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Preface to the Series 

The RIKEN BNL Research Center (RSRC) was established in April 1997 
at Brookhaven National Laboratory. It is funded by the "Rikagaku 
Kenkyusho" (RIKEN, The Institute of Physical and Chemical Research) of 
Japan. The Center is dedicated to the study of strong interactions, including 
spin physics, lattice QCD, and RHIC physics through the nurturing of a new 
generation of young physicists. 

During the first year, the Center had only a Theory Group. In the second 
year, an Experimental Group was also established at the Center. At present, 
there are four Fellows and eight Research Associates in these two groups. 
During the third year, we started a new Tenure Track Strong Interaction 
Theory RHIC Physics Fellow Program, with six positions in the first academic 
year, 1999-2000. This program had increased to include ten theorists and one 
experimentalist in academic year, 2001-2002. With five fellows having already 
graduated, the program presently has eleven theorists and three 
experimentalists. Of these eleven RHIC Physics Fellows, five have been 
awarded/offered tenured positions, and this will be their final year in the 
program. 

Beginning in 2001 a new RIKEN Spin Program (RSP) category was 
implemented at RBRC. These appointments are joint positions of RBRC and 
RIKEN and include the following positions in theory and experiment: RSP 
Researchers, RSP Research Associates, and Young Researchers, who are 
mentored by senior RBRC Scientists. A number of RIKEN Jr. Research 
Associates and Visiting Scientists also contribute to the physics program at the 
Center. 

RBRC has an active workshop program on strong interaction physics 
with each workshop focused on a specific physics problem. Each workshop 
speaker is encouraged to select a few of the most important transparencies from 
his or her presentation, accompanied by a page of explanation. This material is 
collected at the end of the workshop by the organizer to form proceedings, 
which can therefore be available within a short time. To date there a r e  62 
proceeding volumes available. 

The construction of a 0.6 teraflops parallel processor, dedicated to lattice 
QCD, begun at the Center on February 19,1998, was completed on August 28, 
1998. A 10 teraflops QCDOC computer in under development and expected to 
be completed this year. 

N. P. Samios, Director 
April 1,2004 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886. 
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THE MEANING 
OF RELATIVITY 

Ztircl edilion, revised, 
including 

THE C~ENERALIZED THEORY 1 OF GRAVITATION 

By ALBERT EINSTEIN 
I+IXTUTE FOR ADVANCED STUDY 

PRINCETON UNIVERSITY PRESS - 1950 
PRINCETON NEW JERSEY 
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t 4 G ;  m"r 
THE GENERAL THEORY 

follows. Matter consists of elcctrically charged particles. 
On the basis of Maxwell's theory these cannot be con- 
ceived of as electromagnetic fields free from singularities. 
In order to be consistent with the facts, it is necessary to 
introduce energy terms, not contained in Maxwell's theory, 
so that the single electric particles may hold together in 
spite of the mutual repulsions between their elements, 
charged with electricity of one sign. For the sake of 
consistency with thii fa 
to y_I__-" exist inside the%"= 
ggic~e&o~, It  cannot, however, be asserted that this 
pressure vanishes outside the particles. , W a b A m  
sistent --.,-.-&-.--+-----L-- with this circumstance if in our an-1 

This must not, 
however, be confused with a hydrodynamical pressure, as 
it serves only for the energetic presentation of the dynamical 
relations inside matter. In this sense we put 

In our special case we have, therefore, to put 

T,, = r,,$ (for p and v from 1 to 3) 
7'44 " 0  - p  
T r: -~fl'"/,pp + Q - fi = c - 4p. 

Observing that the field equation (96) may be written in 
the form 

we get from (96) the equations, 
R p  = -dT#v - &#?') 

m ti 
APPENDIX FOR THE SECOND EDI- 

-'..--* 

n of the stars. One can arrange it so that the mean 
velocity of matter relative to this system shall vanish in all 
directions. There remain the (almost random) motions of 
the individual stars, similar to the motions of the molecules 
of a gas. It is essential that the velocities of the stars are 
known by experience to be very small as compared to the 
velocity of light, I t  is therefore feasible for the moment 
to neglect this relative motion completely, and to consider 
the stars replaced ' by material dust without (random) 
motion of the particles against each other. 

The above conditions are by no means sufficient to make 
the problem a definite one. The simplest and most 
radical specialization would be the condition: The (natu- 
rally measured) density, p of matter is the same everywhere 
in (four-dimensional) space, the metric. is, for a suitable 
choice of coordinates, independent of x45 and homogeneous 
and isotropic with respect to xi, xq, xa. 

It is this case which I at fist considered the most natural 
idealized description of physical space in the large; it is 
treated on pages 103-108 of this book, TAe-n 
to this solution is that one has to introduce a negative -1_1 

pressure, \---- Ll---- for which there 
In order to make that solution possible I originally intro- 
duced a new member into' the equation instead of the 
above mentioned pressure, which is permissible from the 
point of view of relativity. The equations of gravitation 
thus enlarged were: 

(1) (Rik - #g<aR) 3- Agih + K T i b  0 

where A a. universalcoo!tant__~~~~o~~constant"). 
The introduction of this second member constitutes a 
compfication of the theory, which seriously reduces its 
logicaI simplicity. Ski introduction can only be justified 

[ 111 1 
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2. ASTROPHYSICAL CONSTANTS 
Table 2.1. Revised 2001 by D.E. Groom (LBNL). The i;gures in parentheses after some values give the One-standard deviation uncerbinti~ 
the last digit(s)- Physicai constants are &om Ref. 1. While every & i t  has been made to obtain themast seccnate current values a€ €he I i s t  
q-tis, the W e  does not represent a critical review or adjustment of the constants, and i s  not intended as a pdmars derem.  

Q e i t p  Symbol, equation iriue RsfcruEnte, fOatBDt€ 
~ 

speed d fight E 

Neartonian gxavitational constant GN 
astro~omi~d unit (mwn distance) au 
tropical year (equinar to eclninar) (ZOOl.0) gr 
sidemal year (fixed star EO fixed star) (ZOOLO) 
mean sidereal day (2001.0) 
J-ks . I -  .sy 

299 792 458 m s-l 
6.673(10) x ms kgY1 s-' 
1.49 597870 660(20) m 
31'556 925.2 s 
31 558 149.8 S 
23h 56'" 04f090 53 
10-26 w m-2E2-1 

Plan& mass 

parsec (1 AU/l are sec) 
light year (deprecated unit) 
SCllwZUXidd - d radius of the Sun 
solar Inass 
solar equatorial radius 
SOIar luminosity 
Schwamchild radius of the Earth 
Earthmass ' 

Earth mean equatorial radius 

12210(9) x 10'' GeV f f?  
= 2176 7(16) X IO4 kg 

0.3060.;. pe =0.9461. .. x loL6 m 

1.988 9(30) X lo3' kg 
6.961 x IO8 m 
(3.846 f 0.008) x loz6 w 

6.378 14.0 x IO6 m 

4- . 

P i  . 3.0856775807(4)X 1Ol6 m = 3.2 EL.. ly 

ZGNMB/~ 2.95325008km 

' 

IS 

Le 

M@ 5.97~9)  x io2* kg . 
&I3 

~ G N M @ / ~  8.87005622 

IS1 
Bo - Hubble expansion ratet 

n~rmaLized Rubble expansion rad u h  I162 1rl 
, critical density of the mivexset e pc = 3H{/8aG~ 

loealdiskdensity . - Pdisk P8l 

tZ1l 

local halo densify P hdo -s 1191 
pressureless matter density of the univmet nM P&f/Pc 0.15 5 Qhf 0.45 l 1 6 . 4  
baryon density of the universe B.0095 S S2,h' 5 0-023 nB= PBfPc 
scated cosmological constant* . %.= W / 3 H "  0 0.6 S SIA 5 0.8 1161 

s d e  factor for cosmobgicd constand 2/3H: 2.853 x 1051h-2 m2 
n&f+QA+- . -  [22] Qtot t221 see footnote [23] . 
age of the universet c 12-18 Gyr il61 
cosmic backpound radiation (CBR) temperaturet To 2.725 k 0.001. K ~ 4 , 2 5 1  
s o h  velocity with respect to CBR t251 

Local p u p  veIociQ with respect to (=BR VLG 627f22kmK1 1251 

energy density of CBR P7 4.641 7 x (T/2.725)4 g [12,251 

energydensityofd&i~Hcpartid~~~ (CBR + Y) p d  7.804 2 X lo-% (Tf Z . n q 4  g Cm-' pa, 251 

number density of baryons nB 2.6 x < T Z B / ~  < 6.2 x 10-l' [=I 
- entropy densily/Boltzmaun constaat S Jk 2889.2 (T/2.?25j3 cm4 1331 

371 * 0.5 km S-I 
t o w &  (at 6) = (11.20h f 0.0lhl -7.22O f O.OSo) 
or (t, 6) = (264.31" f O.lP, 48.05O *O-lOo) 

towards (t, b) = (276" f 3". 30' i 3') 

- .  

= 0.26038(T/Z.725)4 eV 

= 0.43778(T/2.1a5)4 eV 
41534 x 104h-2(T/2.725)4 Qd = P d f P C  

t Subscript 0 indicates present-day values. 
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l3ulletin 
Brookhaven National Laboratory May 1991 
Volume 11, Number 2 

Beginning of RHIC 
Construetion Celebrated 
at Brookhaven 

On April 12, under breezy blue skies, a crowd of 6ffO 
BNL emplopes and Visitors gathered to celebrate the 
beginning of wnstrnction of the Relativistic Heavy Ion 
CoIHder. Hwting the ceremony, whieh was held a t ~ p  the 
RHlC ring, was Laboratory Director Nicholas Samios. W e  
thought this would be an appropriate time," he declared, 
Yo express our thanks and gratitude to the many 
individuals who have made RHn: possible, and, further, 
to aektrowledge the efforts and dedication of those who 
are bringing RAIC into operation and fruition." 

On hand were many of the scientists, legislators, 
officials of the Department of Energy, and members of 

(Cantinued on page 4) 
Satoshi haki ,  RHIC prsieet Head. seated on the flatbed of 
the truck bearina a BHlc dipole magnet 

n$q M fitlepni R mrw8 IM RW vi wrnavi~ qr %e wmiout nwy iunmwir (mu1 are; (ma ien) suflollr 
County Execotim PaMck Halpin, Presidential Science Addmr D. Auan Bmmiey, Senator Uronse D'Amato, BNL Dlreetar 
Nicholas Samios and Congreesman George Aochbrucckner. On tbe flatbcd truck bchind them irr a M-lcngtb RBIC: dipole 
magnet, about to be ceremonially delivered to the RHIC tunnel, 
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FY 2003 capacity: 

99,000 SPECint95 cpu processing (-2 Tflops) 
0 1 18 Tbytes disk storage 

4500 Tbytes robotic tape storage 
2200 Mbytelsec disk 110 capacity 

td td 

Data Transfer and processing from all 
four experiments. 
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Flow; Hydradyn T 

&E895 XNA4g *WA98 6Sl'AR '- A VE86S UNA44 QCERES OSTAR 
4 

Au+Au; \/shlhl= 200 GeV: Mid-rapidity 

PHENIX, S. Adler et a/., PRL 91, 172301 (2003) 
STAR, J, Adams et a/., PRL 92,052302 (2004) 

STAR, C. Adler et al., PRL 87, 082301 (2001) 
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REVIEW 

I LETTERS 
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0 

schematic view of jet production 

hadrons 
. s  
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Pigure 5 

Well measured, as function of centrality, to pt > 10 GeV/c. 
Calibration data from p - p collisions in the same detectors. 

I I I I  I I I I I 

= 200 GeV 
Au+Au, p+p 
{ h'+h- )/2 
STAR Preliminary 

e 

T- 10- 
l o - '  

y loz 

g ;  

e U 0 no AuAu Q 200 GeV [0-lo%] 
s 
" l o  

- no pp Q 200 GeV [Ncoll(O-10%) scaled] 
Uncertainty In N co,, pp scaling 

F -  
ICI 
a -  

- 
' 1 -  

- * 2 
NE1O-l h - 

3 :  
ZJ 0-= 

- - 
- 

- 

2 4 6 a 10 
no pT (GeVk) 



w 
h, 

1-4k 4.2 

Peripheral xa (80-92%) 

at!' I I 2 I I I I 4 I I I I 6 I I  I [ ' I  8 
I I '  10 

pr (GeWc) 

Inclusive .no in central & peripheral collisions 
S. Adler et al., PRL 91, 072301 (2003) 

1 

0.1 
- pQCD-I, Shadowing only -- pQCD-I ShadowingaCronin - - *  p*QCD-I\ .... ........................... .L I . ~ _ L . , .  a . . . L J . : l . , , . : . . ,  A . . I _ A . . :  2. L*.R-LL., .... I .LL .... 24 

2 4 6 8 1 0  2 4 6 8 1 0  
PT (GeVW 

Charged hadrons: 
Dependence on centrality 
J. Adams et a/., PRL 91, 172302 (2003) 



w 
w 

tructure in Au-Au collisions at 200 
Particle orrelations at Hi 

Trigger particle pT>4 GeV/c 
look at azimuthal correlations for pT>2 

GeV/c 

0.8 

0.7 
n 4 

0.6 
v2 contributes: subtract correlation at 

I r l r  %I>O-S B 

correlations g 

s s 
L 0.5 

0.1 

F 0.05 

0 

-0.05 

also eliminates the away-side 

what relllains has jet-like StIUCtU 
lice ~ Q Y  jets at 

-3 -2 -1 0 1 2 3 

A 0 (radians) 
STAR, C. Adler et al., PRL 90, 082302 (2003) 

B ack-to-b ack correlations 
With increasing centrality 
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The early days at RHIC are over,.. 

