCD (IQCD) and effective lagrangian approach



Lattice QCD : a huge computational effort

Solving QCD on a grid of points in space and time with size (N,)3xN,

From the partition function knowledge of all thermodynamics

A 3
i fdr[d’xL[ A5

Z = [DA,(x)Dyp (x)Dyp(x)e’

XA VW BEWH Dynamics -> Statistics

Physical size : L=Nga, Time->Temperature: T=1/(N, a)

U(n,n+ 1) = expligt' 4, (n)

v Only thermodynamical observables (EoS, susceptibility, ...) or correlators
No formulation for dynamical processes!

v' Cannot be directly used at finite baryon density (no neutron star aargh!!)

v Only very recently, calculations for physical quark masses became feasible!

It is a fundamental guidance, but it is not sufficient !



EoS from lattice QCD
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Reference a gas of non-interacting massless
particle ... Stefan-Boltzmann

Stefan-Boltzmann limit not reached
by 20 % : QGP as a weak interacting gas?

e, =0.7GeV /| fm’
I, =160MeV

T>T_not a hadron gas
but not
a massless quark-gluon gas

No interaction means also

| = €-3p=0
(for a massless gas)

C. Ratti for the Wuppertal-Budapest collaboration,
QM2012 talk



Degrees of freedom in the Universe

PHOTON
PARTICULE VIRTUELLE
* NEUTRINO
* ELECTRON
* QUARK
® PROTON 10%s

® NEUTRON

50 QD

- = trénsitign transition
& | annihilation

o
10

5| 8
° ge

1072 10° 102
T MeV1
]

g(T)=2,+4,+4,@3,+3 )0 .G16, +31.5, 321, +..

D.J.Schwartz, Ann. Phys. 2004



Order Parameters of the Phase Transition

Polyakov Loop - Confinement
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¢ Crossover nature of the transition
" no real order parameter
= very smooth behavior with temperature
= still exhibit a rapid change in the vicinity of the phase transition

WB collaboration, JHEP (2010) Yaoki et al., Nature 443, 675-678 (2006)



ATTIVITA’ IN ITALIA su 1QCD legata al QGP:

C.Ratti (TO) - collaboration with Wuppertal Budapest

M. D’Elia (PI) - phase diagram under large magnetic field,

M. Lombardo (LNF) - phase diagram at finite ug

P. Cea and Cosmai ( BA) - Confinamento...

Susceptibilities:
.- Chiral condensate
- Polyakov loop % . v' Transiton becomes stronger

v T_decrease with B

towards a I order?

M. D’Elia




How to produce a matter
with ¢ >>1 GeV/fm3
lasting for t > 1 fml/c
in a volume much larger than a hadron'?
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Some typical definitions

Y,=0

Centrality of the collisions

= z 100 @
STAR
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Transverse mass, energy ...




Exploring the phase diagram

RHIC . . < ; sl A AGS
. gl Y i 8 | (ES02,E877, E917)
200+ Sl . S . p<i - W SPS
Ny f o5& ¢ ¢ 8 [ SPS y
% fr e Wil g AR © S b a9 P
= " A ¢ Quark Gluon Plasma 2 "L eRHIC ;
2 |Y : > o, i RHICy
= / P £ © @ Ciritical point . N - (BRAHMS) ! ' E Yy
5 @ e ¢ 3 S I ;
= v Ry @GS\ S 40 | :
: (o 3 R : i
o €7 &% e % 2 [ = A AL
® & ’ 0’0_ L. 4 Z 20 : . E
¢“ Hadron-Matter 2’?{‘ ot o YL 5 L | E:] *
e L " Y 4
; % ¢ : 4 coges #° 1
G 0\ ‘k 0 | | 1 1 1 ) 1 ] 1 | 1 L 1 I ! 1 | 1
o ¢ o o 0
nuclei -4 2 0 2 4
0 1 Baryon Density [in units of nuclear matter density] yCM

new medium created from the energy deposited
ug=0 (quark=antiquarks)
Hotter-denser-longer increasing E, ..,

Increasing beam energy -> transparency
Energy distributed in a larger volume

1im Time — 5-15 fm/c = 15-45ys~1022s



Statistical Model analysis
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F. Becattini Cleymans et al., PRC(2006)
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Freeze-out vs lattice QCD

M=00

LGT, m=0, O(u?)

