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this 1s not a comprehensive review of all RHIC results

focus 1s on:

1. particle multiplicity

2. hadron production mechanism
3. hydrodynamic flow results

4. jet quenching

5. charmonium physics

not covered:
particle correlations, photons, dileptons,
charm and beauty production, ultraperipheral collisions, ...
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Critical energy density and critical temperature

L AHIC 2 TH —¥
g ot 1
; T.=173 £ 12 MeV
i PR : " _
2 at b1 ec=700 +200 MeV/im’
10 F - z K - J
%t‘*'{ LHC for the (2 + 1) flavor case:
q L 3 flaver 1
il SR g RIS the phase transition to the QGP
.l 0 flaver and its parameters are quantitative
predictions of QCD.
A T [MeV] ]
D ] ] ] ] ]
100 200 300 400 500 BOO The order of the transition is not
Lattice QCD calculations for ug=0 yet definitively determined,
Karsch et al, hep-1at/0305025 see also:

Aocki, Y., G. Endrodi, Z. Fodor. 5. D). Katz, and K. K. Szabao,
2006a, Nature 443, 675.

Aoki. Y., Z. Fodor, 5. D. Katz, and K. K. Szabo, 2006b, Phys.
Lett. B643. 46.
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F. Karsch, Erice Workshop, Sept. 2008
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Evolution of the Early Universe

s
m x
s Early Universe
— 200/ W—/ QCD Phase Boundary
fops A oe-pifmioe QCD
150}
hadrons . .
100 - Homogeneous Universe 1n
Equilibrium, this matter can
o ' only be investigated in nuclear collisions
01s :
i = Charge neutrality

1000 1200

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

= Constant entropy/baryon

/
neutrinos decouple and light nuclei begin to be formed
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characterizing QGP matter at LHC

equation of state

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

parton energy loss and opacity
susceptibilities

deconfinement

but also, look for the unexpected



Accelerators where ultra-relativistic nuclei collide

1987-2000 since 2000 from 2009
beam momentum 29-7 GeV/c 450-Z GeVic ea250-Z GeVic ea7000-Z GeV/c

projectile p--Au p--.Pb p--Au p---Pb

ﬂﬂergy
available in
c.m. system

AutAu Pb+Pb AutAu Pb+Pb
600 GeV 3200 GeY 40 TeV 1150 TeV

hadrons preduced

_ : 900 2400 7500 400007
per collision

compilation: J. Stachel
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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)
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i
HELMHOLTZ
GEMEINSCHAFT

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

about three times as
much as at CERN SPS

TECHNISCHE

IE== 1L " UNIVERSITAT

DARMSTADT

3

Peter Braun-Munzinger



The Space-Time Evolution of a Relativistic Nuclear
Collision

Initial
Singularity
1=+t L 7=1
Perfect Fluid
Quark Gluon Plasma - Hadronization
t~1-10fm/c
Topological Excitations
Glasma — Density Fluctuations, Thermalization
~0.1-1fm/e
Event Horizon

Initial Singularity — Quantum Fluctuations
7 ~0-0.1 fm/c

Initial Nuclei as CGC — Coherent, High-density Gluons

Peter Braun-Munzinger

one possible view
( courtesy
Larry McLerran)
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RHIC energy too low for safe extrapolation, many differing
models - strongly sensitive to initial condition at LHC

N

1600 - .
I~ #‘_1
1400 : .+ Running coupling evolution power-law fit :',..'__
® 4000 B |1 Fitsto RHIC data 5
= g =
:.' L & Au-Au 0-6% central RHIC data .
£ 1000 | -
- : il
Zz 800 F 5
T N ]
600 F log fit -
; e ]
400 | PP B S
e 3
200' Ll Lol L0l

10

100 10{]{] V’SNN {GEU]
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Charged multiplicity for n=0 in central Pb+Pb at \|5NN=5.5 TeV