High energy nuclear collisions have achieved temperatures and 
densities predicted to melt the QCD vacuum 

Direct comparisons can be made between experiment and 
theory (QCD) ... not dependent on an array of phenomenological 
models 

W 
4 

* The observed final particles are the product of an intermediate 
form of matter that has the earmarks of the Quark Gluon Plasma. 
We are left to discuss the adjectives. 

1 Beginning a new chapter in Nuclear/ Partidelcondensed Matter Physics ' 
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Mining some of the new physics from the 

first 275 RHIC publications 

22 ( 4PRL) from BRAMHS 

92 (15PRL) from PHENIX 

34 ( 6PRL) from PHOBOS 

127 (21PRL) fromSTAR 

Together with extensive SPS/CERN data base 
E,,=5 - 20 AGeV 

(108 NA49/35,69 NA50/38,26 CERESNA45, 

MG,LM 3 
79 WA98/80,32 na57/wa97) 

RBRCBNL 5/15/04 

Theoretical Mining Tools using 
Rigorous but idealized Limits of the Standard Model 

1, Asymptotic free perturbative pQCD 
short wavelength (high pT) 

2, High temperatureidensity thermodynamics 
nonperturbative Lattice QCD . 

Long Wavelength (low pT) 

3. High energy light cone QCD 
Color Glass Condensate (small x) 

RBRCBNL 5/15/04 

40 

MG,LM 4 



The Empirical Evidence 
for QGP @ RHIC 

e 

* Elliptie flow PQCD 

Big Surprise: exp. QGP = 
RBRCBNL 5/15/04 MG,LM 5 

Growing case for CGC 

fill x scaling e luon saturation scale 

RBRCBNL 5/15/04 

41 

MG,LM 6 



What is a CGC? 
Theoretical limit of High energy Matter 

+ CGC 

High Energy 

Fi,ge 3 (?)The HERA data for the gIuon distribut,ion function as a function of x for 
mrious values of @. (b) A physical p i c h e  of the low s gluon densits. inside a hadron as 
a function of enera- 

Gribov et al, McLerran Venugopalan ... (see Blaizot) 
MG,LM 8 RBRCBNL 5/15/04 

42 



Entropy Production at RHIC 
1 Slow Centrality and Energy Depend. of dN,,/dy => CGC 

P. Steinberg QMOl 

€ I I I 

400 
4- , , ,, , , , , , , ;,, , , , , , ,I 

- 0  1 OD 200 300 10 I O 2  
\JsN# t G W  - 

Npert 

-2 

MG,LM 10 RBRCBNL 5/15/04 XNWang, MG, PRL86(01)3496 
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Finding the needles in the Haystack 

Haystack = = QGP Formation dynamics 

Energy 
Density 

eH- - 
RBRCBNL 5/15/04 

+ - QGP Hadronic dynamics 

tH 

Hadrons 

c 
MG,LM 11 

Finding the needles in the Haystack 

= QGP Formation dynamics 

Energy 
Density 

eH- - 
RBRCBNL 5/15/04 

44 



1400 

I200 

1000 

2 800 

- 
n 

400 

200 

RHIC Delivered Au-Au Luminosity 

. . . . . . . . . . . . .  . _ _ *  ..,..... . . . . . . . . . . . . .  -. .... -.._. . . . . . . . . . .  - .  . . . . . . . . . . . .  
--PHEXIx 
-STAR 

-PHOBOS 

. . . . .  -"BmIs ........ -. .................. -. . . . . . . . . . . . . . . . . .  _. . 
'RIIu-J fFYOd). 

. . . . . . . . . . . . . . . . . .  I.' . .  ......_........... . . . . . . .  _ . . . , *  ........... 

p ........................ _,.-.- ....................... * ............ ..-. . . . . . . .  8.$ ...... 

. . . . . . . . . . . . . . . . . .  / . . _  ...... .........-... . . . . . . . . . . . . . . . . . . . .  
Run3 (FYOl-02) 

0 2 4 0 2 4 6 8 1 0 1 2 1 4 0  2 4 6 8 1 0 1 2  
Weeks into the run (to #3/22/04) 

-YA.UIIA.-  -, .-,.,. 
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Bulk Collective Flow of QCD matter 

T,T”= q,,, W. Greiner, H. Stocker(l974) 

P.Kolb, U. Heinz et a1 (2000) 
D.Teany, E. Shuryak 
T. Hirano, Y. Nara 

... 

- 
Tln?r”(x)= 0 

Elliptic Flow 

RBRCBNL 5/15/04 

1cI 

0 
UJ .- 

0 2 4 6 
2 

Transverse Momentum pr (GeWc) 
4s 

CP) HY 

RBRCBNL 5/15/04 MG,LM 16 
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17 AGeV 
0 250 500 0 250 501 

(Nd (N,) 
I ~ , .  , .  . 

/17 AGeV 

2) DIRECTen AND ELLTPTIG FLOW OF CKAROED €'IONS AND 
PROTONSlNFB-kPg COLLmONS AT40-A-GEVAIW I5&A-GEV. 
BgNk49 Collabmatton (C. &at&) Ma3.2003 35pp w 

'4. 

0.2 r 

0.15 : 

0.1 ; 

0x15 7 

O d  
0 5 10 15 20 25 30 35 

dN,, /dyd2x, (fm- 2, 

MG,LM 17 

Below- RHIC energies, QCD hydro over-predicts elliptic flow! 

v2(Ecm) e QGP hydro only works at RHIC 

s" 
0.1 

0.05 

0 

0.2 

, 0.15 

0.1 

0.05 

Conclusive evidence for 
Long wavelength flow with unique fine structure 

But how could Euler ideal fluid work? 

It never worked on nuclear scale before!! 

RBRCIBNL 5/15/04 

47 

MG,LM 18 



The QGP is almost a perfect fluid ! 

Gluon Transport 
Molnar, MG (01) 

I I I 1 I - STAR 

I 

RBRCBNL 511 5/04 

Navier-Stokes 
Teaney (03) 

STARData 

'0 0 2  0.4 0.6 0.8 1 1.2 1.4 1.6 

P l G W  

Viscosity / Entropy density of QGP 

MG,LM 19 

Ultra-rel. c = 4p,  (p) = 3T 

PQCD 
Danielewicz, MG (85) 

RBRCBNL 511 5/04 : 
MG,LM 20 
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Conclusion 1 

Not only does PqcD account quantitatively for 
the fine structure (pT , mh ) of elliptic flow at RHIC 

But, also the QGP at T<3T, saturates 
the ~~~~~~~~~~~ viscosity bound! 

QGP found at RHIC = new form of 
strongly coupled plasma 

sQGP 

RBRCBNL 5/15/04 MG,LM 21 

RHIC Delivered Au-An Luminosity 

1200 

1000 - 
?i 
.P i? 

800 

VJ 
Q 
E: 
2= 
3 

." - 600 

L 

400 

200 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
-PHEhrn 

. .  -BRAN;\.TS . . . . . . . . . . . . . . . . . .  . . . . . . .  . . . . . .  

--.PHOBOS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  

. . ,. . 

0 2 4 0 2 -I 6 8 1 0 1 2 1 4 0  2 -I 6 8 1 0 1 2  
Weeks into the run (to 03/22/04) 

49 



Jet Quenching 
MG, P. Levai, I.Vitev, X.N. Wang (see Wang) 

jet 

RBRCBNL 5/15/04 MG,LM 23 

dNAssp = TABA(fa,*AfblBYhad AdsabOc AP( GRV 
EKS 

\ +, GLV 

DhT P 

';hi I.Vitev, MG BKK lo-' 

10" a \  %. 

1 0" 
n 

N 

2 lo4  I 
9 

n' 
7 U 

IO" - 

N m 
g104 ' 

b 
- 

IO-' 

10' i 
2 

0 PHENIX p+p 200 
4 PHENIX AWAU 0-1096 

. -  
4 6 8 10 12 14 

Pt GcJV 

Absolute scale pQCD jet tomography 
RBRCBNL 5/15/04 
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, 

10 

1 

W 2 
2 

0.1 

CIT 

0.01 

Single Hadron Tomography fiom SPS, RHIC, LHC 

....... dIdy=ecl&?-lZ70 

PHEI\IIXH' !130AGev) 

V PHEHlXo' t20OAGaV) 

I S T A R  h*lZUOAGaV) 

- df&dy=2003-3500 

Ivan Vitev and MG, PRL 89 (2002) 

1) Cronin enhancement 

dominates at SPS 

2) Cronin+Quench+Shadow 

conspire to give - flat 

RAA-Npart/Nbin at RHIC 

dN,/dy - 1000 -> rg -100 ro 

3) Predict sub Npart quench, 

positive pT slope of R at LHC 

MG,LM 25 

Third Line of Evidence at RHIC 

" Return of the Jeti '' 
---%--- 

PH-8 --ENIX 
% 2 c  I 

rr' 
1.6 No Quench D+A. ! 
1.4 
1.2 

1 
0.8 
0.6 

Strong Quench A+A 

dA=Critical Control Experiment 

RBRCBNL 5/15/04 MG,LM 26 
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Conclusion 2 

The nearly perfect fluid QGP seen through 
long wavelength collective flow 

Has a predicted pQCD high opacity 
To short wavelength 2p/pT<< 1 fm probes 

Seen through iet auenching: 
(l) pQ,, = vz@T9mh9b) 

RBRCBNL 5/15/04 

Four independent calibrations of Initial 

le(t n) )) 1 00 en = I 5 GeVI fm3 1 

1. Bjorken Backward extrapolation 

2. Hydrodynamic initial condition needed for v2(pT) 

3. Jet Tomography: dNg ldy = 1000 

4. Gluon saturation pT<Qs predicted 
cIN,/dy = 1000 at Qsat = 1 GeV at y-0 

RBRCBNL 5/15/04 
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Conclusions: 

Overwhelming empirical evidence 
for a new form of matter sQGP 
with unexpected properties 

Growing evidence that its source is a 
Gluon saturated CGC 

Many puzzles remain (baryon/pi , HBT, . ..I 
Theoretical understanding is improving 

MG,LM 29 RBRCBNL 5/15/04 
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RIKEN-BNL . 'discoveries" workshop, May 15 2004 

Strongly coupled quark-gluon 
plasma (sQG-P) 

Edward Shuryak 
Department of Physics and Astronomy 

State University of New York 
Stony Brook NY I1794 USA 



Outline of the talk 

Reduced scale => (the bulk of the talk) 

enhanced coupling .Multiple bound states, 
Hydro works and 

remarkably small 
viscosity results: 

9 O O / i  of them colored? If 

puzzles related to lattice 
VI Q\ QGP seem to have so, it explains several 

.Why resonances in 
correlators (MEM)? 

Lattice bound 
states and large 
potentials 

OHOW rather heavy 
quasi particles can 
create high pressure 
already at T= 1.512 Tc? 



(Outline continued) 
w id 

Vectors in 
QGP and 

VI Trapped Li atoms at dileptons 

Jet 
quenching 

4 

Feshbach resonance 
N=4 SUSY YM at strong 

coupling due to 
1 \I ion iza t ion" 
of new 
bound states 



Digression 1: One may have an 
absolutely correct theory and still 
make accidental discoveries. . . 

Columbus believed if he goes west he should 
to 

But something else was on the way... 

We believed if we increase the energy density, we should 
ewmtually get weakly interacting QGP. But something 
else was found on the way... 



Motivation 1 : How far does 
the coupling run in QGP? 