HRG
e\ T J.Cleymans et. al.
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RHIC 7.7 GeV

Interesting the relative location between the freeze-
out in HIC and critical line of the phase diagram



Soft and Hard probes

SOFT (P; ~Agcp,T)

DRIVEN BY NON PERTURBATIVE QCD

(h'+h /2

Au+Au,\[s,, = 200 GeV
Hadron yields, collective modes of the bulk,
strangeness enhancement, fluctuations,
thermal radiation, dilepton enhancement

Pt (GeV/ic)

HARD (PT >>> AQCD) PHENIX Au+Au (central collisions):

m Directy

EARLY PRODUCTION, PQCD APPLICABLE, & s Prlminay

[ n

BAS E Ll N E PP 0 PA GLV parton energy loss (ng/dy =1100)

jet quenching, heavy quarks, quarkonia,
hard photons (W,Z)

Nuclear modification factor
d*N* | d medium
RAA(pT)= Pr_

N_,d>N™ /dp,. vacuum p; (GeVic)

coll



The various Probes
Going from p; = 1 a 500 Aqcp and m, = 1/20 a 20 Ay

Initial Conditions Quark-Gluon Plasma Hadronization

2 ¥,

£ Microscopic
Mechanism :

=

ColorGlassCondensate Heavy Quarks + photons/W/Z &
(x<<1) (Mg>>T,Aqcp) + dileptons
Gluon saturation?



The various Probes

Going from p; = 1 a 500 Aqcp and m, =1/20 a 20 Ay

Initial Conditions Quark-Gluon Plasma Hadronization

=3

£.° Microscopic =
Mechanism .
Matters!

Fooy
R

CGC (x<<1) Heavy Quarks + photons/W/Z &
Gluon saturation? (M>>T,Aqcp) + dileptons

= |nitial Condition — “exotic” non equilibrium CGC: gluon saturation



Initial conditions: CGC?

x= parton momentum fraction
from kinematic a particle at p; and

comes from parton with i

0.8
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proton pdf’s extracted from HERA DIS data
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We know the evolution of pdf at smaller x and fixed
Q? is given by BFKL (-> linear evolution)
0o(x,k 1)
01In(xq/x)

At very high gluon density there are non linear effects:
-> gluon saturation?!

s W

~ K ®o(x, k) >

OBFKL ~ X

or violation of Unitariety

At both RHIC & LHC protons are gluon clouds



Color Glass Condensate initial conditions?

Parton distribution function

xf(x.Q%)

oo | E=—1 H1PDF2000

- Q=10 GeV?

Density
Grows

LHC

"URHICT

At small x (small p;) dense gluon matter

Gluon %

Low Energy

Gluons of small x (small p;) -> larger size > 1/Q, overlap

and the gluon distribution stops growing

~ K ® ¢(x, ki) — o(x, k¢ )?
0111(X0/X) ~ K ) O(X kt) (,)(X kt>

02, (5) 1, (0) £ (507 o 4

radiation recombination

ki S Qs(x)

High Energy

dN/d?p;

Ideal Sketch

X =

Js

Pr o

At RHIC Q° ~ 2 GeV2
At LHC Q2 ~ 5-8 GeV? ?

What is the impact
of a different intial condition?




Some prediction for the phenomenology

Multiplicitty Supparekdiohatkanmaidtiopidity

—— MCrcBK 200GeV
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Correct description of the multiplicity
Evolution with energy (also in pp)

o

At LHC (low x, denser system) :

- effects on correlation

- forward minijet suppression
Should allow a much better insight!




The various Probes
Going from p; = 1 a 500 Aqcp and m, = 1/20 a 20 Ay

Initial Conditions Quark-Gluon Plasma Hadronization

2 ¥,

£ * Microscopic
Mechanism :

_ Matters!?

+ photons W,Z
+ dileptons

CGC (x<<1) Heavy Quarks
Gluon saturation? (M >>T,Aqep)

= Bulk QGP - Hydrodynamics BUT finite viscosities (1,C)
Does we have a gas of quark and gluons?

What is the pressure of the created system?



Collective Expansion — information from non-equilibrium

Radial Flow expansion
expected to be anisotropic

v,/e measures efficiency
in converting the eccentricity
from Coordinate to Momentum space

/s viscosity

N

c2.=dP/de — EoS

Can be seen also as Fourier expansion

IN__ AN 11 12y, cos29) + 2v, cos(de) + ..

dp;d¢  dp;
by symmetry v, odd expected to be zero ... L ° Qre dic—;nts

Measure of




Ideal Hydrodynamics: a perfect fluid?

