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Critical energy density and critical temperature

B AHIC 2 TH —¥
14 t &7 l
. T.=173 £ 12 MeV
i T ok i TE -
" It Pl ec=700 200 MeV/fm
10 F ; . z 1 - 4
kt‘*"‘ LHG for the (2 + 1) flavor case:
q L 3 flaver 1
| S g R the phase transition to the QGP
.l 0 flaver and its parameters are quantitative
predictions of QCD.
27 T [MeV] ]
D ] ] ] ] ]
100 200 300 400 500 8OO The order of the transition is not
Lattice QCD calculations for ug=0 yet definitively determined,
Karsch et al, hep-1at/0305025 see also:

Aoki, Y., G. Endrodi, Z. Fodor, S. D. Katz, and K. K. Szabo,
2006a, Nature 443, 675.

Aoki, Y., Z. Fodor, 5. D. Katz, and K. K. Szabo, 2006b, Phys.
Lett. B643, 46.
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L
most rcent result from
Riken-BNL-Bielefeld
group (lattice 2009) —&—
T ¢~ 165 MeV
-9 -

F. Karsch, Erice Workshop, Sept. 2008
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Evolution of the Early Universe

e
m 5
S Early Universe
— 200/ Aw,/ QCD Phase Boundary
r‘]-ﬁ Hé- e -WET‘GED
150
hadrons . .
100 Homogeneous Universe in
Equilibrium, this matter can
L only be investigated in nuclear collisions
0.1s -
0 s Charge neutrality

1000 1200

1, (MeV) = Net lepton number = net baryon number

s Constant entropy/baryon

/
neutrinos decouple and light nuclei begin to be formed
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characterizing QGP matter with nuclear collisions

equation of state

number of degrees of freedom
transport coefficients (viscosity etc)
velocity of sound

parton energy loss and opacity
susceptibilities

deconfinement

but also, at LHC, to start soon, look for the unexpected



RHIC experiments: 2 large and 2 small

PHENIX: central 2 arm spectrometer STAR: large TPC at central rapidity
plus forward/backward muon arms

as well as PHOBOS and BRAHMS (both completed)

Peter Braun-Munzinger %0’ DARMSTADT



HELMHOLTZ
GEMEINSCHAFT

1n central AuAu collsions
at RHIC Vs = 200 GeV
about 7500 hadrons
produced (BRAHMS)

about three times as
much as at CERN SPS
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The Space-Time Evolution of a Relativistic Nuclear
Collision

Initial
Singularity
N
1= 1= Perfect Fluid
Quark Gluon Plasma > Hadronization
™~1-10fm/c

Topological Excitations
Glasma — Density Fluctuations, Thermalization
w0.1-1fmk

Event Horizon
Initial Singularity — Quantum Fluctuations
¥ ~0-0.1fm/c

Initial Nuclei as CGC — Coherent, High-density Gluons

Peter Braun-Munzinger

one possible view
( courtesy
Larry McLerran)
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thousends of particles (mesons, baryons) are produced in
one collision!

Extrapolation to LHC energy??

1600 ;
E 1’_.
1400 i ..+ Running coupling evolution power-law fit . j_'-"-
S 1200 F '] Fitsto RHIC data g
= B 3
‘; - ¢ Au-Au 0-6% central RHIC data -
£ 1000 [ s
- i e 1
> 800 F -
o B 2
600 [ log fit .
400 | P B -
: - "i-" :
200 C | 1 L1 11 |||J||l||l|i I | | |||JI|I||III | | L 1 11 |I_

10

100 1000 VISNN (GeV)
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Charged multiplicity for n=0 in central Pb+Pb at \|5MN=5.5 TeV