(general ideas) 

ES,uucl. Phys.A7 17: 29 1,2003 

QI 

M 
. 1  

2- 

time 
In a QCD vacuum the domain of perturbative QCD 
(pQCD) is limited by non-pert. phenomena, e.g. by the 

Q(chira1) of about 1 GeV , as well as by confinement etc.: 
a,< 0.3 Or so 

0 At high T we get weak coupling because of screening 
a<a(gT) i I (the Debye mass Md)) gT sets the scale) 

In between, T,cT<few T,, there is no chirakonf. scales 
While Md is not yet large: here a(Md) may be )) I (?) 
(M,% 2T)) 350-400 MeV only) 

wl 
\D 
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0 

4 0  

uld calli 
The QCD vacuum vs the QGP 

The “physical vacuum” is 
very complicated, 
dominated by 
“topological objects”, 

and 

Among other changes it 
shifts its energy down 

d to an ‘ 

The Bag terms, p=#T4-B 
&=#T4+B 

The QGP, as any plasma, 
screens them, and is 
nearly free from them 
So, when QGP is 
produced , t 
tries to expel it 



Magdeburg hemispheres 1656 

We now see it is also 
quite complicated matter, sQGP ... 



(Back to the main track) 
Flows, especially the Elliptic Flow 

P H EN IX, PRL9 I ( ‘03) 18230 I STAR, PRC66(’02)034904 
I I ’  

’ ‘The softest 

0 5 40 15 211 25 30 
dNldy 1 s  f fm“ 1 

See details in a review by 
P.Kolb and U.Heinz, nucl- 

305084 
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How to determine Eos 

viscosity q ( ~ ) ?  

To study all flows as 
function of collision 
energy and centrality 

( Hydro+RQMDgives a better 
description Of energy dependence 
than pure hydro D.Teaney et 
al.('Ol)) because viscosity of 
hadronic matter and correct 
freezeout are included 
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Motivation 3: lattice puzzles 

0 Since Matsui-Satz and subsequent papers 
it looked like even heavy charmonium 
dissolves in QGP (thus the QGP signal) 

Hatsuda,Karsch et al) have found, using 
correlators and MEM, that it survives up to 

a 
00 

And yet recent works (Asakawa- 



Resolved by correct treatment with entropy 

0 

cn 
\o 

0 

removed (see below, when we put it into 
Schr. Or KG) 

The lattice potentials come from a correlator of 
static quarks. Then the free energy 
exp[-F(T;R)] =e L(T)L+(O) > should be related to 
potential energy V (r) = F - TS where the latter 
entropy part is just a derivative over T 
This simple fact (pointed out only recently by the 
Bielefeld g 

n 



The pressure puzzle 
(GENERAL) 

r-----l 

Well known lattice prediction (numerical 
calculation, lattice QCD, Karsch et al) the 
pressure as a function of T (normalized to 
that for free quarks and gluons) 

.p/p(SB)=.8 from about .3 GeV to very 
large value. Interpreted as an argument 
that interaction is relatively weak (0.2) 
and can be resumed, although pQCD 

~ I I I I I ~ -ser-ies-are-bad-.r- - 

1,O 1.5 2.0 2.5 3.0 3.5 4.0 

torn M 



(The pressure puzzle, cont.) 

How quasiparticles, which according to 
direct lattice measurements are heavy 
(Mq,Mg = 3T) (Karsch et al) can provide 
enough pressure? (exp(-3))~1/20) 
(The same problems appears in N=4 
SUSY YM, where it is parametric, 
exp(-h1/2) for large h.’ g2N,A 1) 



New QCD 
Phase Diagram, 
which includes 
\‘ zero b i nd i ng 

lines” 
(ES+I .Zahed 

hep-phlO30726) 

~- _. __ 

The lines marked RHIC and SPS show 
paths matter makes while cooling, in 
Brookhaven (USA) and CERN (Switzer 

the 

and) 

Chemical potential pB related to baryon charge 



For a screened Coulomb potential, 
a simple condition for a bound state 

d 
0 M(charm) is large, M, is only about 2T 

If a(M,) indeed runs and is about 
large enough to bind charmonium*till about 

4 
W 

T=2Tc=340 MeV 
(accidentally, the highest T at RHIC) 



4 
P 

New .‘free energies” for static‘ 
quarks (from Bielfeld) 

I t  

.Upper figure is 
normalized at small 
distances: one can 
see that there is 
large . .effective 
mass“ for a static 
quark at T=Tc. 

De 4 coupling constant 
0;. 2 

1.4 
CY 

B 0.2 0.4 0.6 3 . 2  



New p0tentia.k (cont): 
after the entropy term is subtracted, 

potentials become much 

this is how potential I got look like for T = I; 1.2; 1.4; 2; 4; 6; IOTc, 
from right to left, from ESJahed hep=ph/0403127 



Solving for the bound states 
ES+I.Zahed, hep=ph/0403127 

I i nfi 
I (3 n 
t Ill 

1 .  qy 8 
914 
9/8 
9/8 



4 
4 

Digression 3: 
Relativistic eqns have a critical Coulomb 

coupling for falling onto the center 
(known since 1920's) 

2 at2 R'" + -R'+ F R  = 8 

(413)a =1/2 is a critical value for Klein-Gordon eqn, at 
which falling onto the center appears. (It is 1 for Dirac). 
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If a Coulomb coup1 
falling onto the ce 
but it is impossible 

ng is too strong, 
iter may occur: 
to get a binding 

comparable to the mass 
d mass1 

Brown,Lee,Rho,ES hep- 
3 ph/0312175 : near-local 

@I 
interaction induced by the 

53 c 
(also called “hard glue” or 

“epoxy”, as they survive 
at T>T,. 

Their contribution is )) 
Iy(O)I* which is calculated d d 
from strong Coulomb 
problem 

R a L 
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Conclusions: 
we found at RHIC not what we expected but more 

(as Columbus) 
c: 

c3 

{ >  0 Instructuve analogies 
with other strongly 
coupled systems - 
atomic and field theory 
(AdS/CFT) 
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es of  a nucleus-nucleus collision 

Partons set free have typical tranverse momenta !W Trz' w g  

They are set free at (proper) time '7- i-w Q,I 

At that time 

(J.-Po B., A. M~dle r ,  87) 
.Momentum distributions 

(cli1ut.e regiine) 
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Geometrical scaling 

- 2 10' 

e H 
el 

10 

10 

1 

10 -. .- - 
10 -J 

ZEUS BPT97 
ZEUS BPC 95 
H1 Law Q* 95 
ZEUS+Hl high $94-95 

EddS 
X 4 0 L  

dl Q2 

" .  
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Numerical solution of  the BK equation + DGLAP corrections 

(Gotsman, Levin, Lublinsky, Maor hep-pWO209074) 
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QuickTimeTM et un 
dkcompresseur TIFF (LZW) 

sont requis pour visionner cette image. 
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a 1 2 3 4 5 6  

(Kharzeev, Kovchegov, Tuchin, hep-pW0405045) 
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QuickTimeTM et un 
d6compresseur TIFF (LZW) 

sont requis pour visionner cette image. 
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= Saturation picture (color glass condensate) does provide a 
successful phenomenology, both at RHIC and at HERA. 

- Saturation manifests itself at lower energy in nucleus- 
nucleus collisions than in proton-proton collisions 

I 

I I 

= Color glass only provides initial conditions. Because of final - 1  
N 
N I  

I state interactions, AA collisions do not allow for direct tests. 

dA are much better. Going to forward rapidity one gets a 
chance to a see B evolution of papton densities, 

= Phenomena should be more visible at the LHC 



- Saturation is a genuine, characteristic, QCD effect 

! - Important to get a complete control of the initial conditions 

- May well turn into an essential piece in the chain of 

plasma 

I 

1 
c , '  
t 3 ,  
u t  

4 arguments leading to the identification of the quark-gluon 
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Question (from a friend): Answer - 1 h t : 

Hadrons are emitted in universal 
)-L 

3 equilibrium a bundan ces; 
a ~~~~~~~~ are ~ ~ ~ d ~ ~ ~ ~ d  /!y 

~ ~ ~ ~ ~ r n ~ i ~ ~ ~ ~ ~ ~ ~ ~  qf ~~~~~1~~~~ 
Hadrons show clear evidence of 
collective flow (v, and v2); 
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I I 

rium fits work. . a 

- Tch = 160 & 10 MeV 
- F B  = 24+5MeV 

f 
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~ ~ ~ c l u s i o n s  ( 

Clear evidence for a universal hadronization 
temperature Tch 7' C is seen in RHIC data; 

Already visible at SPS, but only RHIC data make 
the evidence compelling; 

Strangeness equilibration is critical discriminator 
between phase space dominance (pp, e+e-) and 
equilibration (AA). 
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c ~ ~ b i n a t i o ~ .  of. t h ~ ~ n a l  qua 

= Quark distribution hnction at “fkeeze-out” 

For a thermal distribution, W(T,  p )  : exp(-p 9 u / T )  
hadron wavefunctions can be integrated out, eliminating the 
model dependence of predictions. 
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G oiiibinat ion statistical model I 

with 

lliptic flow veloci~y is approximat ly additive in valenc 
number, showing partonic, rather than hadronic origin of the elliptic flow. 
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.. 
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A+&TAR 
KOs @m3)/(b=l!2) R+F 
A+A(b=3f/fb=l2) R+F 
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Strong evidence for dominance of hadronization by 
quark recombination from a thermal, deconfined 
phase comes from: 

- Large baryodmeson ratios at moderately large pT; 
- Compatibility of measured abundances with statistical 

- Collective flow (v,) still visible at largep,. 
model predictions; 

@-meson is an excellent test case (if not from KK+@). 
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I I 

0 Recombination model works nicely for v2: 

- ~,(p,) curves for different hadrons 
collapse to universal curve for 
constituent quarks; 

- Saturation value of vz for largep, is 
' universal for quarks and agrees with 

expectations from anisotropic energy 
loss; 

- Vector mesons (Q, IC*) permit test for 
influence of mass versus constituent 
number (but note the effects of hadronic 
rescatter ing on resonances ! ) 
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0.0'  ' . . ' '  ' ' ' ' . ' 
0 1 2  3 4 5 6 7 8 910 

pT (Gev) 
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T. Ochiai, Prog. Theor. Phys. 75 (1986) 1184 

The "pQCD approach" 
to parton recombination 

Double parton scatterin 
2 

o f  hadron 
ion fiarn a. therm 
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I 

Parton correlations trivially translate into hadron 
correlations. 
Soft-hard recombination naturally gives such correlations. 
Parton correlations even in the thermal regime? 

Two-point velocity 
correlations among 
4 -2 GeVk hadrons 
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RBRC Workshop 011: New Discoveries at RJIIC 

I ~ ~ t r ~ d ~ t i ~ n :  Jet Qklenching 
Single hadron: Jet quenching and initial effects 
Dihadron : Modified fragmentation function 
Why the observed energy loss is partonic? 
Beyond the discovery of jet quenching 



W
 

E ?
>

 
Y

 
n
 

0
 

J
 

E ?q
 

n
 

I 
9 a0 

I Ill 

II 

+ 

m
 

h
 

m
 

n
 

* I
 

m
 

I
 

Y
 

153 



0 

0 

0 

0 

0 

0 

0 

0 

1982, Bjorken (unpublished): elastic dEldx too small 
1990,Gyulassy, Pluemer : Evoking inelastic dE/dx 
1992, Gyulassy, XNW: Suppression of leading hadrons 
due to jet quenching 
1994, Gyulassy, XNW: First calculation of radiative parton 
energy loss with LPM 
1995, Gyulassy, Pluemer, XNW: Estimate of mono-jet rate 
in AA at RHIC 
1996, Huang, Sarcevic, XNW: Medium modified 
fragmentation function & gamma tagged jet quenching 
1996, Zakharov: Path integral formulation of dE/dx 
1997, Baier et al: non-abelian LPM in QCD- interaction 
with gluonic clouds 



2000, XNW: First estimate of Cronin at RHIC 
2000, Gyulassy, Levai, Vitev: Opacity expansion I. 