: 0,1 (x) = OT™ (x)=[e+ pu'u’ - pg" |
Gﬂjg(x) =0 T*sz+%m</3’T2>

No microscopic description (A ->0), no dissipation,...only conservation laws!
= Blue shift of dN/dp; hadron spectra
= Large v, /¢

= Mass ordering of v,(pr)

For the first time very close
to ideal Hydrodynamics

“© PHENIX prelim.
* _STAR prelim

Not superposition of pp collisions, but a
nearly thermalized matter which behaves

like a perfect fluid!
Zero dissipation?




Finite Shear Viscosity

Simple case of a motion only along x Text book

) Q 1

=—< p>A\
15 &

8l Quantum mechanism and AdS/CFT
suggest a lower bound n/s = 0.08:

AE-At=1 —n/s>1/15

Shear Motion generates a finite dissipation

T =T" +T1*

o0 STAR non-flow corrected (est).
o STAR event-plane

'dea dissip
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First order gradient expansion
(Hooke-like law — Navier Stokes)




Similarly in the same years for a very cold system

Strongly interacting 6Li cold atoms
In @ magnetic trap: Fermi degenerate gas

O’Hara et al., Science 298(2002)

n/s = 0.24

100 us

200 us

400 us

600 us

800 us

1000 us

1500 us

2000 us




Viscous Hydrodynamics

Relativistic Navier-Stokes

idea

2 -
T = T+ (VP + VYl — A 9% u,)
) . ) .

but it violates causalfy,
11° order expansiony/needed -> Israel-Stewart

T,,Tc tWo parameters appears +

o = gV 4+ 7 [ A D]

of ~ f, reduce the p; validity range

A problem:
Dissipative correction to f -> f  +5f

neq

There is no one to one correspondence!

7;;‘”+§T”V<=feq+éf

Fure Glue

An Asantz (Grad) -> arbitrarieta p;> 1.5 GeV

Toward a transport approach as at lower energy
(see talk diieri...)



Attivita’ in Italia: sviluppo codice 3+1D ECHOQGP
Nell’ambito delle inziative RM31 e PRIN2009

Collaborazione Firenze (F. Becattini, V. Chandra, L. Del Zanna G. Inghirami), Ferrara (A. Drago,
G. Pagliara, V. Rolando), Torino (A. Beraudo, A. De Pace)

Sviluppato a partire da codice idro ideale per
Plasmi astrofisici (autore L. Del Zanna) Primi test sulla parte viscosa: positivi

1D energy density profiles at t=4. fm/c

ounter-jet

Inner ring

Energy density (GeV/fmS)

knot



Transport approach

{P*“GM + [piF“” +m*a“m*] aff}f(x,p*) =C,,+C,_, +...

Free streaming Field Interaction -> €#3P (EoS) E0

» Microscopic scale has some relevance? Know more about QGP?

» Can we link the effective L <-> transport dynamics in HIC
Thermodynamics <-> phenomenology of HIC

> valid also at intermediate & high p; out of equilibrium:
» valid also at high /s ->LHC - n/s(T), cross-over region

» Appropriate for heavy quark dynamics

A unified framework against a separate modelling with a wide
range of validity in m, C, p; + microscopic level




First application: f.o. at RHIC & LHC

Nell’ambito dei progetti FIRB2008 e ERC-StG

Collaborazione: CT-LNS (VG, A. Plumari, A. Puglisi, F. Scardina, M. Ruggieri);
TO (C. Ratti, M. Bluhm)

ALICE (20-30)% . —Hadron Gas

f.o. + n/s=1/(4m)

No f.o 1/s=2/(41)
= = Nofo.n/s=1/4n)| 1F

2 3
py (GeV)

« RHIC: /s increase in the cross-over region equivalent to double n/s in the QGP
« LHC: almost insensitivity to cross-over (= 5%) : v, from pure QGP!

Without n/s(T) increase T<Tc we would have had v,(LHC) < v,(RHIC)
Statements in ALICE PRL 105(2010) should be revisited




Sensitivity in transport using same 7 /s(T)

STAR ALICE
- (20-30) % m (20-30)%

10—Hadron Gas

[ —— 4mn/s=1 +fo.- m=0.7 GeV
— = 1/s(T): Denicol - m =0.7 GeV

v Larger sensitivity on n/s (T) at LHC
v  Effect larger respect to viscous hydro, but this depends also on 6f

v An estimate of 1/s(T) is more meaningful with transport approach



Recent development: from averages to event-by-event

. r . T . ' .
= __ MC-KLN + Gluon Field Fluct. mm—1
MC-KLN = e

Au-Au @ 200 GeV, Npcl. Widt11:|0.54 f_m

o 100 200 300
€n for n>2 of similar size Npart

When including fluctuations, all moments appear:

n =2 n=3 n=4
alsov; and n > 6

Compute v,, = (cos[n(¢ — 1y,)])




What are really the fluctuations and/or the Initial Conditions?