Wolschin et al. - E : : dN/dn, 6%
Porteboeufetal. b i i dN/dn, N =350
Kharzeev et al. ._._. dN/cin, N__ =350
Jeon et al. e ' : : dN/dn. Npm=35ﬂ
Fujii et al. |J;-i—| i i i dN/dn, Npalt=35n
Eskola et al. : x ® ; ; dN/dn, 5%
El et al. ! R : i dN/dn, 3%
Dias de Deusetal. 1 o 1 5 ] dN/dn, N__ =350
Chen et al. 5 : T 5 dN/dn, b<3 fm
Capella et al. i ol i ! dN/dn, N =350
Busza o : i ] dN/dn, N =350
Bopp et al. ; o ; ; dN/dn, 10%
Topor Pop et al. : : [ S—— dN/dh, 5%
Armesto et al. i roa B i i dN/dn, N__ =350
Albacete L red : : 5 dN/dn, 6%
Abreu et al. I e 1 i i dN/dy, N =346.6
TS T NI T T TN U N W N W N N U S W A T W M I A AT O
0 1000 2000 3000 4000 5000 6000

compilation from: arXiv:0711.0974
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day 1 results from LHC will define the
,,particle production landscape*‘ -> insight into
initial conditions and crucial test of different
theoretical approaches
(color glass cond., saturation, shadowing, ...)
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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 el ey 5
thermal model - I -
predictions ul -y _,,__F-
107 &= =

: - =
chemical freeze-out : -
at: T=165 £ 8 MeV w0 ® Data )l

- = =N 3

- —  Modal -
fit uses vacuum _33 T=1855, j =38 MeV¥ ]

I I I I I I I I I I I I I
masses P A KPAZOKKPAZ @0 K
most recent analysis: rKp A @0 T oW 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. AT72 Broniowski et al., nucl-th/0212052.
(2006) 167 °  TECHNISCHE
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Parameterization of all freeze-out points

% 180 =

= jeof | =

. - + S

note: discovery of the - E

limiting temperature a0 E

a0 B fits, dM/dy data <

Tlim=160MeV = “]3;_ - ——— :_;

E.. = =

= ;

provides connection to -y I

QCD phase boundary E N :
can use parameterization to predict 1 10 10

fg gy (GEV)

particle ratios at all energies
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newest results: also energy dependence of 'anomalous'

particle ratios (like K/pi) is reproduced

+ I_IIIIIIII T TTTTH I T T TTI 1 IIIII_
E - — Iﬁ 1 IIIIIII I I IIIIIII LI IIIIII| I I TTTL
e asst . ~. - ]
S g < UE2p + A EA95 ¥ E69
; 0175 - & MNA4S =
02— 3 - = MNABT MNAdL ]
- ] 015 H STAR =
BEE I 00 Y e o5 0125 —— thermal model —
o - ——  thermal model - | | e ]
: _— —- ; e T T T TTTTT T T T TTTIT T - : :
B W STAR O PHENX ] B ™ 0075 5
- ® NAd9 O NAag4 ] = '%F sk ]
MEE ¥ Ea02,E866 7 mep e =
g A ER66EA5 i = 0.025 —
I_ 1 IIIIIII 1 1 IIIIII| 1 1 IIIIIII 1 1 IIII- - E E
G 10 102 1DE- mﬂ; new fits fyieks) ] GTll Ll L il Lol L1 11l
20— O dhidy - = 2
'MrS {GEV} C ] 10 10 10
NI 0 - Y 4m F Ve (GeV)
wE —— parametrization J P
= 900 ———
= E 3
% = 2005 fits, dNMy data
= Tai e & ratios =
= mﬂé_ O yieks E
A. Andronic, pbm, J. Stachel . E
arXi1v:0812.1186 g
300 —
ECIU;—
1UU§—
U: L
1 1d 10
sy (GEV) , TECHNISCHE
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* hadron yields quantitatively described at all energies
by 3 parameters: T, mu_b, V

* limiting temperature established

* connection to QCD phase boundary

* first data from LHC will provide a crucial test of this
picture: does limiting temperature picture survive a
20 fold increase in 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

dN/dp=1+2 V,cos2 (p- ) + ...

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

Elliptic Flow Results from RHIC

( 4
Initial Strong
spatial pressure | pum
L anisotropy . gradients |

o
W

O
N

o
—

=]

=)

" Hydromodel = PHENIX Data  STAR Data |

T O T A Ks_
K A KY+K ® A4A -
. p (.-' p+p _.:;_‘,I-—'-‘

A

| i | | 1]

2 4 6
Transverse Momentum p ; (GeV/c)

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

eta/s = 1/(4m)

0.15

0.1

mrz/nq

0.05

note the peculiar quark scaling!