0 200 1, Wiedemann: Opacity expansion I1 
200 1, Guo, XNW-: Higher-Twist expansion and 
calculation of modified frag. function. 
2001, XNW, GVW: high pT v2 due to jet quenching 
2002: Suppression of high pT hadron in Au+Au 

c-r 
(21 
ch 

0 2003: v2 at high pt observed 
0 2003: Suppression of back-side jet 
0 2003, June 18: d+Au results announced 

2004, azimuthal dependence of away-side jet 
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Phys. Rev. Lett. 68, 1480 (1992) XNW and M. Gyulassy 

Gluon Shadowing and Jet Quenching in A+A Collisions at \sqrt{s}=2OO AGeV 

J - J I  

I - 
- I  I -  
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Phys. Rev. C 63,054902 (2001) XNW 

Jet Quenching and Azimuthal Anisotropy of Large pT Spectra in 
Non-central High-energy Heavy-ion Collisions 

Au+Au(b=7-8 fm) <-130 GeV 

N 

e---. dE/dx=0.2(L/fm) GeV/fm 
G-3 dE/dx=O. 1 (L/fm) GeV/fm 

pT (GeV/c) 
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_II fEuw +dEfdx 
I.....-.- dE/dx only 
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Eo- 1.07 f 0.3 GeV/fm 
ppT.5 GeV, &,-0,3 frn 
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Collective Flow signals the Quark Gluon Plasma * 

H. Stocker 
Iniititut fur Theoretische Physik, Johann Wolfgang Goethe - Universitatit, 

Fkankfurt Institute for Advanced Studies (FIAS), 
Robert Mayer Str. 8-10, GO054 Frankfurt am Main, Germany 

Robert Mayer Str. 8-10, 60054 Frankfurt am Main, Germany and 

A critical discussion of the present status of the CERN experiments on charm dynamics and 
hadron collect,ive flow is given. We emphasize the importance of the flow excitation function from 
1 to 50 A.GeV: here the hydrodynamic model has predicted the collapse of the vl-flow and of the 
vz-flow at - 10 AeGeV; at 40 A-GeV it has been recently observed by the NA49 collaboration. Since 
hadronic rescattering models predict much larger flow than observed at this energy we interpret this 
observation a.s potential evidence for a first. order phase transition at high baryon density P B .  A 
detailed discussion of the collective flow as a barometer for the equation of state (EoS) of hot. dense 
matter at RHIC follows. Here, hadronic rescattering models can explain < 30% of the observed 
elliptic flow, v2, for p~ > 2 GeV/c. This is interpreted as evidence for the production of superdense 
matter at R.HIC with initial pressure far above hadronic pressure, p > 1 GeV/fm3. We suggest that 
the fluctuations in the flow, VI and v2, should be measured in future since ideal hydrodynamics 
predicts that they are larger than 50 % due to initial state fluctuations. Furthermore, the QGP 
coefficient of viscosity may be determined experimentally from the fluctuations observed. The 
connection of v2 to jet suppression is examined. It is proven experimentally that the collective flow 
is not faked by minijet fragmentation. Additionally, detailed transport studies show that the away- 
side jet suppression can only partially (< 50%) be due to hadronic rescattering. We, finally, propose 
upgrades a.nd second generation experiments at RHIC which inspect the first order phase transition 
in the fragmentation region, i.e. at pg N 400 MeV (y x 4- 5 ) ,  where the collapse of the proton flow 
should be seen in analogy to the 40 A.GeV data. The study of Jet-Wake-riding potentials and Bow 
shocks - caused by jets in the QGP formed at RHIC - can give further information on the equat.ion 
of state (EOS) and transport coefficients of the Quark Gluon Plasma (QGP). 

I. OLD AND NEW OBSERVABLES FOR THE QGP PHASE TRANSITION 

Lattice QCD results El, 21 (cf. Fig. 1) show a crossing, but no first order phase transiDion to the QGP for vanishing or 
small chemical potentials p ~ ,  i.e. at. the conditions accessible a,t central rapidities at RHIC full energies. A first order 
phase tra,nsition does occur according to the QCD lattice calculations [l, 21 only at high baryochemical potentials or 
densities, i.e. at SIS-300 and lower SPS energies a.nd in.t,he fragmentation region of RHIC, y M 4-5 [3, 41. The critical 
baryochemical potential is predicted [l, 21 t.o be p& x 400f50 MeV and the critical temperature T, x 150 - 160 MeV. 
We do expect a phase transition also at finite strangeness. Predictions for the phase diagram of strongly interacting 
matter for realistic non-va,nishing net strangeness are urgently needed to obtain a comprehensive picture of the QCD 
phase structure. Multi-Strangeness degrees of freedom are very promising probes for the properties of the dense and 
hot matter [5]. The strangeness distillation process [6, 71 predicts dynamicd de-admixture of s and 3 qua.rks, which 
yields unique signatures for QGP creation: high multistrange hyperon-/-matter production, strangelet formation and 
uniisual anttibaryon to baryon ratios ect. 

A. Thermodynamics in the T - p~ plane 

A comparison of the thermodynamic parslmeters T and p~ extracted from the UrQMD-transport model in the 
central overlap regime of AufAu collisions [9] with the QCD predictions is shown in Fig 1, where the full dots with 
errorbars denote the 'experimental' chemical freeze-out parameters - determined from fits to the experimental yields - 
taken from Ref. [lo]. The triangular and ,quadratic symbols (time-ordered in vertical sequence) stand for temperatures 
T and chenlical potentials p~ extracted from UrQMD transport calculations in central Au+Au (PbfPb) collisions 
at RHIC (21.3 A-TeV), 160, 40 and 11 AeGeV [8] as a function of the reaction time (separated by 1 fm/c steps from 

* Supported by DFG, GSI, BMBF, EU, RIKEN and DOE 
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FIG. 1: The new phase diagram with the critical end point at p ~ j  FZ 400 MeV,T FZ 160 MeV as predicted by Lattice QCD. In 
addition, the time evolution in the T - ,u-plane of a central cell in UrQivID calculations [8] is depicted for different bombarding 
energies. Note, that the calculations indicate that bombarding energies ELAB 5 40 A.GeV are needed to probe a first order 
phase transition. At R.HIC (see insert; at the p~ scale) this point, is accessible in the fragmentation region only (taken from 191). 

top to bottom). The open symbols denote nonequilibrium configurations and correspond to T pa.rameters extracted 
from the transverse momentum distributions, whereas the full symbols denote configurations in approximate pressure 
equilibrium in longitudinal and transverse direction. 

During the nonequilibrium phase (open symbols) the transport calculations show much higher temperatures (or 
energy densities) than the 'experimental' chemical freeze-out confgurations at all bombarding energies (2 11 A.GeV). 
These numbers are also higher tha.n the cri th1 point (circle) of (2+1) flavor - Lattice QCD calculations by the 
Bielefeld-Swansea-collaboration [2] (large open circle) and by the VITuppeitral-Budapest-collaboration [l] (the star 
shows earlier results from [l]). The energy density at p,,Tc is in the order of M 1 GeV/fm3 (or slightly below). 
At RHIC energies a cross-over is expected at Illidrapidity, when stepping down in temperature during the expamion 
phase of the 'hot, fireball'. The bmyon chemical potential pg for different rapidity intervals at RHIC energies has been 
obtained from a statistical rilodel analysis by the BRAHMS Collaboration based on measured antihadron to hadron 
yield ratios [ll]. For midrapidity one finds p~ N 0, whereas for forward rapidities p~ increases up to p~ N 130 MeV 
at y = 3. Thus, only extended forward rapidity measurement (y M 4 - 5) will allow to probe large p~g at RHIC. The 
detectors 3.t RHIC at present. offer only a limited chemical potential range. To reach the &st order phase transition 
region at midrapidity, the Internationa.1 Facility at GSI seen= to be the right place to go. This situation changes 
at lower SPS (and top AGS) as well as at. the future GSI SIS-300 energies: sufficiently large chemical potentials 
p~ should allow for a first order phase transition [12] (to the right of the critical point in the ( T , ~ B )  plane). The 
transport, calculations show high temperatures (high energy densities) in the very early pha,se of the collisions, only. 
Here, hadronic interactions a.re weak due to formation time effects and yield little pressure. Diquark, quark and gluon 
interactions should cure this problem. 

B. Open charm and charmonia at SPS and RHIC 

Open charm a,nd charnionium production at SPS and RHIC energies has been cdculated within the HSD and 
UrQMD tmnsport. approaches [13] using parametrizations for the elementary production channels including the 
charmed hadrons D, D ,  D*,  o*, Dsr B,, Df, D:, J / @ ,  @(25), xzC from hTN and 7rN collisions. The latter parametriza- 
tions are fitted t.0 PYTHIA calculations [14] above f i  = 10 GeV and extrapo1a.tte.d to the individual thresholds, while 
the absolute strength of the cross sectioas is &xed by the experimental data. as described in Ref. [15]; for previous 
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FIG. 2: The J / @  suppression as a function of the t.ransverse energy ET in Pb + P b  collisions at 160 AeGeV. The solid line 
shows t,he HSD result within the comover absorption scenario [19]. The different symbols stand for the KA50 data [20] from 
the year 2000 (analysis A,B,C) while the dashed histogram is tthe UrQhID result. [18]. 

works see [16-18] Backnwd cha.nnels 'charm + anticharin meson 4 cha.rinonia + meson' are treated via detailed 
balance in a more schematic in6eract.ion model with a single parameter or matrix element ]MI2 that is fixed by the 
J / Q  suppression data from the KA50 collaboration a.t SPS energies (cf. Ref. [IS]). 

We recall that cha.nnoniuni suppression had been proposed as "the clearest" QGP-signature and the community 
has been riding on this folklore for ahnost two decades. Hence, these detailed comparisons come as a shock: The 
Pb + Pb results at 160 AGeV, both from UrQMD and HSD transport calcnlations axe well in line with the data of 
the NA50 Collaboration in Fig. 2: where the J / Q  suppression is shown as a function of the transverse energy ET. 
The solid liue stands for the HSD result within the coinover absorption scenario while the vaious dat8a points reflect 
the NA50'data from the y e a  2000 (analysis A,B,C). The data have moved so that they agree now with the HSD and 
UrQRfD calculations [18] (dashed hist0gra.m in Fig. 2). We mention that t,here night be alternative explanations 

P 
.I 

.I I I 

Y) 

t 
V 
h 0.15 
2 
s 

2 

C 

Ir 

0.10 

II x 
x 
v 

0.05 G 
.? 
ep 

0.00 c, 

PHENIX, preliminary: 

1 . 1 1 1 . I . I . I . I . I .  

0 50 100 150 200 250 300 350 

Number of participants 
10 

FIG. 3: The calcu1at.d J / Q  multiplicity per binary collision - multiplied by the branching 60 dileptons - as a. function of 
the number of participating nucleons: NPaTt; in comparison to the preliminary data from the PHENIX collaboration [23] for 
Au. + k u  and p p  reactions (t.aken from R.ef. (191). 
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for J /Q suppression, as discussed in Refs. [21, 221 and/or further (dissociation) mechanism,, not considered here. 
However, for the purposes of the present review it is sufficient, to point. out that 

a) no sign of unusual physics can be rela.ted to the J / Q  dat,a and 
b) the modeb employed here (cf. Figs. 6 and 7 in [lq) use upper limits for the dissociation cross sections and do 

not lead to a. sizeable re-crea,tion of chmonia by D + D channels at SPS energies. 
At RHIC central -42~ + Au collisions at 4 = 200 GeV will, however: produce multiplicities of open c h a m  pairs 

about. 2 orders of magnit.udc larger than at 160 AGeV, such that a much higher J / Q  reformation rate (- A&) is 
expected (cf. Ref. [22]). At RHIC t,op energy, 4 = 200 GeV, the J / Q  comover dissociation may no longer be 
important. since the cha.rmonia. dissociated in this channel a.re approximately recreaked in the backward cha.nnels. 
Hence, the J /Q dissociation at RHIC should be less pronounced than at SPS energies. 

The preliminary data of the PHENIX Collaboration [23] 'allow for a first glance at the situaOion encountered in 
Au + Au collisions at 4 = 200 GeV. Fig. 3 shows the J / ~ J  inultiplicit.!; per binary collision as a function of the 
number of participa.ting niicleons in comparison to the data at. midra.pidity. The statistics is quite limited; 
thus no final conclusion can presently be drawn. However, the data neither suggest a dramatic enhancement of J / Q  
production nor a complete 'melting' of the charnionia in the QGP phase. 

C .  Historical Interlude 

Hydrodynamic flow and shock formation has been proposed early [24, 251 as the key mechanism for the creation of 
hot and dense ma.tter during relativistic heavy-ion collisions. The full three-dirnensional hydrodynanlical flow problem 
is much more complicated than the onedimensional Lmdau model [26]: the 3-diniensional compression and expansion 
dynamics yields complex triple differential cross-sections, which provide quite accurate spectroscopic handles on the 
equation of state. The bounce-off, zll(py), the squeeze-out, VZ(PT), a.nd the a.ntiflow [27-311 (third flow component 
132, 331) serve as different,ial barometers for the properties of compressed, dense matter from SIS to RHIC. The most 
employed flow observables are: 

2'1 = (E) 

Here, p ,  denotes the moment.um in z-direction, i.e. the transwrsa.1 momentum witshin the reaction plane and pv the 
transversal monientum out of the reaction plane. The total transverse momentum is given as PT = ,/-; the 
z-axis is in the beam direction. Thus, flow 2i1 measures the "bounce-off, i.e. the strength of the directed flow in 
the reaction plane, and 2!2 gives the strength of the second moment of the azimuthal pa.rticle emission distribution, 
the so-called "sqiieeze-~ut.~~. [24, 25, 27-31]. In particular, it h3s been shown [25, 27-31] that the disappearence or 
"colla.pse" of flow is a direct result of a first order phase transition. 