7T =0.2fm
Impact Parameter ... o
IP-Glasma -8
6
8 . -4
6 . -2
0
2 0 2 ylfm]
2 4
x[fm] 4 6 6
- 8
8 Kharzeev-Levin-Nardi
MC-KLN
uses k-
Monte Carlo o factorization

MC-Glauber
geometry

#

Models predict quite different “spikes”:
- This means to go to microscopic details & local large gradients -> the field of transport




n/s smoothen fluctuations and affect more higher harmonics

Ideal Viscous

t=3.7 fm/c
n/s=0 n/s=0.16



High harmonics fluctuations reminds the CMB fluctuation and WMAP

200K I

S
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>
Q.
[e]
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2
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<

lma:cimum ~ 210

5¢ ~ 27r/lmam'mu.m ~1°

100
Multipole moment [

Freeze-out T = 380.000 y's (QGP =10225s)
Sound horizon R = Mps (QGP =6 fm)

Of course n=200 is not possible to be seen for a hadron system with R % 10 fm



The last impressive measurement ....
A first schematic calculation

Centrality
* 0-2%

2<p. <2.5GeVic

15< p: <2 GeV/c

0.00001

2 4
Hydrodynamics, e=3p
Renormalized to m=3

Staig & Shuryak, PRC (2011)

Cifarelli, Csernai, Stocker, Europhysicsnews 43 (2012)

None of the models reproduce the correct shapes:

- No peak at n=3
- Too large for n> 6

A very promising new challenge -> new findings and knoweledge



experimental techniques V|SCO§|ty

developed

" a2in(a; )

p.dependence

identified particle flow

rapidity
dependence

Vv, systematics developed

analysis improved
errors reduced

fluctuations important
for v, analysis in small systems

first flow results from ; viscous hydro
viscous fluid-dynamics ]

reliable QCD equation of state
from the lattice included

KEY QUESTIONS
[ nuen® - n/s(T)

attice QCD

-+ ASICFT limit -V, P(v,) revealing miroscopic details?

= Viscous hydro

P [ rroweae - we see the QGP of the 1QCD? EoS and 1,C
AT - Is there a bulk viscosity?

bound to ~10%

- determine (/s)(1) ¢ - We will costraint the initial state: CGC, Glauber,

dependence

* measure bulk viscosity Quantum YG?

and relaxation times

« constrain initial state
and its fluctuations

RHIC BES-II upgrade required to




The various Probes
Going from p; = 1 a 500 Aqcp and m, = 1/20 a 20 Ay

Initial Conditions Quark-Gluon Plasma Hadronization

‘Microscopic
Mechanism

Matters!

=

CGC (x<<1) Heavy Quarks + photons &
Gluon saturation? (mq>>T,AQCD) + dileptons

Hard Particle Production: studies in particle and hadronic physics are the baseline
* Minijets
» Heavy Quarks — Brownian motion (?) BUT strongly dragged by the Bulk
= Quarkonia — Are suppressed or regenerated



L. Electroieak symmeiny. hreaking

RPN Heavy Quark

LtHC 3
.'CA perature I 1
2 -9 T

Higgs quark mass (MeV)

d QCD. Vaciium A
-----_:-_-_-' % Symmetry breaking E
Y ]

2 3 5

10 10 104 10

7hu et al. (2006) Jotal quark mass (MeV) What does it mean Heavy?

Specific of Heavy Quark
»>m_, >> Aqp Produced by pQCD processes (out of equil.)