Sensitivity to
early expansion

4 '+ x" (PHENIX)

® 7 (PHENIX)

& K+ K (PHENIX)

© KC (STAR)
2 ¢ (STAR)

Jﬁ

O p +p (PHENIX)

o A+7(STAR)

. = +% (STAR)
d (PHENIX)

T

F 3

PHENIX Preliminary
1 1 1 I 1 1 1

1

2
KE./n, (GeV)

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



QGP and Ultra-cold Quantum Gases

ultra-cold °Li
10 nK
~10"2 eV

Fourier analysis‘of shape
Nuclear overlap region

L
QGP 0121 200 Gev Au| Au J..:; ,f
800 & st (minimum bias) i ',.*’ ~
S al T ,rr";' ] g -
“ 2.1 TK ﬁ 5 RT ’,J _‘-r'l ’;, 2 H-J
.E — - ‘J-' —.-"r -
~108% eV g 0081 ot Ly
1000 ps = 006 ®K°
2 B Hydrodynamic
2 0044 results
E T ORATA o o ol ST G e e
1500 pus . .
"> collective expansion at®%2-
strong coupling 0
2000 ps 0O 02 04 06 08 10 12 14 16
Transverse momentum, p, (GeV ¢
[ ] CHNISCHE
=5 1L IVERSITAT
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exploring the importance of viscous effects

Glauber
25 T T T T T = e J” I
0 STAR non-flow corrected (est.) ns=
e STAR event-plane o
20 A
’..u 1/s=0.08
rary ° i
§ N o ©00C
E. 1 n/s=0.16
=10 4
5 4
: 3 4
Rl studies imply that
calculations by Paul Romatschke ply

eta/s > (2°AdS/CFT limit)
not compatible with data
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summary of all existing data

HYDRO (EoS H) —F— E_,/A=40 GeV, Pb+Pb NA4G
HYDRO (EoS Q) . E_ /A=158 GeV, Pb+Pb, NA4

—=— E_./A=11.8 GeV, Au+Au. EB?]

STAR Prelim. v {FTPC}e _ {2}
—_— m=2[}ﬂ GeV, Au+Au
—e— y§,,,=62 GeV, Au+Au
—e— y[s,,,,=200 GeV, Cu+Cu
—o— y5,,,=62 GeV, Cu+Cu
STAR Prelim., v,{ZDCHe_

----------------------------------- —=— \S,,=200 GeV, Au+Au
C lIlIllIllllIllllllI mllll|ll |

0 5 10 15 20 25 30 35
1/S dN _, /dy

o

( -

4y
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

note: the initial
eccentricity must be
computed in a model

(v? =)
(2 +x%)
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extrapolations to LHC

0.4
- Au+Au Charged, b=6. 3fm
0.355 --#=+ CGC+hydro, T -mUMev
- --+-- CGC+hydro, T"=169MeV
0'35_ —— (CGC+hydrotcascade
0.25-
= 0.20
0.15-
0.1
0.05C
0:
\swu (GeV)

L |

0.08

0.06

0.02

-0.02
-0.04
-0.06

-0.08

0.04

] y=0, mid-central

I ,_.-'I"'JF.IH

-

.-'-"".""

-
a=af

4 %+ = 8 R

e [805

LHC
STAR 7

PHOBOS |
PHENIX |+

NA49 |
CERES |
E8T7

EOS i
FOPI l

10

oo
\HW (GeV)

Peter Braun-Munzinger
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evolution of flow in a simple scaling model

v, scales with eccentricity €, Knudsen number K describes

deviation from ideal hydro, where K=0 i 1 o dN 1
J.Y. Ollitrault et al, arXiv:0711.0974 vy = . — ———
1+ K/0.7 K Sdy 3
AL E | | | hytliro fixéd couplfling I | .
' hydro running coupling ===
012 + 0=5.5 mb fixed coupling =-=---===--- 1 K(RHIC) =0.55
' 6=3.3 mb running coupling -«
0.1 k " Phobos +—=—
expect:
~ 008 F
-
0.06 K(LHC) < 0.3
0.04 |
important test of 1deal
0.02 | ; :
fluid scenario and
U 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 lcrmperature dependent
N shear viscosity

part
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Summary of RHIC Hydro Results

spectra and flow well explained by 1deal 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

s Fortin = 3¢, loss AE
7 , -
/ : ) X v . & Yoy @ f
7 il . B 5 : . oy
ql 5 - ; : ; - ' mi‘ l‘:.I'.-

mean free path A > 1/p .. range ol screened gluon interaction

schematic picture of energy loss of a fast parton
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Jet quenching

\/
VA

7

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 A = medium/vacuum R, (p,)= Tﬂd"'g“w/l:{; T:m
/r A T
<Nbinm'y>/ '::)-imﬂ.llp-lhlzl
RAA1 4 :
1.2 -
WOETT T2 ] ] " no medium effects:
2:25 R<1 hard R, < 1 1n regime of soft physics
o4l [ S oA;t" R, . =1 at high-p, where hard
02| scattering dominates
00f——+——+——+———+— - Suppression:
Tranverse Momentum (GeV/c) RA A << I at high—pT
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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)

0 2 4 6 8 10 12 14 16 18 20
p; (GeV/c)

« Direct photons are not suppressed, follow pQCD predictions.
« Common suppression for T° and n.
e £>15 GeV/fim? dN /dy > 1100 |
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Au+Au\[s,,, = 200GeV, 0-10% @

but what about photons at very large p;?