Severa.1 hydrodynamic models have been used in the past., starting with the one-fluid ideal hydrodynamic approach. 
It8 is well known that the latter model predicts far too large flow eiff..ct,s. To obtain a better description of the dynamics, 
viscous fluid models have been developed [34-36]. In parallel, so-called three-fluid models, which distinguish between 
projectile, target a,nd the fireball fluids, have been considered [37]. Here viscosity effects appear only between the 
different fluids, but not inside the individual fluids. The aim is t,o have at our disposa.1 a. reliable, three-dimensional, ' 
relativistic three-fluid model including viscosity [35, 361. 

Flow can be described very elegantly in hyyrlrodjaamics. However, also consider microscopic multicomponent (pre-) 
hadron transport theory, e.g. models like qhlD [38], IQMD 1391, UrQA4D [40] or HSD [41], 8s control models for 
viscous hydro and as background modek to subtract interesting non-hadronic effects from data. If Hydro wit*h and 
without, quark matter EoS, hadronic transport models without quark matter - but with strings - are compa.red to 
data, can we learn whether quark matter has been formed? What degree of equilibrntion has been reached? What 
does the equation of sta.te look like? How are the pmticle properties, self energies, cross sections changed? 

To estima.te systematic model uncertainties, the results of the different microscopic transport models a,lso have to be 
carefully compared. The two robust hadron/string based models, HSD and TSrQMD; a.re considered in the following. 
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FIG. 1: Left: Sideward flow pr = 
AGS. Right.: The same directxd flow data for p and A compared t o  UrQMD calculations for b < 7 fm 1451 . 

. p~ of K, A and p's at 6 A.GeV as measured by EX95 in semi-central collisions at. the 

Au +Au 

-1 0 1 

Y/Ym 

FIG. 5:  Directed flow from ideal hydrodynamics with a Q G P  phase (open symbols) and from the Quark Gluou String Model 
without QGP phase (full symbols) [32] . 

D. Review of AGS and SPS results 

Microscopic (pre-)ha,dronic transport models describe the formation and distributions of mmny hadronic particles 
at AGS and SPS rather well [42]. firthernlore, the nuclear equation of state has been extracted by comparing t.0 flow 
data which me described reasonably well up to AGS energies [32, 43-47]. 1dea.l hydro calculations: on the other hand, 
predict far too much flow at these energies [34]. Thus: viscosity &e& have to be taken into account in hydrodynamics. 
In particula,r, ideal hydro calculations are fact,ors of two higher than the measured sideward flow at SIS [34] and AGS, 
while the directed flow p X / m  niea.surenient of the E895 collaboration shows that the p and A dat,a a.re reproduced 
reasoi1a.hl-y well [45] (Fig. 4) in UrQhfD. i.e. in a hadronic transport theory nrith reasonable cross-sections, i.e. realistic 

Only ideal hydro calculat.ions predict,, however the appearance of a so-called "third flow component" [32] or 
' incan-free-path of the constituents. 
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FIG. 6: Tim<\ evolution of directed flow p, /N 3s a function of rapidity for AufAu collisions at 8 A-GeV in the one-fluid model. 
Left: Hadronic EoS without phase transition. Right: An EoS including a first order phase transition to  the QGP [48]. 

"antiflow" [48] in central collisions (cf. Fig. 5). viie stress that this only holds if the matter undergoes a first order 
phase trausition to the QGP. The signal is that around midrapidits; the directed flow, ~ ~ ( 9 ) :  of protons develops a 
negative slope! In contrast, a hadronic EOS without QGP phase transition does not, yield such an exotic "antiflotv" 
(negative slope) wiggle in the proton flow ~ ( y ) .  The ideal hydrodynamic time evolution of the directed flow, p 2 / N ,  
for the purely hadronic EoS (Fig. G 1.h.s.) does show a clean 1inea.r increase of pS(y): just as the microscopic transport 
theory (Fig. 4 r.h.s.) and a.s the data (Fig. 4 1.h.s.). For a,n EOS including a. first. order phase transition to  the 
QGP (Fig. G r.h.s.) it, can be seen, however, that, the proton flow 211 N p 2 / p ~  collapses; the collapse occurs around 
midrapidity 
This observation is explained by an antiflow component of protons: which develops when the expansion from the 
plasma sets in [49]. 

The idea,l hydrodynamic directed prot.on flow p ,  (Fig. 7) shows even negative values between 8 and 20 AaGeV. An 
increase back to positive flow is predicted with increasing energy. when the compressed QGP phase is probed. But, 
where is the predicted minimum of the proton flow iu the dah?  The hydro calculations suggest this "softest point 
colla,pse" is a,t  EL^^ M 8 A.Ge\r. This has not been verified by the AGS data! However, a linear extrapolation of the 
AGS da.ta indica.t.es a collapse of the directed proton flow at E c ~ , ~  x 30 A-GelT (Fig. 7). 

R.ecent.l,v, subst,antial support for this prediction has been obtained by t,he low energy 40 A-GeV SPS data of the 
NA4Y collaboration [51] (cf. Fig. 8). These da.ta clearly show t,he fist prot,on "ant.ifloW" mound mid-rapidity, in 
contrast to the AGS data. tls well as to the UFQMD calculations involving no phase transition (Fig. 9). Thus, at 
bombarding energies of 30-40 ASGeV, a. first order phase transition to the baryon rich QGP most likely is observed; 
the first order phase tra.nsit.iou line is crossed (cf. Fig. 1). This is the energy region where the new FAIR,- facility at 
GSI will operate. There are good prospects thw.t the baryon flow collapses and other first order QGP phase transition 
signals can be studied soon at the lowest SPS energies as well as at. the RBIC frag:nenta.t,ion region 9 > 4 - 5. These 
experiments will enabk a detailed study of the first order phase transition at high p~ and of the properties of the 
ba.ryon rich QGP. 
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FIG. 7 hfeawred SIS and AGS proton dp,/dy-slope data compared to a onc.-fluid hydro calculation. A linear extrapolation of 
the AGS data indicates a collapse of flow at ELab 30 A.Ge\'. i.e. for the lowest SPS- and the upper FAIR- energies at GSI 
[SO].  

Y* Y' 

FIG. 8: 111 ai SPS. 10 A-GcV and 158 A-GeV [51] . The proton antiflow is ohserved in the YA1Ft-experiment even at near 
central collisions. which is in contrast to the UrQMD-model involving no phase transition (Fig. 9). 

11. PROTON ELLIPTIC FLOW COLLAPSE AT 40 A.GEV - EVIDENCE FOR A FIRST ORDER PHASE 
TRANSITION AT HIGHEST NET BARYON DENSITIES 

At SIS energies microscopic transport models reproduce the data on the excitation function of t.he proton elliptic 
flow 7.12 quite well: A soft? illomenturn-dependent equation of stnte [52-54] seems to account for the data. The 
observed proton flow 'u2 below rr. 5 A.GeV is snider  than zero; which corresponds to the squeeze-out predicted b;v 

185 



8 

0.16 
0.08 
0.0 

-0.08 
-0.16 

CO GeV Pb+Pb 

0 

e 

-3 -2 -1 0 1 2 3 
rapidity 

FIG. 9: Proton and pion flow 111 = p z / l ) ~  at 40 A.GeT’ as obtained within the UrQkID model. Yo proton antiflow is generated 
in this hadronic transport theory without phase transition. 
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FIG. 10: ,112 excit.ation function of protons at. the AGS. The E895-EX’i’i data s h o ~ ~  the transition from squeezeout to in-plane 
proton elliptic flow at 4-5 h.GeV: the UrQMD calculations show a strong sensitivity t.0 the EoS [As]. 

hydrod.ynainics long ago 129, 2.5. 27-31]. The AGS da.t,a (Fig. 10) exhibit. a. t.ransition from squeeze-out to  in-plane flow 
in the midrapidit.y region. The change in sign of the proton ,712 at 4-5 AGeV is in accord with transport calculations 
(UrQMD calculations in Fig. 10 [45]; for HSD results see [4G1 471). At higher energies: 10-160 AGeV, a smooth 
increase of the flow v2 is predicted from the hadronic transport simulat5ons. In fact. the 158 AeGeV data of the 
NA49-collaboration suggest that this sniooth increase proceeds between AGS a.nd SPS as predicted. Accordingly, 
UrQMD gives considerable ( 3%) z12 flow for midcentral a.nd peripheral protons at 40 A.GeV - Fig. 11 [45]. 

This is in strong contrast to recent. NA49 data at 40 A.GeV (cf. Fig. 12): A sudden collapse of the proton flow 
is observed for inidcentral as well as for peripheral protons. This colla.pse of ‘u2 for protons around nlidrapidity at 
40 A.GeV is very pronounced while it. is not observed a,t. 1.58 AGeV. The UrQMD calculations, without a, phase 
transition, show a robust, but. wrong 3% flow of protons - in strong contra.st to the data. 

A dra.matic collapse of the flow 2rl is also observed by EA49 [51], ilgsin around 40 A.GeV, where the collapse of 
02 has been observed. This is the highest energy - according to [I: 21 and Fig. 1 - at which a first order phase 
transition c m  be rea.ched at. the central rapidities of relativistic heavy-ion collisions. \lTe, therefore, conclude that 
a. first order phase tmnsition at. the highest ba.ryon densities m:c:c?ssiblt? io natura has been seen at. these energies in 

. 
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FIG. 11: Elliptic flow 212 of protons (lower frame) and pions (upper frame] versus rapidity for Pb+Pb collisions at 40 A-GeV 
from the UrQhfD calculations 1451. 
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FIG. 12: Elliptic flow 212 of protons versus rapidity at 40 A.GeV Pb+Pb colIisions (311 as measured by ?,'A49 for three centrality 
bins: central (dots), mid-central (squares) and peripheral (triangles). The solid 1inc.s are polynomial fits to the data [51]. 

PbfPb collisions. hIoreovcx, Fig. 13 shows that the elliptic f l o ~  clearly distingnishes between a fist order phase 
transition and a crossover. 

In. STRONG COLLECTIVE FLOW AT RHIG SIGNALS A NEW PHASE OF MATTER 

The rapid thee-body thennalization found by Xu cmd Greiner (cf. Sec. 1V.A) justifies a posteriori the use 
of hydrodpa.inica1 calculations for the time evolution of the complex four-dimensional eqa.nsion of the plasma. 
However: there is no justification for the use of simple ideal hydrodynamics (Le. neglecting the important transport 
coefficients) and simple, sino0t.h initial conditions in l~ydrodynaniics [35, 36. 5131. PIlOBOS da.ta a,t. fi= 130 GeV 
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FIG. 13: Timi evolution of t.he moment,um anisotropy 1'2 for a cros6 over Ens. Both, in- and off-equilibrium calculations (upper 
. lines) show no drop of the flow .oz.' The calculation w i t h  a first, order phase transition off-equilibrium (lower line) shows - on 

the other hand - the collapse of 413-flow of protons. Hence. t,he collapsc is only possible for a first order transition [55]. 

and 200 GeV suggest energy independent 7-12 (7) distributions. Furt,liemiore, t,he observed distribution has a triangular 
shiipe. This finding is in strong disagreement with Bjorken boost invariant hydro predict.ions [12, 571, which fit only 
the rnidrapidity region.. The predicted average prot.on v2-values obtained from the SPHERIO hydro code with NEXUS 
initial mnditons (Fig. 14, [56 ] )  are by factors of two higher than simple> smooth initial state hydrodynamic calculations. 
This indica,tm that ideal hydro with naive smooth initial conditious .- as used by rriany a.uthors - do not describe but 
&her fit the data. Strong viscosity ef€ects can play a role for particles nrith p~ < 1.2 GeV/c: a decent description 
of the dynamics requires, however, relativisttic viscous hyd~-o simulations [35, 36, 591. The KexSpherio simulations 
(Fig. 14, [58]) predict very large event-by-event fluctuations of 2'2 mused by the strongly fluctuat.ing initial conditions 
(given by NEXUS). Is this in wcord with data? What about the effect. on t,he t?vent. plane determination? 

FIG. 14: Elliptic flow 112 of protons as a funct.ion of p r  for different rentralities. NexSpherio idea.1 hydro results exhibit about 
a fac!tor of two higher prot.on-vZ-values than the PHENLX data up t,o l - ) ~  = 1 Gc:i/c. Furthermore, the fluctuations in the 
NEXES initial conditions for the SPHERIO- ideal hydro simulation reflect > 50 % wwt.-by-event, fluctuat.ions of the proton-r72 
values. Only large viscosity effects can damp out the too large si12 flow itself as n7e.ll as t.he fluctuations h U Z .  