»m_, >>T, no thermal production

> Ty >Tqep >> Ty CAITY more information
» m>>T —> q2<<m? transport reduced to Brownian motion

> q,<< |q| Concept of potential V(r) <-> IQCD




Ideas about Heavy Quarks before RHIC
1) mg>>m, HQ not dragged by the expanding medium:

- spectra close to the pp one
- small elliptic flow v,

2) mg >> Aqcp provide a better test of jet quenching:
- Color dependence: R,,(B/D/h) - q/g=4/9 Casimir factor
- Mass dependence: R,,(B/D/h) - “dead”cone

3) QQ Quarkonium dissoved by charge screening: Thermometer

dissociation

/T, 14
2 Y(15)

#b(1P)

1.2 (W T/w(15)
. . . More binding -> smaller radius N e
. -> higher temperature of suppression |

C

ColorScreening




Problems with ideas 1 & 2

Strong suppression Large elliptic Flow

@® PHENIX preliminary _]|
A PHENIX dN,/dy=1000

O STAR QMOS prelim O STAR preliminary

c, = 14 GeV?/fm
b, a: 14 GeVZ/im

c+b, §=14 GeVZ/fm

e
o

c+b, =4 GeV3m ]

-
a
2
o«
c
S
~—
L]
K
w

e
-

Au-Au, 0-80%

\[Syn = 200 GeV
576 78 9 0

electron p_ [GeV]
S. Wicks et al. (QMO06) N. Armesto et al., PLB637(2006)362

e
> Radiative energy loss not sufficient .ﬁ .
- —
» Charm seems to flow like light quarks ;?

Heavy Quark strongly dragged by interaction with light quarks
pQCD does not work may be the real cross section is a K factor larger




Charm dynamics with upscaled pQCD cross section

Diffusion coefficient

Fokker-Plank for charm . 2
interaction in a hydro bulk Do [d'k ‘Mg(q)c(kap)‘ k

Scattering matrix

I =

. - E
(2nT) =3 Multiplying by LO QCD

2rT) = 12| @ K-factor pQCD
0.16F

0.14f
0.12f

data

15 2 25 3 35 4 45 5
pr (GeV)

It” s not just a matter of pumping up pQCD cross section:
too low R,, or too low v,




Solution typical of Many-Body Nuclear Theory

scattering with V|4p gives resonance states!

Vl(raT) =U1(I",T)—U1(OO,T)

TT=075m |
T/T,=0.91 «

TT=057 v 1 Scattering states included:
T ] Singlet + Octet -triplet -sextet

TE2ie ] “Im T” dominated by meson
and diquark channel

; sing, T=12T, —— |
[ swave sing, T=1.5 T |
trip, T=1.2 T

trip, T=1.5 T« v e

C

Im T (GeV™2)

Eem (GeV)

cm



Drag Coefficient from IQCD-V(r) scattering

Opposite T-dependence of y D Drag coefficient
not a K-factor difference y=D/mT

T-matrix: 1.
T-matrix: 1.

T-matrix: 1. meone e :
pQCD: 1 With IQCD- V(r):
PQCD: 1 -> one can expect more V,
with the sameR,,

because there is a stronger
interaction just when v, is formed.

~
£
Sy
~
]
s
?.

ImT increase with temperature
compensates
for decreasing scatterer density

Does it solve the problem of

“too low R, , or too low v, ?




T-matrix calculation vs PHENIX data

ISUZASTA R ESINEE] One can get both Ry, and v,

— Do ¢ with no free tunable parameters:
— Bo e

® PHENIX

Essential at LHC the possibility
to disentangle B and D

minimum bias e PHENIX What happened at LHC? F. Antinori TALK
® PHENIX QMO8

Hees-Rapp-Greco, PRL100 (2008)



The various Probes
Going from p; = 1 a 500 Aqcp and m, = 1/20 a 20 Ay

Initial Conditions Quark-Gluon Plasma Hadronization

- 3y ¥,
.

£ * Microscopic

Mechanism
Matters! =~
CGC (x<<1) Heavy Quarks
ion?
Gluon saturation (M>>T,Aqep) + photons &
+ dileptons

= Hadronization — Can modify QGP observables?
Is it the same as in pp?



A surprise@RHIC

Barvon/Mesons

A Central Autdw PHENIX | | & Central Au+Au: STAR

# Central AutAu STAR 1770 B 40-60% central STAR
®p+p NSD: STAR “ 8200 GeV ptp: STAR
=g'+e’ = gogr ARGUS

' fe'+e' = g ARGUS
fit, [
FH %

|
* R ARY

Baryon to Meson Ratios

Transverse Momentum p_ (GeV/c)