5 1.8
o o
1.6— e o
- PH  ENIX PHENIK preliminary
1.4
1-2;— +d|r photon
LE
u.af—
u.ai_
0.4 :—
0.2) 'ul- —I.““t-d..llllllll
ﬂ:l - I | i I i il I il L__j i
0 2 4 6 8 10 12 1 78 20
pT(GeV/c)
2 A7AA
Rpu(py) =gt
T,,d°0""/dp,dn

31

elucidation 1s LHC
territory



jet quenching indicative of gluon rapidity density

T,[ fin] T(MeV] | €[GeV/ fm®] | T,,[fm] dN¢ | dy
SPS | 08 210-240 1.5-2.5 1.4-2 200-350
RHIC | 06 380-400 14-20 6-7 800-1200
LHC 0.2 710-850 190-400 18-23 2000-3500
L. Vitev, JPG 30 (2004) S791 160 | | | | —
140} 4| SPS RHIC LHC ssa™ |
120 b N3 " )
10.0 | | : . .
Estimates consistent with apl - ]
hydrodynamic analysis 60 | 3 Havour
4.0} 5 Havout
20 r

0.0

1.0 1.5 2.0 2.5
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further big surprize at RHIC: strong energy loss of

heavy quarks

electrons from heavy flavor mesons

strong energy loss hydrodynamic flow

é 2:\ T T T T T 1T T T T T 17 \.\ T I.\ T T T \: ’I'H U.E_I | | - | — — | — — | — | —_— |_
(14 1.8F RA 0 1| % Pom't—by'pomterror e E - + Run-4 .
- AutAu @ \j_ =200 Gey [ seatnoerer g PH'\@EN IX PRELIM. k
16| 301 (2007) M Ureeramyin T, m T i mebias ¢ Run-7 -
F A 7% without scaling error | 4 N
14 . . = &8 4 .
- B nwithout scaling error | L L _

1.2 } ® ¢t from heavy flavor { g - ’
£ - T o005 N
0.8— = - -
- 7 o -
0.6 . ¥ ]
0.4 = A 4 0.05[— N
A4rC B Rapp & van Hees, _
02— Y == n PRC 71, 034907 (2005)

C PH%‘X:\<ENIX u 11 | 1111 | | | 1111 | 1111 | 1111 | 1111 | 1101 | | I | | 1131
7\ L1 ‘ I | I | | I | | I I | I I .h u's 1 1 5 2 2 5 3 3'5 4 4'5 5

% 1 2 3 4 5 6 1 8 9 p, [GeVrc]

P, [GeVic]

these data are not well explained, measure heavy quarks ,,directly* at LHC
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the ultimate hard probes machine

> 104 jets with
ET > 150 GeV

1in one month of
PbPDb collisions at LHC

e

Annual hard process yields L H C

L [-dacbbs;-M-van-ceuen 20051
B Pb+Pb minbias, 5.5 TeV
binary scaling from p+p

L=0.5 mb's'; 1 year=10° s

RN A

.

>
AN

5 L Wit
prompt y: hep-ph/310274
rHat: C. Lokzidea
Uy Z+jet: F. Maltoni + .J. Camphall

- I I
1111 N N N 1 111

0 50 100 150 200 250 300 350

E™" (GeV) or pr- (GeVice)




Predictions for jet quenching at LHC

S. Wicks and M. Gyulassy

1.0 L L | T T T T T T "I 17 1.0 T T T T 1.0 . 7 1 T "
Cad o st dN _/dy = 1750 -
= O PHENIX prabminary I:hln.n'ny = 1000 | — HAad-coll o =04 " oL | a, =04 |
A PHENIX — FRadonly, a -0.5 — Charm dN_jy = 1750
0.8F — Fad+coll o -ﬁn 4 - 0.8 1= — Bation M",-'df = 1750 <
— Radonly a, =08 = = Charm dN joy - 2800
% — - Botiom dN _idy = 2900 1
— 0.6 0.6 o8
s T =
1 L 2 g
g 3 <
gl T =
04 + =2 Ok 0.4
- b, § J__
02 E ar 02
'ﬁ % * J_ 1 0.2+
pol— L o« | AT S L IR A goteloa Lo Ll o Ll o b L Lo !
e 2 4 & 6 10 12 14 16 18 20 0 20 40 60 B0 100 120 140 160 180 200 0.0 SN | R s |
P, (Gav) Py (GeV) o 5 10 15 20 25 30
p, (GeV)



more predictions...