Wolschin et al. - : : : dN/dn, 6%
Porteboeufetal. b i i dN/dn, N__ =350
Kharzeev et al. ._._. dN/cin, N__ =350
Jeon et al. e ' : : dN/dn, Npa“=35[}
Fujii et al. .a;-._. dN/dn, N =350
Eskola et al. : ' ® : : dN/dn, 5%
El et al. i I : i dN/dn, 3%
Dias de Deusetal. 1 o 1 ] ] dN/dn, N__ =350
Chen et al. ] : T 5 dN/dn, b<3 fm
Capella et al. i ol i i dN/dn, N =350
Busza o i i i dN/dn, N =350
Bopp et al. ; o ; ; dN/dn, 10%
Topor Pop et al. : i | ——— ! dN/dn, 5%
Armesto et al. i ot i i dN/dn, N =350
Albacete L red : : : dN/dv, 6%
Abreu et al. I e 1 i i dN/dy, N =346.6
SR B R R AT TR SN AT SRS AT A A A AR
0 1000 2000 3000 4000 5000 6000

compilation from: arXiv:0711.0974
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The fireball emits hadrons fron an equilibrium state

» From AGS energy on, all hadron yields
in central PbPb collisions reflect grand-
canonical equilibration

» Strangeness suppression observed in
elementary collisions is lifted
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Hadro-chemistry at RHIC

All data in excellent

. o | | | | | | | [ [ | | |
agreement with 5 1 Eee o o _130Gev s
thermal model - I -
predictions af -y _,,__F-
10 =
S L3 =
chemical freeze-out - * :
at: T=165 £ 8 MeV 103l @ Data il
: - :
- ——  Modal 5
fit uses vacuum _33 T=185.5, =38 MeV !
I I I I I I I I I I I I I
masses P A KPAZIOKKPAZ @O K
most recent analysis: T Kp A Z @ oo w KK
A. Andronic, pbm, J.
Stachel pbm, Magestro, Stachel, Redlich, Phys. Lett. B518 (2001) 41;
achel, see also Xu et al., Nucl. Phys. A698(2002) 306
nucl-th/0511071 Becattini, J. Phys. G28 (2002) 1553;
Nucl. PhyS. Broniowski et al., nucl-th/0212052.

AT772(2006) 167
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Parameterization of all freeze-out points

; e o I I LI I I 1 UL II I I I__

a = ]

= e ' -

= 1 + i

note: discovery of the a0 |- —

limiting temperature a0 - E

a0 B fits, dM/dy data -

Tlim=160MeV < 1|::|E';— - —— :_;

= & .

= L 1

provides connection to oel )l

QCD phase boundary : 4 §
Boiling point of hadronic matter — ] L 12

Ay (GEV)

implies phase transition to QGP
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Horn structure well described

M*'E P o ol S S R T e T E LA .._I.."__ E ;
£, 0.25 - Fad S
. . . . vl =3 | f—
rapid saturation of contributions : e
from higher resonances in B
: . . . : 120
conjunction with additional pions 015 ||
from the sigma describes horn sl —— thermal model | '
B STAR O PHENIX
structure well ® NA49 [0 NA4a %0
sl ¥ EB802,ES866
A EB866,E895 60
N 800 =
o . . DRLEI S A E895 ¥ E8% 4 é
crucial input 1s saturation of T 0475 \, « Hadis o £
\ E) NA44
due to the phase boundary 0.1 m STAR -
0.125 thermal model _
400
0.1
. . . 300
solid prediction for LHC energy 0.075
0.05 - %ED“
0.025 E-Lb 100
Andronic, pbm, Stachel ol - '
10 10

ArXiv:0812.1186 [nucl-th]
Phys. Lett. B673 (2009) 142
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 hadron yields quantitatively described at all energies
by 3 parameters: T, mu_b, V

e local equilibrium neat T_c

e limiting temperature established

 connection to QCD phase boundary

e first data from LHC will provide a crucial test of this
picture: does limiting temperature picture survive a
20 fold increase 1n cm energy?

anything else would be a major surprize
already day 1 data from LHC will be decisive
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The fireball expands collectively like an ideal fluid

momentum space

P
i

dN/dp =1+2 V,co82 (¢ -§) +...