Microscopic transport siinulations of particle yields, &V/& distributions, etc. give a good description of the RHIG 
Au+Au dat.n [19]. The HSD and UrQMD transport approaches are based on string, quark, diqiiark (q ,Q :qq ! i j )  
as well as hadronic degrees of freedom. At R.HIC, UrQMD and HSD yield reasonable a.buuda.nces of light hadrons 
composed of u, d, s quarks Do they also predict, the collective flow properly? The UrQMD prediction is clearly not 
compatible with the measured G% elliptic flow - it. is sizeably underestimated [GO]. TVhen shortening the formation 
time [GO] one can get the model results closer tyo the data (Fig. 15) biit more additional initial pressure .- needed to 
create the missing extra flow - is not justified in t.hc ha,dronic transport. niodds. -4t high trmsverse momenta @T M 2 

For a more recent survey on hadron rapidity distributions from 2 to 160 AGeV in central nucleus-nucleus collisions within the HSD 
and VrQlID transport qproaches we refer the reader to Ref. 1421. 
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FIG. 15: High p7-  v a  values as a function of Npa,.l as measured by STAR are compared to HSD calculations. The 112 data are 
more t.han 5 times higher than the HSD model Dredict,ions for the most. central collisions [MI. 
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FIG. 16: The elliptic flow for charged hadrons (HSD. solid lines) as R function of pseudorapidity 77 (upper part) and as a 
function o f  the number of 'participating nucleons' Apurt for 1711 5 1 (lower part) for -4.u + Au collisions at f i  = 200 GeV: in 
comparison to  the preliminary 'hit.-based analysis' data of the PHOBOS Collaboration [G3] .  Note. that in spite of the shortened 
formation. T = 0.8 fm/c. HSD clearly underpredicts t,he data even at! the moderat.s y.r.-values dominating the p.r. integrated 
?!2-valiies shown here. At, higher ppvalues, Fig. 15, the discrepancy to the data is more dramatic. 

GcV/c) the u2-Aow is underestimated even by a fact,or of three (Fig. 15) in the HSD model [GI]. %k mention that 
the microscopic qiiark-gluon-string model inserts in a,ddition short distance vector repulsion in order to achieve high 
flow values [62]. 

Is a. transport approach - based 011 strings and hadronic degrees of freedom - adeqmte in the initial st.age of 
nucleus-nucleus collisions at, RHIC energies, where the quark-gluon plasriiz is formed? Well, the particle abundancies 
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show a rather srnoot,h evolution fsom SIS to RHLC energies [G3' 651. However, the effective pa.zt,onic degrees of freedom 
in t,he initial phase are needed to supplj- the large pressure obviously nietded to  describe the elliptic flow at RHIC 
energies. Even 'early' hadron forination - as in HSD with 7 = 0.8 fm/c -. and 'large' (pre-)hadronic interaction cross 
sections are insufficient t,o explain the u2 flow data.. This is denionstnrted in Fig. 16, which shows the calculated 
ellipt,ic flow 2i2 f s o i ~  HSD for charged hadrons (solid lines) a,s B functior? of 1-he pseudorapidity 7 (upper part.) a,n$ as 
a function of the number of 'participating nucleons' ATpa,! [iowr pa.rt) for 1~11 5 1 in comparison to the preliminary 
'hit-based analysis' dat.a of t.he PHOBOS Collaboration [63]. The HSD result,s are very similar t,o those of the hadronic 
resfattering model by Hunianic et al. [66, 671 and a.gree with the calculations by Sahu et al. [6&] performed within 
the hadron-string casca.de model JAM [69]. 

IV. EARLY THERMALIZATION AT RHIC - EVIDENCE FOR A NEW PHASE 

A. Elastic and inelastic multi-particle collisioiis in a parton cascade 

To describe the ea.rly dynamics of ultrarelativistic heavyion collisions and to address the crucial question of ther- 
malization and the early pressure build up at RHIC, unexpectodlj- high clastic pa,irton cross sections have been assumed 
in parton cascades [TO: 711 in order to reproduce the elliptic flow 712ip.i.) seen expc3riment~ally at RHIC. These cross 
sections are about 1 / 9  of the baryon-ba.ryon total cross section (N 45 I&) or 1/Ci of the meson-baryon cross sect,ion 
(W 30 mb), such tha.t the tiffective cross section for the constituent quarks and antiquarks is roughly the same in the 
partonic and hadronic phase, however' tenfold higher than the cross sections calculated in pQCD. 

It has been a grea.t puzzle until recently: when Xu and Greiner develorbed ti consistent three-body kinetic parton 
cascade algorithm [72. 731. These st,ochast.ic inelastic ('Bremsstrahlung') 2 -+ 3 and 3 - 2 collisions (gg t) ggg) 
drive early t.heima.lizat.ion: rather than the two-body elastic collisioiis, which a.re too strongly forward peaked. A 
quantitative understanding of the early dyna.inic,al stages of detonfinc?d matter is finally in sight. P,?rt.on cascade 
andgses incorporating only binary 2 +-+ 2 pQCD scattering processes can not build up thermalization and ea,rly 
quasi-hydrodynamic behaviour necessary for achieving sufficient elliptic flow. The importmce of inelastic reactions 
was ra,ised in the so called 'bottoiii-up t?herrnaliza.tion' picture i74]: gluon mriultiplication leads to a much faster 
equilibration. 

FIG. 17: Time evolution of t,he inidrapidity transverse rnoment,um spectrum for a centra.1 RHIC collision from the three- 
dimensional Xu-Greiner-parton cascade simulation [72, 731 (prelimeiaary resnlts are from ['is] - including transverse expansion). 
Only partons residing in a central cylinder of radius R 5 5 fm are plotted. The initial off-equilibrium conditions are given 
by a rninijet distribtit,ion with corresponding overlap function in spacct.ime. At. i = 0. only minijets with p~ > 2 GeV/c are 
populated. Energy degradation t o  lower momenta proceeds by rapid gluon emission within the first; fm/c. (Quasi-)kinetic a.nd 
chemical equilibrium is found up to 4 fm/c.  Here longitudinal and transversd hydrodynamic work is at action, resulting in a 
rapid lowering of the temperature by a factor of t,wo. On the other hand. z small fraction of the initial non-equilibrium high 
momentum power-Paw tail of the inini-jet production survives even in this central cell. 
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Xu a.nd Greirier consider - besides gluon- and quark- two-body elerniciit,ary parton-parton scatterings - three-body 
processes gg fi ggg in 1ea.ding-order pQCD. They employ effective Landnu-Poi~ieranch~-~/figdal suppression a,nd 
standard screening Inasses for the ir1fra.re.d sector of the scattering amplitude. 

The early stage of gluon production in the Xu-Greiner (X-G) appsoach (Fig. 17) leads to a rapid kinetic equilibration 
of the momentum distsibution as well as to a rz,ther abrupt lowerizq of the te1npera.tm-e by soft gluon einission. Detailed 
balance aniong gain and loss contributions is reached rapidly, too. The later, slower time evolution is then governed 
by chemical equilibration of the quuk degrees of freedom. The X-G casca.de docs allow to study in detail RHIC- 
collisions with vuioiis initial conditions l i e  iniiiijet.s or color glass condensate (CGC). Fig. 17 depicts a prelirrlinary 
calculat.ion [75] using minijet-initial conditions. 

Thermalization and chenlicitl equilibration - as proposed in the bottom-up scenario [74] - can thoroughly be tested 
within this appsoach. The impact parameter dependence on the trausversct energy is used to understand elliptic a.nd 
transverse flow at  RHIC wit.hin t.his new kinetic parton cascade) with inelastic 3 -+ 2 and 2 - 3 interactions. 

V, HOW MUCH QUENCHING OF HIGH p~ HADRONS IS DUE T O  (PRE-) HADRONIC FINAL 
STATE INTERACTIONS? 

A (mini-)jet h RHIC can produce ha.rd particles; with p~ above 5 GcV/c? hut milst a.lso form soft particles with 
p~ around 2 GeV/c. Jets produced in the center of the plasma zone have bo pass first through the parton phase at 
very high tenipcrat.ures, then t,hrough the correlated diquurk and const.ituent quarks and finally through the hadronic 
phase that has build up psefererit.idly close to the surface of the fireball. Very high p~ jets with y 3 10 nlaterialize 
only far outside of the plasma. Most of the jets - observed at RHIC .- arc at p~ z 4 - 5 GeV/c. More than 50% of 
the leading jet par t ich at p7z N 5 GeV/c are lmryons. Pion jets of 5 GeV haw a. 7 = 35, i.e.: they fonn far outside 
the plasma. Ho~~ever,-~SD-PYTHIA-calcula.tions [76] show that, many pions st,em from decaying rho-jets. But ,  p’s 
and protons of 5 GeV ham 7 = 5 .  Thus, p and p-jets hadronize with roughly 50% probability [61, 771 while passing 
through the expa.iiding bulk matter. All pa,rtonic and ha.dronic riiodels ham failed by facttors of 5-10 to predict the 
observed high baryon abundance. 

The PHENIX [78] and STAR. [79] collaborations report,ed a suppression of meson spect,ra for transverse nionienta p~ 
above N 3 GeV/c. This suppression is not obsenred in d+Au intxxactions at  t.he sanie bornbarding energy per nucleon 
[80, 811 and presents dear evidence for the presence of a new form of rmt t cx .  However; it is not. clear at present how 
much of the observed suppression can be at,tribut,ed to (pre-)hadronic interactions (FSI) [77]. (In-)elastic collisions of 
(pre-)ha,dronic high momentum states with sonic of the bulk (pre-)hadrons in the fireball can contribute in particular 
to the attenuation of p~ M 5 GeV/c transverse rnornentum hadrons at. RHIC [7G]: Most of the medium nionientum 
(pre-)hadrons from a +5 GeV/c double jet, will materialize inside the dense pbsma; their transverse mon1ent.a being 
0-4 GeV/c. The particles are donlinaiitly p‘s, IC’s a.nd baryons at. p~ > 2.5 GeV/e - hence their fornlation time is 
y r ~  M 4 fm/c in the plasma rest kanie. The time for color neut.ri?liza.t,ion can izlso be w?y small [82] for the leading 
particle due to early gluon enlission. 

The (pre-)hadronic interactions with the bulk of the (pre-)hadronic coIn0vm-s then biust have clearly an effect: they, 
too, suppress the pT-spectrum [77], (1u)elastic reactions of the fragmented (,pre-)hadrons with (pre-)hadrons of the 
bulk system cannot be described by pQCD: The relevant. energy scale & is R few GeV. Such (in-)elilstic collisions 
are vesy efficient for enesgy dc.E;rada.tion since n m q  hadrons with lower energies are produced. On the average, 1 to 2 
such interactions cau account for up to 50% of the attenuation of high JIT hadrons at. RHIC [77]. Hence, the hadronic 
fraction of the jet-attenuation had to be addressed. 

In Ref. [61] t-he HSD transport. approach,[41] is employed. Moderate to high triinsverse momenta (> 1.5 GeV/c) 
are incorporated by a superposition of p i p  collisions described via PYTHI.4 [14]. In A4u+Au collisions, the formation 
of secondary hadrons is not. only controlled by the formation time ~ f ,  but also by the energy density in the local rest 
frame. In [61]; hadrons are not allowed to be foriried if the energy density is above 1 GeV/fm3’. The interaction of 
the leading and energetic (pre-)hadrons with the soft hadronic and bull< matter is thus explicitly modeled. 

Figs. 18, 19 show the nuclem niodification factor 1761 

for the most central (5% centrality) Au+Au collisions at RHIC. The Cronin enhancement is visible at all momenta. 
Hadron formation time effects do play a substantial rob in the feu: GeV region: since heavier hadrons (K*’s, p7s, 

’ This energy density cut. is employed in the default HSD approach. 
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FIG. 18: The suppression fartor R-4.4 (3) of charged hadrons at S!? (10%) central A 7 1  + Au collisions (&=200 GeV) at 
mic!rapidity (hatched band). The experimental data are from Refs. [23. 851 snd show clearly that an additional partonic 
suppression is neded (talreai from Ref. [ G l ] ) .  

protons) are forriled 7 times t?a.rlier than the rather light pious in the c m  frame at fixed transverse moinentum due 
to the lower Lorentz boost y < 5. It was shown in [61] that for transverse inon1ent.a p r  2 6 GeV/c the int#eractions of 
fornied hadrons are not able to explain the att*enuation observed experinientall;rr.i.lly. However: the ratio R.AA is influenced 
by interactions of formed (pre-)hadrons in the pr = 1 . . . 5  GeV/c range [61]. A similar behaviour has also been found 
iu UrQMD siIniilat?ions [83]. 