= In pp (vacuum) p/xt ~ 0.3 at p> 2
GeV explain but Jet fragmentation

d’N,,

= [£,.(p)®D,, .4(2) ,z=Plp,
2

» In AA Jet quenching affects
anyway both baryon & meson

Coalescence/Fragm.
. Parton spectrum

Greco et al., PRLS0@8Y)
Exploit dense quark medium

d’N,
o —lfq(P/2)®fq(P/2)®¢M

Add quark momenta
More easy to produce baryons




Hadronization by Coalescence

Dominance

ofp-2: Baryon/Mesons Quark number scaling

E | |
: | & z*+x (PHENIX) O p+p (PHENIX)
15 with s+h Au+Au@200AGeV | » 0 (PHENIX) A+7 (STAR)

0 K*'+K (PHENIX) /. = += (STAR)

‘-—— without s+h (central)
K (STAR) d (PHENIX)

p /T ratio

dN dN
L= —1[1+2v,cos(2¢)]

dp,dp dp,

. V,5(Pr) =3V, (p,/3)
(p;) [fg" (p; /1) Dynamical quarks visible
4 Knowledge on hadronization in QCD medium
Fries-Greco-Sorensen - Ann. Rev. Part. Sci. 58, 177 (2008)

dN
dp,




Missed resonance decay

Baryon-to-meson ratio: p/m at LHC

® proton—proton @

® ® ® Pb—Pb different centralities

0 5% Pb- Pb |f_ 2 76 TeV
ﬁp f5=2.76 TeV

\
0-5%
recombination
I
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@ 20-40% Pb-Pb {5 = 2.76 TeV
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20-40%

o
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« 40-60% Pb-Pb |fsNN= 2.76 TeV
® pp 5=2.76 TeV

40-60%

B e e R EL e o
4 e 60-80% Pb-Pb 5, = 2.76 TeV
T ® pp [5=2.76 TeV

60—-80%

o L

10 12714 16 18
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T (GeV/c)

10 12714 16 18

p/m ratio at p; = 3 GeV/c in 0-5% central Pb—Pb collisions factor ~ 3 higher than in pp
at p; above ~ 10 GeV/c back to the “normal” pp value

recombination — radial flow ?




Summary

Ultrarelativistic HIC present a very rich physics case:

QCD: perturbative and non-perturbative (lattice)
Hydrodynamics and Transport Theory

Nuclear Many-Body technicques

Thermodynamics and Phase Transitions

Observables shared with HIC at lower energies extended

Information and techniques from hadronic physics

Last 10 y’s have seen many new results and knowledge:

» perfect fluid, very opaque to jets, surprising behavior of heavy

quarks, modified in medium hadronization, ...

» NEXT TALKS



F“ =9“A —9" A" +if, A“A"D

a a a

Similar to QED, but gluons self-interact!

A double-fold problem studying the QG P : | S—

»> QCD solvable only numerically on lattice (LQCD)
and NOT for time dependent processes:
—> Need of effective lagrangian approach

STRONGCOUPLING  a(Q)

> Information only from the transient state
with non-equilibrium processes:
—> Transport theory to simulate the HIC dynamics



The basic relations of reference

What we should expect for a plasma of quark & gluons?
What is the EoS of the QGP?
Ideally our reference is a gas of non-interacting massless quarks and gluons!

/ d3p 1 y bosons
n= ( = —

2m)3 eP/T £1 fermions

where ((3) = 1.202 (Riemann ( function)

/ d3p p T2 , { bosons
€= : = — V=

27)3 eP/T £ 1 30 fermions

¢ In other words the reference is the
presstre. p=73 Stefan-Boltzmann law for black-body

4
entropy density: [s=¢e¢+ P = 3¢ =

All should be multiplied by degrees of freedom
dg+q=2%2%3*N;=24-30 , d,=8*2




Identified-particle v,

o O
c - Pb-Pb \sy. = 2.76 TeV 10-20% [
= 012 VSn ¢ S o2l
> - > -
- ALICE - ALICE
(0.1 PRELIMINARY 0.1 PRELIMINARY
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v, for m, p, K, K°, A, ¢ (not shown for E, Q2) Vo{SP, [An|>1}  V,{EP, |An|>2}
¢ at low p; (<3 GeV/c) follows mass hierarchy [(m]n [e]n

arXiv:1205.5761
— at higher p; joins mesons (m]p [ ]p+P

overall qualitative agreement with hydro up to p; [(m]K
1.5-3 GeV/c (m—p); quantitative precision needs w K
improvements — hadronic afterburner [e]A

V,{SP}
[®]¢

n,(my)-scaling worse than at RHIC n,(py)-scaling at p; > 1.2 GeV/c violation 10-20%



Quarkonia Suppression?