hydrodynamic flow characterized by azimuthal anisotropy coeffient v,
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Anisotropy Parameter v,

o
W

8
N

e
—

Elliptic Flow Results from RHIC

Sensitivity to
early expansion

—

Initial Strong
spatial pressure | pm
anisotropy gradients
' Hydro model ' PHENIX Data  STAR Data
T ¢ T Y Kg_
.. P O p+p —

=]

Transverse Momentum p ; (GeV/c)

shear viscosity/entropy
close to theoretical
(AdS/CFT) limit

eta/s = 1/(4m)

I T T T T I

| 4 xt+x (PHENIX) O p+p (PHENIX) i
0.15— ® «° (PHENIX) A+ X (STAR) —

- ¢ K*+K (PHENIX) /. = += (STAR) 1

- K2 (STAR) d (PHENIX) .

& 0(STAR) ]

< o | | -

it i b {
> B |-+ ] j : ]
P % ‘? ’ :
0.05 ﬁ l |
Fs PHENIX Preliminary il
0 gl 1 1 1 1 I 1 1 1 1 I 1 1 1
0 1 2 3

KE./n, (GeV)

note the peculiar quark scaling!

1deal hydro calculations
reproduce also the
observed mass ordering
but fail in detail



QGP and Ultra-cold Quantum Gases

400 us )
¥ Fourier analysisiof shape
Nuclear overlap region
c
600 us
QGP 0127 200 Gev Au| Au For SO
300 Hits (minimum bias) . b gl
MS ’ i ’f f”' ¢ ’ =8 ¥
2.1 TK - STAR data o i
~108 eV oon{ 5 (e

Anisotropy coefficient, v,

1000 ps 0.064 ®K?
Bp Hydrodynamic
results
0044 w0 T Msos s i x
1500 ps collective expansion at®0?- sl
strong coupling | W et 3 e
2000 pis 08 10 14 16

Transverse momentum, p, (GeV ¢
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exploring the importance of viscous effects

Glauber
23 10 |
o STAR non- flow correc!ed {est )I ys=1iv
e STAR event-plane |
20 E
o® 1/s-0.08
§ 3 Co 000
E i 1 n/s=0.16
:;..l!"\l l{} -]
5 =
0 4
Bl studies imply that
calculations by Paul Romatschke ply o
eta/s > (2°AdS/CFT limit)
not compatible with data
TECHNISCHE
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summary of all existing data

—— E_./A=11.8 GeV, Au+Au, EBT

HYDRO (EoS H) —F— E_./A=40 GeV, Pb+Pb NA49
HYDRO (EoS Q) —5— E_/A=158 GeV, Pb+Pb, NA4

STAR Prelim. v {FTPC}Me {2}
—e— {5, =200 GeV, Au+Au
—e— 5,,,=62 GeV, Au+Au

—a— y5,,,=200 GeV, Cu+Cu note: the 1nitial

—o— y[5,,;=62 GeV, Cu+Cu

O STAR F’;ﬁi‘gﬂ;ﬁﬂi{iﬁu eccentricity must be

0 5 10 15 20 25 30 35 computed in a model
1/S dN _, /dy

o

( -

8}
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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extrapolations to LHC

0.4
E Au+Au CharQEd] b=ﬁ'3hfm | | | III| 1 1 | III| | 1 | | II| | | [
0.355 -==- CGC+hydro, T =100MeV 0.08 — : -
n ’ - - = da
03" --+-- CGC+hydro, T"=169MeV 006 t Y 0! mid Centralfﬁ S
e —e— CGC+hydro+cascade Tl 3 -

- 0.04 L .

0.255 - [ 2o
- 0.02 : .

~ 0.2- - ¢ ® LHC
- =0 ® STAR []
0.155 L . 0 4 PHOBOS| 1
C 00? + PHENIX H
01 | RS
| E877 ||
0.05:— 006 : EE}QSJ i
i : ¢ FOPI
008 | | | A
v 10 100 1000
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Summary of RHIC Hydro Results

spectra and flow well explained by i1deal hydrodynamics calculations
viscosity/entropy density close to AAS/CFT limit

1s hydro limit reached at RHIC, will it be ,,exceeded at LHC*?