Renk and Eskola
| ' ' ' |
— R, for LHC
. 0.8k -
connection
to AdS/CFT Al |
considerations? =
04+ a
0.2+ —
0 l 1 . J , | l
K LMD 2010) 000 400

P, |GeV ]

important: perturbative QCD regime may never be reached!



synopsis of jet quenching predictions for LHC energy

Rphpb(pT=2,0,5? GeV=0) in central Pb+Pb at \[s=5.5 TeV

Wang et al.,n", 5 % (5,~3.35)"°), WW eloss+1d exp., shadowing

é
-

RHIJ

Vitev, z°, 10 %. GLV+g-feedb.+cold eloss. dNﬂfdy~1 .T-3.3{ngfdy]

RHIC

form form
Pantuev. charged, Npm=350, Toae=1-2 fMm~0.5(z_ 0)

%

_--------:-----D-------

Lokhtin et al., charged, 10 % (dN*"/d ~2700), rad.+cell. eless in MC

Kopeliovich et al., n°, 10 %, early hadronization

Liu et al., =, p'T"“"“t=4{}, 10 %, 2<->2 W. conv., transv. exp.

RHIG

0 . highest_ s AE_AE
Jeonetal, o, P, =40, 10 % (..=1 fm), BH elc:-ss+0w:-E-=(-E-)

o
]

RHIC

Wicks et al., n°, 10 %, rad.+coll. eloss, dN“fdy~1 .?5-2.9{dN“fd',r}

{
%

LSERRRRREE P LRSI e P R L P R R R R R

Qin et al., charged, 10 % (dN""/dn~2500), AMY+hydro, a =0.25-0.33

Renketal., =", 10% (dN""/d n~2500), BDMPS QW with hydro evol.

(0]

# RHIC

Dainese et al., n", 10 %, BDMPS QW with WS, &~2-?q

%

Cungueiro et al., 7%, 10 % {ch"fd n~1500), percolation

Capellaetal., =", 10% (dN""/d 1~1800), comovers, kinematics

§

L L L l 1 | 1 I 1 1 1

0.6 0.8 1

o
=
N
=
=
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Summary of jet quenching results

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

pQCD expectations
* only viable explanation: large energy loss of fast partons in fireball
* 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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Another provocative issue: Long range rapidity
correlations (the ridge)

STAR AuAu

where can correlations over >4

units of rapidity come from?

@ 470
£ 460
= :
450—5

very early collision phase? g

color glass? i
430-

420-

Au+Au 200 GeV, 0 - 30% 410-

PHOBOS preliminary




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
* suppression takes place in QGP

e some charmonia might survive beyond T,

— sequential suppression pattern due to feeding

07, TECHNISCHE
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Review of results from RHIC

new aspects compared to SPS results

* absolute normalization of yields
* rapidity dependence
* comparison to results from pp collisions
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Definition of Modification of Charmonium in the
Fireball

use Rp A to define charmonium modification experimentally
no need to normalize to Drell-Yan process

I)J,/E.i:" - {] \j{}iéu {]U

+; —
AA x'.
Neoit - AN /dy

1f Oprell-yan < Neoll » Raa 18 equivalent to NASO
definition, except for 'cold nuclear matter' effects
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Comparison of RHIC and SPS Results

MNAS0D, Scomparin's talk at QMOEG, O<y<1

& — O MA38, Scomparin's talk at QMOG
m1 2 ® NAB0, Scomparin's talk at QMO0B&
= m PHENIX, nucl-ex/0611020, Au+Au ly|[1.2,2.2]
~ ] PHEMIX, nucl-ex/0611020, Au+Au |y|<0.35
T
surprize: 0.8 %
no energy dependence i
but unexpected 0.6/ %%& E
o = D
rapidity dependence i ® Hm
0.4 E E E
0.2 i !