QQ Quarkonium dissoved by charge screening: Thermometer
dissociation

vy Development of Ti'il T,_ If{rl,f
2 Y(15)
Yo W, A Y, .. (1P)
1.2 (M J/v(15)
More binding -> smaller radius e BT
-> higher temperature of suppression C
m ALICE (]y|]<0.9, 26% syst.), '~"_,\:2A76 Tev
Q PHENIXy; y|<0.35, 1221 ;))ISI,),SN'.[Q:OAZ Tev G I uon
Model, \[Su=0.2 TeV (ds__ /dy=0.065 mb) dissociation
Model, \0%:2.76 TeV d Idy=0.4 mb 2
c _/dy=0.4 m =
a " ) o [V
' i, Quasi-free
dissociation

do__/dy=0.3
= Scattering e Screening effects (NuclearAstrophysics)

= Charm shadowing in pdf (hadronic physics)

R R om ol ® Charm production cross section (particle physics)
N

part
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® vz X 1.6 for 0-20%
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The modeling

HQ scattering in QGP
.y 9Df,)

c,b quarks

62
—y +D f;,b T<<mQ
ot op op

From (kM ko) _
scattering LA LRI - Eastic pQCD

1 .5 2 5
matrix [M]? (A ERSACIIPE - T-matrix V(r)-IQCD

Hadronization
d’N, ,
é O d3—P = CD,Bffc,b ®fq ®(I)M +ffc,b ®Dc,beD,B
> >
DB

Coalescence Fragmentation

K Semileptonic decay
R,a & Vv, of “non-photonic” e
(with B contamination ®)
& -> at LHC a new ERA started

J




Relevance of microscopic scale: o(0)

Same n/s but different underlying o
¥/

STAR ALICE
- (20-30) % m (20-30)%

5
S Out of pure hydro
language!

/

— 4an/s=1 +f.0.- m =0.7 GeV

= = 4mn/s=1 +f.0. - isotropic

= Microscopic details of the cross section matter at p;> 2 GeV
= Larger screening mass at LHC!?
= v_atp;>2 GeV can provide more information on the QGP micro details



From low to high p+

+ K Takes into account the non-perturbative physics
O (8)= KO 5y (5)>> 0 ,50p(5) ->4mn/s=1, but at all p; !

: S PN 5 I ¢ notaparameter
Including the obvious: loMCIESCOINISINENE)] T (OEIETT: itis fixed by n/s)

w—w V,[4] ALICE (30-40)%
O—=0 K(s/A), 4mtn/s=1

RHIC: Au+Au@200 GeV
STAR (20-30) %

Only approach that describe v,(p;) up to 12 GeV in a unified framework!

- Allow to extend the agreement to larger p;, but does not affect the low p;

S. Plumari and VG, EPIC@LHC, AlIP1422(2012)- arXiV:1110.4138 [hep-ph]



Hard Particle Production p,M >> A, in pp
Factorization of the process

| in 2 steps:

- Hard collisions: pQCD

- Hadronization: npQCD

hadrons
Starting point the parton

— = e | distribution function 3
Parton Distribution Functions . y b .

Hard-scattering cross-section hadrons

Fragmentation Function

Praa= ZP., Z<1 energy needed
to create quarks from vacuum

The scheme is the same for light high pt particle or for heavy quarks

_KZfdx dx, [, (x,,0%) f,(x,,0°

dah

dydsz




AA:Hard Particle Production p,M >> A,

*

(2,,0,)
- Fragmentation Function

c

-> Strong Jet Quenching observed (Antinori’s talk)



onel d?N,,/dp,.dn
How much modification respect to pp? YN,y s
p pp A (N coll/ d*o pp/ dPTdU

GLV: dN/dy = 2000-4000
— YalJEM-D
elastic, smal P___
-.-. elastic, large P__:ﬁ
=t YaJEM
— ASW
PQM: <> =30 - 80 GeV*/fm

LHC 2.76 TeV (PbPb)

central Au+Au at /sny = 200 GeV
photons &=

light quarks(r’) &=

heavy quarks(n.p.e) o

® CMS (0-5%)

+ ALICE (0-5%)

“QCD Medium”

34 10 20 100 200
p. (GeV/c)

pr [GeV/c]
B. Jacak and B. Muller, Science 337 (2012)

+» Jet gluon radiation observed:

" all hadrons R, <<1 flat in p;
= photons not quenched -> suppression due to QCD
= Energy density estimated e = 15 GeV/fm3 >> g, and consistent with hydro



Just an example to see how this works for heavy flavors

D meson B meson

FONLL [f(c — D*) = 0.238] FONLL [f(b — B*'®) = 0.403]
ALICE D" —=— CMS Bt —=—

CMS B? —=—i

pp—B*+X

LHC 7 TeV

N
pp—D"+X CTEQ6.6

LHC 7 TeV
CTEQ6.6

do/dp; (pb/GeV)
do/dp; (pb/GeV)

Iyl <0.5

- -
| |
z z
(@) (e}
s s
L b=
Re) o
- -—
s o

Cacciari, Frixione,Mangano, Nason, Ridolfi, JHEP (2012)



Heavy Quarks dragged by the medium?

Specific of Heavy Quarks

- M, >> Aqcp Produced by pQCD processes (out of equil.)
- m., >> Ty no thermal production

- teq >tqep >> ty o NON-€q. -> carry more information

- m_,>>T -> g?<<m? Brownian motion

- do<< |q| Concept of potential V(r) <-> lQCD

Indirect measurement from semileptonic decay D(cq)->Kev came as a surprise
Strong suppression Large elliptic Flow

>  PHENIX preliminary

A PHENIX s
O STARQMOS prelim g/ @Y=1000 ]

O STAR preliminary
c, 9= 14 GeV?/fm
“ b, q= 14 GeV/fm

c+b, 9= 14 GeV?/fm

e
=)

c+b, g=4 GeV3fm

JII]‘\\I\'I\\J'J[I\'II

Electron RM(p,)
o
F

Au-Au, 0-80%

\[Spn = 200 GeV
llll Llllll

1 111 I 111l l 11
6 7 8 9 10
electron p_ [GeV]




Quarkonium <—> Heavy-Quark

¢+ We can now go beyond the J/Y yield :
l Open Flavor - the strong charm collective dynamics distinguish

primordial from cc coalescence:

ALICE

' Centrality 20%-60%
: m ALICE Pb-Pb |5, =276 TeV, 25 <y <4.0

PRELIMINARY

Hidden

Greco, Ko, Rapp-PLB595(04)



Leading Particle Effect

Reservoir of partons modifies hadronization

Quark-Antiquark Recombination in the Fragmentation Region
Braaten, Jia, Mehen: Phys. Rev. Lett. 89, 122002 (2002)
Rapp and Shuryak, Phys. Rev. D67, 074036 (2003)

O beam

- ¢ recombine with d valence from

a=0 from LO fragmentation

1

Again in the same years a similar
e physics to another field

0.6

In HIC the resorvoir
is the thermal bulk!




QCD evolution equations
(g CF/A dx dsz

dP, /oo =
a/g—sg x ki

BFKL (x—0)
longitudinal momentum
ordering

T

ki,,x1 = klz/pz

ko) ,x2 = ka,/p,

knJ_ y Xn = knz/pz

* Probability of emitting n gluons

DGLAP (Q2— )
transverse momentum
ordering

. ki 1>k

® ki>>ki

o Kin>Kina

1 Xo n 1 Q2 n
73 n)~— S]- - ~ — s —_—

enhanced by large logarithms: () n! (a " ( )) P(n) n! (a " (Q(z)))
| | O(x, k1) 9xG(x,Q?) 2
* QCD evolution equations resum large ~ K @ o(x, k ~ P, @ xG(x, Q%)

logarithmic contributions to all orders: 91n(xo/x) Got) oIn(Q?/Qg)
“BFKL egn” “DGLAP egn”
dNe Q
Unintegrated gluon distribution: @(X,k1) = d In(xo/x) A2k, xG(x, Q%) = / d*k 1 ¢(x, k1)




Deconfinement from Quark-antiQuark in IQCD

Quark Antiquark

—— L Y

~ 1000 MeV/f
compared to

nuclear force:
~10 MeV/f

Vacuum

We cannot observe free quarks -> qq pair creation

but at some Tc the drops down

-> weakly interacting gas of quarks and gluons?

Strjnig bre
pﬁ“ﬁ'

éklng E= 2m

T/T,=0.75 m

T/T,=0.91 «
T/T=0.97 w

SA-4

SEEE

C ) (g
o mnn
oo

oM
25006

Kaczmarek et al., PoS 129,560(2004)

Asymptotic value of V(r ->o0)

CF_[MeV]

 Jvacuym

anishing of
otential well