1s viscosity only low near phase boundary?

1s quark scaling universal?

day 1 results from LHC will be decisive
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The fireball is opaque for high momentum partons

» suppression of high p; particles in AA relative to pp collisions

» disappearance of jet-like correlations
> connected to large gluon density in hot (QGP) fireball

(o) Ff;wfnr.-. - ¢, loss AE
' _— o — .
N
/ | *
- il 2
f O G .". & .
oy o A LD 4 N
ql d : '.. - 65, k.L

mean free path A > 1/p .. range of screened glion nteraction

schematic picture of energy loss of a fast parton
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Jet quenching

However, the scattered partons may lose energy
(several GeV/fm) in the colored medium

Peter Braun-Munzinger © DARMSTADT
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Definition of Ry 5

d’N*/dp.d
R A = medium/vacuum K, (p )= Tddzcj‘w/};; T:m
x 4 T
<Nbinarj; :}/ Gi m:.'lp-lhp
RAA1 4 :
1.2 -
WOETT T2 ] ] " no medium effects:
2:25 R<1 hard R, < 1 1n regime of soft physics
o4l [ A;t,, R, . =1 at high-p, where hard
o scattering dominates
00f——+——+——+———+—+ - Suppression:
Tranverse Momentum (GeV/c) R an << 1 at high—pT

Peter Braun-Munzinger



Leading hadrons and hard photons

PHENIX Au+Au (central collisions):

g | Direct y ]
(14 A 0 Preliminary
10 il e

GLV parton energy loss (dN%/dy = 1100)

| ||||I|;

2 4 6 8 10 12 14 16 18 20
p; (GeV/c)

o

» Direct photons are not suppressed, follow pQCD predictions.

« Common suppression for ° and n.
e € >15GeV/fm?; dN /dy > 1100

Peter Braun-Munzinger




further big surprize at RHIC: strong energy loss of

heavy quarks

electrons from heavy flavor mesons

strong energy loss hydrodynamic flow

é 27\ T T T T T 1T | L T T rrr T 7T T T T T T T T 7T \7 ’I'H u.z — | —— | - | — —— | — — | — | —
(14 C LA Point-by-point error ] c | ———— _
1.8 RA 0 1' - [ Scaling error B = L + Run-4 1
- AutAu @ \J_ =200 GeV cealno oo % sl P 4\<~ENIX PRELIM. _-
16 IPRL 98, 172301 (2007 M UreeraryinT,, i =7 inimum-bias ¢ Run-7
- A 7° without scaling error = 4 B 7]

14 C B nwithout scaling error ] I-I% 0. -
1.2 } @® ¢t from heavy flavor { g L ]
£ - T o005 N
0.8— = - -
C . 0f -
0.6~ . - .
0.4 - 005 :_ Rapp & van Hees, _:
0.2 - PRC 71, 034907 (2005) |
.:PH7/\’ENIX u..'u_ T T RS RS RN PN SRR PR PR R
L ‘ L 11 L1 L1 I - L1 I I u 5 1 1-5 2 2 5 3 3 5 4 4'5 5
% 1 2 3 4 5 6 1 9 p_ [GeVic]

8
P, [GeVic]

these data are not well explained, measure heavy quarks ,,directly* at LHC
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Complex suppression pattern — mesons vs baryons  J/psi?

RAA (pT > 6 GeV/c)
s 0.25£0.05
P 0.25+0.1
® 0.3£0.2

n 0.25£0.05
K 0.4£0.1

) 0.25+0.1
P 0.6£0.2
D/B (viae) 0.25£0.1
Jhy 1.4£0.4

®18
1.6
1.4
1.2

0.8
0.6
0.4
0.2

- AutAu, \sy, = 200 GeV ‘ § diracty 0-10% | n 0-10%
PHENIX Preliminary .f’ 0-10% (PRL, 101, 232301)
L + (ptpi2 0-5% (FRC, 74, 024504
§ 00-10% § ©0-20%
+ + * + (K'+K /2 0-5% (PRC, 74, 024904)