As pointed out befort:, the suppression seen in the calculation for larger t.ra.xwersc monientum hadrons is due to 
tzhe interactions of the leading (pre-)hadrons with target/project.ile nucleons and the. bulk of low momentum hadrons. 
It is clear that t.he experimentally observed suppression can not be quantita.t.ively described by the. (pre-)hadronic 
attenuation of the leading particles [Sl]. The ritt.io RAA (3) decrea.ses to a d u e  of about 0.5 at 5 GeV for central 
collisions, whereas the data are: around RAA M 0.25. 

To check: how robust t.his HSD estimate is, alternative models for the leading pre-hadron cross section halre been 
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FIG. 19: Same as Fig. 18. but with a leading cross sect,ion accordilly to eq. (4) for the pperturbative high JIT particles. The 
observed attenuation is more than doulile the value! 
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studied in [el] by adopt.ing a tinie--dependent. color-transpa.renc~-lIlotivated cross sect.ion for leading pre-hadrons [84] 

for T - TO 2 ~ f ,  where TO denotes the a.ct.ua1 production time, T! t.he formation time. a.fter which the full hadronic 
cross section is reached. 

Within this scenario the attenuation is 35% at p~ w 5GeV/c (see Fig. 19), wliile the da-ta show more than 
double t11e attenuation. Thiis, (pre-)hadronic jet. int,era,c.tions cannot. provide. a quantit.at,ive explanation for the jet 
suppression observed. They do provide, however, a sizable (30 - 50%) coutribution to the jet quenching. 

For particles obserwble with momenta pr 2: 4 GeV/c, the HSD transport. calculation predicts that still  1/3 of 
the final observed hadrons hive. suf€ered one or more interactions, whereas the other 2 / 3  escape freely, i.e., wit.hout 
any intoraction (even for central collisions). This implies that tha final high p1’ hadrons originate basically from the 
surface. 

A. Angular Correlations of Jets - Can jets €&e the large .vpvalues observed? 

Fig. 20 [fii] shows the angular correlation of high PT particles (prNTrig = 4 .  . . fi GeV/c, p r  = 2 GeV . . . pTNTrig, 
IyI < 0.7) for the 5% niost central Au-i-Au collisions at 4 = 200 GeV (solid line) as wpll as p p  reactions (dashed line) 
from the HSD-model [E] in conipa.rison to the data from STAR for pp collisioxis [%I. Gating on high p~ hadrons 
(in the wxuuin) yields ‘nea,r-side’ coi-relat,ions in Au+Au collisions close to t hc ‘near -side‘ correlations observed for 
jet fragmentation in the vacuum (pp). This is in agreement with the experimental observation [86]. However, for 
the away-side jet correlations, the authors of Ref. [76] get only a 4 0 %  reduction, siillilar to HIJIWG, which has 
only parlon quenching and ueglects hadron rescattering. Clearly, the observed [%I coniplete dLsappearance of the 
away-side jet (Fig. 20) cmnot, be explained in the HSD-(pre-)hadronic cascade eve11 with a. small formation time of 
0.8 fm/c. H t m q  t,he correlation data. providc! mother clear proof for the existencw of the bulk plasma. 

Although (pre-)hadronic final state interactions yield a sizable (5  50%) cont.ribut,ion to the high p~ suppression 
effects observed in Au;Au collisions a.t RHIC. - 507% of the jet suppression originates fiom interactions in the plasma 
phase. The clliptic flow, 2‘2, for high transverse momentum particles i s  underestimated by at least a factor of 3 in 
the HSD trmsport calculations [61] (cf. Fig. 15). The experimentdy observed prot-oton excess over pions at transverse 
momenta pr > 2.5 GcV/c cannot be explained within the CGG approach [Fl]: in fact. the proton yield at high 
PT 2 5 GeV/c. is a fact.or 5-10 too s i ~ ~ l l .  We point out that this also holds for partoriic jet-quenching models. Further 
experixneriral data on the suppression of high rnoxnentum hadrons from d+An and A u i A u  collisions, down to  f i  = 
20 GeV, a.re desperately needed to separate initial state Cronin effects froni fin;i.l state attenuation and to disentangle 
the role of partons in the colored parton plasma from those of interacting pre-hadrons in the hot, and dense fireball. 

c an  t h ~  titt.enuation of jets of p~ 2 5 G e T / c  actmlly fake the observed ‘c2-values at p~ M 2 GeV/c? This question 
comes about since due to fragmentation and rescattering a lot of mnoinent,urn-degraded hadrons will propagate in t-he 
hexl~sphere defined by the jets. Hourever, their niomentuin dispersion ,peiyc!iidicular t,o the jet direction is so large 
that. it. could indeed fake R collective flow that. is interpreted as coining from the high pressure early plasma phase. 

011 first sight, Fig. 21 shooars tha.t this could indeed be the case: the in-plane 2‘2 correlations are aligned with thq 
jet Uxis,  the amyside bump, usua.lly a.ttributed to collective 2 9  flow (dashcd line). could well be rather due to the 
stopped. fritgiiiented and resmtt.ered away-side jet.! However, this argument is €a!sified by the out-of-plane correlations 
(circles in Fig. 21). The mar-side jet is clearly visible in the vrllley of the collective flow v2 distribution. Note  that 
2’2 peaks at’? = n/2 relative to the jet axis! The away-side jet: on the other hand: has completely va,nished in the 
out-of-plane distribution (cf. Fig. 22)! 

Where are all the jet fragrnent,s gone:’ Why is there no trwe left? Even if t.he away-side jet fragments c,ornpletely 
a,nd the fragments get stuck in the plasma, leftovers should be det ed at i~ioxiicllt;~ 1)eloRr 2 GeV/c. Hadronic models 
as well as parton cascades will have a hard time to get a. quantitative agreeizient with these exciting data! 

We propose future correlation ineasurenients which can yield spectroscopic informat,ion on the plasma. 

1. If the plasma is a c,olorelc;ctric plasma, experiments orrill - in spite of strong plasma damping - be able to search 
for wake-riding potential effects. The.trrake of the leading jet particle c ‘ m  trap cornoving companions that move 
throngh t,he pla.srna. in the wake pocket with the same speed (p~/mm) as t,hr+ leading pa.rt,icle. This can be 
particular stablc for rharmned jets due to the deadcone effect as proposed by Khazeev et a1 [87], which will 
guarantee little energy loss, i.e. constant. velocity of the hiding D-meson. The !t.ading D-meson will practically 
haw very little momentum degradation in t,he plasma and therefore t,lie wilkc: potential following the D will be 
able t.o captme t,he equal speed companion, which can be det,ectad [SS]. 
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FIG. 2 0  STAR dat,a on near-side aud away-side jet correlations comparcd t,o the HSD rnodcl for p+p and central AufAu 

colIisions at  midrapidity for pTIVTrl:g = 4.. .6 GeV/c and p r  = 2 GeX.'/c. . . ~ T X T T ~ ~ .  [cil. 761 

FIG. 21: High p~ correlations: iu-plane vs. out-of-plane correlations of the probe (jetfsecondan; jet fragments) with the bulk 
( ~ 2  of the plasma at p.r >. 2 GeV/c): prove the existeuce of the initial piasma stat.e (STAR-collaboratioon, preliminary). 

2. One may measure the sound velocity of the expanding plasma. by the emission pattern of the plasma particles 
travelling sideways wkh respect to the jet axis: The dispersive -wave geuerated by the wake of the jet in the 
plasma yields prekrential emission to an angle (relative to the jet axis) which is given by the ratio of t.he leading 
jet particles' velocity! tfevided by the sound velocity in the hot. dense p l ~ i ~ ~ t  rest kame. The speed of sound for 
a. non-iuteract,ing gas of relat,ivistic nla.sslt?ss plasma particles is e, NN & x 57% c: while for B plasma with strong 
vector interactions, e, = c. Hence, the errlission angle iiieasuremeut ran yield infornration of the interactions in 
the plasma. 
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FIG. 22: Illustration of jnt,s traveling through the late hadronic stage of the reaction. Only jets from the region close to the 
initial surfacc. can propagate aIld frapient in the vxuum [21, 76, 89, 901. Tho other jets will interact with the bulk, resulting 
in wakes with bow waves travelling transversely to the jet axis. 

VI. SUMMARY 

The BA49 collaboration has observed the collapse of both, 211- and v2-collectivo flow of protons, in Pb+Pb collisions 
at 40 A.GeV. which presents first. exidence for a. first order phase transition in baryon-rich dense matter. It will be 
possible to study the nature of this transit3on and the propert-.ies of the expected chirally restored and deconfined 
phase both at the forward fragmentation region at RHIC, with upgraded a,nd/or second generation detectors, and 
at the new GSI facility FAIR. According to Latt,ice QCD results [l, 21, the first. order phase transition occurs for 
chemical potentials above 400 GeV. Fig. 13 shows that the elliptic flow clearly distinguishes between a fist order 
phase transition and a crossover. Thus, the observed collapse of flow, as predicted in [24, 251, is a clear signal for a 
first, order phase transition at. the highest ba.ryon densities. 

A crit.ica,l discussion of the use of collective flow as a. barometer for the equat.ion of state (EoS) of hot dense matter 
at RHIC showed that hadronic rescatt.ering models can explain < 30% of the obscrved flow, 212, for PT > 2 GeV/c. 
interpret this a,s evidence for the production of superdense matter at RHIC with initial pressure way above hadronic 
pressure: p > 1 GeV/f111~. 

The fluctuations in the flow: v1 a.nd u2, should be measured. Ideal Hydrodynamics predicts that they are larger 
t,ha.n 50 % due to initial state fluctuations. The QGP coefficient. of viscosity may be determined experimentally from 
the flurt.uations observcd. 

The connection of ‘112 to jet suppression is exa,mined. It is proven experiinentally that the collective flow is not faked 
by nlinijet fragmentation and that the away-side jet. suppression ca.n only partially (< 50%) be due t,o pre-hadronic 
or ha.dronic rescattering. 

i3Te propose upgrades and second generation experiments 8t RBIC, which inspect. the first order phase tramition 
iu the fragment.ation region, i.e. at. pB M 400 MeV (y M 4 - 5 ) .  where the collapse of the proton flow a.nalogous to 
the 40 A.GcV data. should be seen. 

The study of Jet-Wa.ke-riding potentials and Bow shocks caused by jets in the QGP formed at RHIC can give 
further clues 011 the eclua.tion of stitte and t,ransport coefficients of t,he Quark Gluon Plasma.. 
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A charged hadrons @ 200 QeV 

fragmentation 
- recombination+fragmentatiorr 

... requires the assumption of a thermalized 
parton phase ... (which) may be appropriately 
called a quark-gluon plasma 

Fries et a&, nucl-th/0301087 
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To date, in Heavy Ion Collisions, there is no evidence for the 
weakly interacting Q i ‘ 9  as naively imagined by a large segment 
of the community before RHlC turn-on, ... 

E3 

4 4 We have discovered a strongly interacting medium with 
extremely high energy density whose description in terms of 
simple hadronic degrees of freedom makes no sense; 

Furthermore, we have discovered that much of the data can be 
expressed in terms of simple sca/in_q rules which suggest the 
existence of strong global constraints. -2 



B B B  Key early 
PHOBOS observation... 
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7 

n Au+Au Collisions at dsNN = 200 GeV 

It makes no sense to describe it in terms of 
simple hadronic dearees of freedom 



m m m  The high energy system is 
strongly interacting ... 



Evidence from flow: 

I .* Hit-based method 0.02 
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Energy dependence of 
particle production 

5 2. Limiting fragmentation 



-pQCD fit to e'e- 
0 PHOBOS 

1 v PHOBOS interp. 