cov v b b b b b La g
00 50 100 150 200 250 300 350 400
N

part

comparison produced by
R. Granier de Cassagnac
=G5S
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Too much suppression at RHIC in Standard QGP Scenario

standard scenario: all charmonia melt near T,

models tuned for SPS data fail at RHIC

J/yv nuclear modification factor R,

ﬁ T Capella et al. hep-ph/0505032 suppression from co-mowver
o= 1.21— E Grandchamp et al. hep-ph/0306077 suppression (no regen)
: --------- Kostyuk et al. hep-ph/030527 7 suppression in QGF
1 B I ®  Aurhn |y|=[1.2.22]
- Cu+Cu |y|=[1.2.2.2]
- Au+au |y<=0.35
- Cu+Cu Jy]=0.35
L - d+au |y|=[1.2.2.2]
0.8 8] d+au |y|<0.35
0.6—
0.4 —
0.2—
~ « PHENIX preliminary ___—
uI!IIIIlIIII|IIII|IIII|IIIITIII-I-I-T-I-I-I-|IIII
0 50 100 150 200 250 300 350 400
Npar‘t
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Comparison of model predictions to RHIC data: rapidity
dependence

IIIIIIIIIIIIIIII__IIIII
0-20% (N, ,,=280)

I I I UL I | [ A e | I e R e | | I I_
Authu 20-40% (N_=140) charmonium generation via
par

i statistical hadronization

s 08T
3 F AusAu

A. Andronic, pbm, K. Redlich,
T 7. Stachel

1 Phys. Lett. B652 (2007) 259,

1 nucl-th/0701079

suppression 1s smallest at mid-rapidity (90 deg. emission) where energy
density 1s largest
a clear indication for charmonium generation at the phase boundary
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large rates and cross sections for heavy quark

production at the LHC
- | Hi | - |
: E
- 1b ;— —; 1 kHz I\S
2 F ~ ‘© Cross-sections of
§ 3 E Il 1interesting probes
a1 mb = 41Hz g expected to increase by
S F E £ factors of
o 3 E f:: ~ 10 (ccbar) to
e q'mz 0~ 10? (bbar) to
= N D o Y > 105 (very high p; jets)
10 107 10° 10

Energy (GeV)



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
cebar pairs is large deconfinement at LHC energy
Njpy<N

(P. Braun-Munzinger and

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

Phys. Lett. B652 (2007) 259

Development of

Start of collision quark-gluon plasma Hadronization Lar
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Summary of RHIC data on charmonium production

* major surprize: suppression equal to that observed at SPS

* major surprize: suppression is minimal at midrapidity

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

first month of LHC data with a few thousend charmonia will bring
decisive new insights
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final comment

the discoveries at RHIC, principally on

thermalization and flow --> 1ideal fluid scenario

jet quenching --> parton energy loss in dense fireball

have led to major progress in our understanding of the QGP
These discoveries raise many new questions. Even a short heavy

ion run in 2009 can bring fundamentally new insights. The
experiments are ready.
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Viscosity of QCD matter

Low T viscosity using

experimental data for | --- pions g
2-body interactions. T gic;fs + kaons /
s | High T viscosity
@ ' /I using perturb. QCD
Ny - | .
“F ‘\ I :
]| RHIC data
LE l 17410 | 3
o E ——r—r v rrri , ."......_
10" 10° 10° 10*
T(MeV)

To the rescue: String theory and lattice QCD.

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



Thermal model description of hadron yields

Grand Canonical Ensemble

V ’
In Z; = —2% 2 4p2dpIn(1 + exp(—(E; — )/ T))

Loog? .
NIV TOlmZ, g p?dp Fit at each
T — : —— =
o V op  2r?" exp((E;—p)/T)=1 energy
3 =
ti = pBB; + psS; + prf; provides

for every conserved quantum number there is a chemical potential g values for
but can use conservation laws to constrain: T and L,

e Baryon number: VYowbBi=44+N —=V
T
e Strangeness: VinS, =0 — Ug
E Z-N
2

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

e Charge: Vzl?léff = — g,
L

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

oy 22D

= — 1" order
b L
= o0 S LEEE e Crossover
— 2 & critical point
175 freefien,

130

i
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125
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ﬂ:l_
- hadron gas
sc b - ng=D12fm”
= s £=500 MeVirm
I:I_I 1 1 | 11 1 | 11 1 | 11 1 | l ITI | 11 1
0 A0 400 @00 800 1000 1200

1, (MeV)

TECHNISCHE

. \ UNIVERSITAT
Peter Braun-Munzinger " DARMSTADT