.""-- U SN N

"3 4 5 6 7 8 9 10
pT(GeWc]



the ultimate hard probes machine

> 10% jets with
Er> 150 GeV

in one month of
PbPDb collisions at LHC

-

Annual hard process yvields

LHC

1&&0&3bstanLeeuWenEO@5]

Pb+Pb minbias, 5.5 TeV
binary scaling from p+p

L=0.5 mb's ;1 year=10° s

N

prompt y: hep-ph/310274
rjet: C. Loizides

Zajet: F. Maltoni + J. Camphall

R
’ I I
1111 L1 1111111117111 111111111

100 150

250 300 350

E™" (GeV) or pr= (GeVie)




Predictions for jet quenching at LHC

S. Wicks and M. Gyulassy

= R, (p)

04

0.0

L i e | T T 7

r O PHENIX prolmnary
A PHENIX
= Fad +coll a, =04

— Radonly. a =06
(]

T

T

T r T 'I T 'I T
o dy = 1000

Rualp;)

1.0

n.a

0.8

0.4

0.2

0.0

T
— Had +coll, a, - 04
— Hadonly, o =05

T A | { . WU W [ W——
0 20 40 &0 80 100 120

p, (GeV)

ng-‘dy = 1750
Pions

- | Il | i | —
140 160 180 200

Ruapy)

1.0

08

0.4

0.2
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— — 7
o = 04
— Gharm dN jdy = 1750 1
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more predictions...

Renk and Eskola
1 : ' ' !
- K for LHC
AA
. 0.8+ -
connection
to AdS/CFT - .
considerations? =
(.4 + .|
0.2+ —
0 l 1 l | , | l
) [L4]0) 200 300D 400)

]1r|{}u\’]

important: perturbative QCD regime may never be reached!



Summary of jet quenching results

e for p; > 3 GeV hadron production 1s strongly suppressed compared to

pQCD expectations
e only viable explanation: large energy loss of fast partons in fireball
e even heavy quarks lose large amount of energy
* both gluon radiation and collisional energy loss seem important

but no unique theoretical description of RHIC data

first month of LHC data with p; reach up to 50 GeV will bring
decisive new 1nsights
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The fireballs modifies charmonium production

Peter Braun-Munzinger



Charmonium as a probe for the properties of the QGP

the main 1dea: implant charmonia into the QGP and
observe their modification, in terms of suppressed
(or enhanced) production in nucleus-nucleus
collisions with or without plasma formation

original proposal: H. Satz and T. Matsui, Phys. Lett. B178 (1986) 416

assumptions:
e all charmonia are produced before QGP formation

e suppression takes place in QGP via Debye screening
e some charmonia might survive beyond T,

— sequential suppression pattern due to feeding
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PHENIX measurements in Au-Au collisions at RHIC

0-10% Au+Au @ \s = 200 GeV

m -1 L ! L | L | L | L | L | L | L
Q 107 . alrﬁai'r's' """ TS
2 o> o A -
g PH ENIX —>oee ]
L 402y :q:r-vrae-------e----------=, ....... _
QO i : : : : : =
O i - | SR N -
x a3l | i 5 ’ ’ i |
el
L } M s s s s -
T f i E .
; 10 \ ------------------- CC280 ffbons —
— ‘. | i i =
> i I i ? ]
R N -

2 I LV -
E 10-5 JF{8 Y IV AT (R A S S N |- 1| P
= :

©

r...n' IXl Preli nar
0 0.5
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http://www.phenix.bnl.gov/

Quarkonium as a probe for deconfinement at the
at hadronization of QGP LHC
JAy can form again
from deconfined quarks,
in particular if number of charmonium enhancement as fingerprint of

ccbar pairs is large deconfinement at LHC energy
Njpyo<N

(P. Braun-Munzinger and

J.Stachel, PLB490 (2000) |L)(J} Andronic pbm Redlich. Stachel

a mw— _ Phys. Lett. B652 (2007) 259
Start of collision guark-gluon plasma Hadronization 1.2r
T p— e
Low i f__E Y e
energy — s . o) o : e
EQ Co E |:| 8-1 L
C EO\‘ @D = a\
pu ] x
(=]
u o 0.6 H ﬁ\
E | | b
(=N i w
%— -“-\-‘ ‘m
A A un B = i
f %; K _J."'\L_ @ 5 5 g I::I4 ﬁ e g
® c r_f k; oﬂ"'\o ﬂf Ej"l‘é ® © = Model HHE
- o o I b i 3 et o
High nnf'r l{ Leg o &Rﬂ'f n\‘ —b/\\i\%w,@ @ ; E;IQWK fE —_ e B
ENErgy 00 5 020 % q, @*'— o°@ °,0TY a9
" X Py ] g ) b o O @ RHIC data
¥ @.':_@ 0 1 1 1 1 1 1 1

- 0 50 100 150 200 250 300 350

Mo. particles produced
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Summary of RHIC data on charmonium production

e major surprize: suppression equal to that observed at SPS

e major surprize: suppression is minimal at midrapidity

« LHC: expect qualitatively new features due to very large charm
quark density

ofirst month of LHC data with a few thousend charmonia will bring
decisive new 1nsights
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final comment

the discoveries at AGS/SPS/RHIC, principally on

local equilibrium — critical temperature

thermalization and flow --> 1ideal fluid scenario

jet quenching --> parton energy loss in dense fireball

have led to major progress in our understanding of QCD/QGP

These discoveries raise many new questions. The next frontier is at
the LHC! The experiments are ready.
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A spectacular event with cosmic rays

ALICE has entered the Terascale

a muon bundle:

more than 30 muons,
essentially parallel,
total momentum

>1TeV




additional slides
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Viscosity of QCD matter

Low T viscosity using
experimental data for |

2-body interactions. . iiZEZ + kaons
. — QGP /;
s b ", High T viscosity
S : \‘ I using perturb. QCD

& 2 ;— t I _i

/L RHIC data

3 W l 1/47T | 3

00 10 10° 10*

T(MeV)

To the rescue: String theory and lattice QCD.

* General argument [Kovtun, Son & Starinets] based on duality betwe



Thermal model description of hadron yields

Grand Canonical Ensemble

V .
In Z; = ~2% 2 4p2dp In(1 + exp(— (E; — )/ T))

i a
29 .
— T 8ln Z’é % oo Pg dp Flt at eaCh
i = | ==, = =
* " V. ou 2w ¥ exp((E; — u;)/T) £ 1 energy
. .
i = BBB t psSi T prd; provides
values for
for every conserved quantum number there is a chemical potential z T d
but can use conservation laws to constrain: and iy,

e Baryon number: VEaBo=72FN =¥
1
e Strangeness: VinS, =0 — Ug
E Z-N
2

This leaves only z1; and T as free parameter when 47 considered

e Charge: Vzl?léff = — pr,
T

for rapidity slice fix volume e.g. by dN_;/dy
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The QCD phase diagram and chemical freeze-out

ey 22D

= —— 1" order
¥ =
= 200 £ 6D Crossover
— n & critical point
175 [rrefion,

130

b
4

125

- hadrons -
100 #x
?5 :_ + "._.".l .-'..__-
- # Data (fits) + ¥
ﬂ:l_
- hadran gas
ss b -o-o- ng=0.12fm™>
i £=500 MeVfrm™
I:I_I 1 1 | 11 1 | 11 1 | 11 1 | | ITI | 11 1
0 A0 400 800 800 1000 1200

1, (MeV)
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ALICE: A Large Ion Collider Experiment at
CERN-LHC

ACORDE

ABSORBER
TRACKING
CHAMBERS
MUON
FILTER

ZDC
~116m from L.P,

>
-

Size: 16 x 26 meters e

Weight: 10,000 tonnes

DIPOLE
MAGNET




ALICE Design P

Transverse momentum resolution (%)
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