10 

0 
1 10 IO2 10: 

\Js(GeV) 
arXiv:nucl-e~/0301017 

Note: In pp collisions, on 
average, approximately 
half the enercw goes into 
the leading barvon 

r7 

provided M: is the same 

p p  + p x =  pp  + x 

A.Brenner et a., Phys.Rev.D26 (1982) 14971 



Energy dependence of 
particle production 

I Universality of total multiplicity 
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No boost invariant central plateau seen in dN/dy 
PHOBOS 19.6 GeV 130 GeV 
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Centrality ,dependence 



Npart scalin 
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N Part scaling for 
tric collisions: 

L - - 
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4/- Au+Au central 

r\ 
PRL 91,052303 (2003) 
Nucl.Phys. A71 5 (2003) 65-74 

Centrality Dependence 
at h l<  1 
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Npart scaling for 
asymmetric collisions: 
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To date, in Heavy Ion Collisions, there is no evidence for the 
weakly interacting Q I ? ,  as naively imagined by a large segment 
of the community before RHIC turn-on, ... 

w \o 
We have discovered a strongly interacting medium with 

extremely hiah enerav density whose description in terms of 
simple hadronic degrees of freedom makes no sense; 

KJ 

Furthermore, we have discovered that much of the data can be 
expressed in terms of simple scaling rules which suggest the 
existence of strong global COnSfrainfSm 
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A critical assessment of evidence 
obtained in the first three years of 
RHIC running for QGP formation 

Raimond Snellings 
For the STAR Collaboration 



I n t rod u ct i o n 
The main goal of RHIC is to search forQGP formation in 
the laboratory and study the properties of this state of 
matter a 

We are in the process of assessing what the overall 
quality of evidence is for the formation of a QGP, based 
on the data obtained in three successful years of RHIC 
running (while being close to the end of run 4, the most successful run 40 
date where an order of magnitude more data became available) 
- Time scale: collaboration discussion June 12th , available to the 

public mid-June 
The outline of this talk: 
- Present some of the striking measurements obtained at RHIC so 

far 
- In our ongoing effort to interpret these striking observation; 

present questions to the (theory) community which we would like 
to see discussed in more detail. This will allow us to do a better 
assessment of the implications of these measurements for the 
write-up of our whitepaper 

Raimond Snellings RBRC 5/15/2004 2 
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Suppression of the particle yield 
at high transverse momenta 

-a- d+Au FTPC-AU 0-20% 
2- Q d+Au Minimum Bias 

- 

n 
i 

w 
0 
P 

0 Suppression of particle yield is a final state effect! 
0 Consistent with expectations from parton energy loss in 

a dense medium! 
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Strong suppression of the back to 
back correlation in central Au+Au 

0 

w 
8 0 

Back to back 
supression is a 
final state effect 
Consistent with 
expectations of 
parton energy 
loss in a dense 
medium 

- 0.2 
-e- - -p+p min. bias Q 
? 
2 = 
- 
ZJ 0.1 

c 
u1 m .- 
I 
\ 
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-1 0 1 2 3 4 

A @ (radians) 

Trigger particle range 4-6 GeVlc, 
associated range > 2 GeVIc 
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Aes-pAu centrality: 
20-6096 

Back to back correlations 
versus the reaction plane 

- 1  1 a L 3 4 

0 The back to back correlation depends on the 
average distance traveled through the medium! 

Raimond Snellings RBRC 511 5/2004 6 
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Identified particles at 
intermediate to high-p, 

STAR Preliminary (Au+Au @ 200 GeV) 

1 

e. 
w 3 cr" 
9 

10.' 
0 2 6 

Transverse Momentum p r  (GeVk) 
Two groups, baryons and mesons . 

At -5 GeVlc baryons and mesons seem. to approach each other 
Suggesting relevance of constituent quarks for hadron production 
Coalescence/recombination provides a description between -1.5-5 GeV/c 
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Elliptic flow at intermediate to 
high-p, 

8.2 

0. I 

0.05 

0.35 
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O.7 5 

0 1  2 3 . 4 5 0 1  2 3 4 5  

Transverse momentum pr ( ~ ~ ~ / ~ )  
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Two groups, 
baryons and 
mesons 
Suggesting 
relevance of 
constituent quarks 
for hadron 
production 
Coalescencelreco 
mbination provides 
a description 
between 1.5-5 
GeVlc 
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Identified particles at 
intermediate to. high-pt 

Baryons and mesons scaling is suggestive of importance 
of constituent quark degree of freedom in hadronization 
and suggestive of collective flow at the constituent quark 
level 

0 This scaling is compactly described in a 
coalescencelrecombination model 

w w w 

Aside from providing 'an organizing principle, what 
predictive power do these models have? Can they 
predict the correct centrality-dependence of these ratios, 
or meson vs. baryon correlations (angular or otherwise) 
at moderate pt? Does it also still work when applied on 
models with a more complete space-time evolution? 
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Id-entified particle spectra 
STAR and PHENIX data 

-1 
fa 
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'1 [I 

Q 
9 

PHENIX Phys. Rev. C 69, 
034909 (2004) 
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Identified particle spectra 
N- I Y 

lo2 8 U 

B 
T- 

w 
w 
P 
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1 

- *!2*30 n E * 3  
I I I 

0 0.5 1 1.5 2 

Massdependence 
of particle spectra 
described 
reasonably well by 
ideal 
hydrodynamics 

n y q  (GeVf8) 
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Energy dependence of v2 
NA49 Phys.Rev. C68 (2003) 034903 

N 0.06 > 
0.055 

0.05 

0.045 

0.04 

0.035 

0.03 

0.025 

0.02 

0.01 5 

0.01 

0 See: Peter F. Kolb and Ulrich Heinz, review for 'Quark Gluon Plasma 3', nucl- 
th10305084. Pasi Huovinen, review for 'Quark Gluon Plasma 3', nucl-th/0305064. D 
Teany, J. Lauret and E. V. Shuryak, nucl-th/0110037; Phys. Rev. Lett 86, 4783 (2001) 
Rather smooth dependence versus beam energy 
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Is the system in approximate 
local thermal equilibrium? 

The unprecedented success of hydrodynamics 
calculations assuming ideal relativistic fluid 
behavior in accounting for RHIC elliptic flow 
results has been interpreted as evidence for 
both early attainment of local thermal equilibrium 
and softening of the equation of state, 
characteristic of the predicted phase transition. 

0 How do w know that the observed elliptic flow 
can not result alternatively from a harder EOS 
coupled with incomplete thermalization? (D. 
Teaney, J. Lauret, E.V. Shuryak; Phys. Rev. Lett 86,4783 (2001)) 
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dependence fits into picture obtained from v, and spectra 
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HBT, spectra and v2; the soft 
sector 

The indirect evidence for a phase transition in 
the elliptic flow results comes prim’arily from the 
sensitivity in hydrodynamic calculations of the 
magnitude and hadron mass-dependence of v2 

W 2 to the EOS 

a How does the level of this EOS sensitivity 
compare quantitatively to that of uncertainties in 
the calculations, based the range of adjustable 
parameters and the failure to describe the 
spectra, elliptic flow and HBT at the same time? 

Raimond Snellings RBRC 5/1 W O O 4  21 



w 
h, 
h, 

Initial conditions (CGC) 

If there is a truly universal gluon density 
saturation scale, determined already from 
HERA e-p deep inelastic scattering 
measurements, why has it been necessary 
to refit parameters of the saturation scale 
to RHIC +A particle multiplicities? Is not 
the A-dependence of the gluon densities 
at the relevant Bjorken x-ranges predicted 
in gluon saturation treatments 

Raimond Snellings RBRC 511 512004 22 
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Critical behavior? 

W 
E3 
P 

0 

0 

a 

Is it nai've to expect non-monotonic behavior? 

Can we make a convincing QGP discovery claim 
without a rapid change in an observable 
characteristic of a phase transition? 
- Where is the smoking gun? 
Can we predict, based on what we now know 
from SPS and RHIC, at what energies or under 
what conditions we produce matter below the 
critical temperature and which observables from 
those collisions will show a non-monotonic 
behavior? 

Raimond Snellings RBRC 5/15/2004 24 



Experimental 
observationsldiscoveries 

At RHIC we showed that Au+Au collisions create 
a medium that is dense, dissipative and exhibits 
strong collective behavior 
- We observe suppression phenomena in single w 

E 
particle observables and very importantly also in the 
correlations (large acceptance) 

- We obse.rved baryon meson scaling in v,and R,, at - 
2-5 GeVIc 

- We observe strong collective behavior, manifest in all 
obsewables 

Raimond Snellings RBRC 511 5/2004 25 
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OBSERVATIONS 

Nicholas P. Samios 

These are indeed exciting, productive and historic times. RHIC was conceived as a 

machine with a huge discovery potential and it is meeting all expectations. The underlying 

theory for the physics of RHIC is Quantum Chromodynamics (QCD). This involves both 

perturbative and non-perturbative aspects of QCD. This is analogous to Condensed Matter 

Physics where Quantum Electrodynamics (QED) is the underlying theory. In both cases 

there are complex phenomena involving collective effects and phase changes. This implies 

close interaction between theory and experiment. This workshop is a major step in fostering 

such an interaction between theorists and experimentalists towards understanding the physics 

emanating fiom RHIC. 

This is also a time for some celebration in light of some major accomplishments. 

With regard to the RHIC accelerator complex it is clear that it is a well conceived and 

constructed machine. In its first years of operation it has achieved its design goals and has 

shown its versatility by running various modes. These have included Gold on Gold 

(Au x Au) at a variety of energies including full energy (100 GeV/A x 100 GeV/A): 

Deuteron on Gold at full energy, and polarized protons polarized protons at 100 GeV x 100 

GeV with 50% polarization--quite an accomplishment. On the detector domain, the concept 

of four complementary detectors, two large, two small with some kinematic overlap has bee a 

great success. The excellent performance of the four detectors coupled with the 

extraordinary capability in data accumulation and analysis have produced a plethora of new 

information and insight into heavy ion collisions. Particle multiplicities, transverse energy 

distributions, radial and azimuthal flow, nuclear modification factor for Gold Gold Collisions 

(RAA) and for deuteron Gold Collisions (RdA) as well as nuclear sizes via Hanbury-Brown 

Twiss (HBT) measurement have been made. The results are overwhelming. The lattice 

gauge theorists had predicted a phase change at RHIC energies, where all the nucleons would 

melt into quarks and gluons. The canonical thinking was that this new phase would consist 

of a gas of weakly interacting quarks and gluons and that one could calculate such a state of 

matter in perturbative QCD. Alas that is not what has been found. In fact it would have been 

dull if indeed this standard quark gluon gas were observed. Instead one has found a highly 
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dense, strongly interacting quark gluon plasma, sQGP! - Something new and completely 

unexpected. As a bonus our theoretical colleagues conjecture that another phenomena, the 

color glass condensate CGC or saturation of gluons at low momentum may have also been 

observed. We may be saturated with riches. Everyone should receive an accolade for this 

discovery of sQGP and we salute you all 

Are there lessons to be learned from the recent past, experiences in the evolution of 

physics that may be relevant for RHIC physics? Several examples come to mind. 

1) Observations of jets in hadron-hadron collisions. 

The first attempts to see jets at the Fermilab fix target facility at a proton lab energy 

of 400 GeV (27 GeV center of mass energy) were rather unsuccessful. When the energy was 

raised to greater than 40 GeV in the center of mass the evidence for jets became obvious via 

the so-called leg0 plots. This was due to both the increase in the cross section for the 

prediction of jets as well as favorable kinematics of the jet opening angle versus their 

separation. After the jets were clearly observed at the higher energies, the data from the 

lower energy were reexamined and with hindsight one could find evidence for the existence 

of jets. The lesson to be derived is that being at the right energy is important. 

2) Low Temperature Superconductivity. 

The phenomenon that some materials exhibit zero resistance at low temperatures was 

observed in the year 191 1 , low temperature superconductivity. The understanding of this 

amazing effect occurred in 1957, 46 years later. This demonstrates the experimental 

discovery is separate from its explanation. More recently, in 1987, high temperature 

superconductors have been discovered. It is now 2004, 17 years later and there is still no 

understanding of this new phenomenon. There is an interesting aside to this story in that 

Professor Krumhamsl of Cornel1 who was also President of the American Physics Society 

argued in 1989 that one should delay construction of the SSC accelerator because one could 

build it more cheaply with these new superconducting materials. Of course this was not so, 

you can’t even do it now, and as a result of his and other peoples’ lack of vision, the SSC was 

lost as well as $600 M per year in the DOE high energy budget. The lesson to be learned is 

that the theoretical understanding of a new phenomenon sometime follows many years after 

its discovery. 
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3) Elementary Particles. 

Investigation of particles and resonances began in the late ~O’S, with intense activities 

in the ‘ ~ O ’ S ,  ‘60’s and early 70’s. It is amusing to note that in the very early stages, when 

mostly the numerous decay modes of what became the K meson were being studied, Kp2, 

Kp3, Ke3, 7, Kn2, etc. Even in the early days when resonances began to proliferate, Fermi 

was quoted as saying: If I had to remember all these names I would have become a botanist. 

SU(3) came in 1964 as well as quarks a little later with deeply inelastic scattering in 1969. 

This set the stage for the development of Quantum Chromodynamics in 1974. The lesson in 

this case is that the timescale for the development of theoretical understanding is relatively 

short, of the order of 15 years. 

4) Successful Accelerators. 

The Brookhaven AGS must be considered one of the very successful high energy 

machines constructed to date. It is amazing that the proposal for this accelerator consisted of 

a six-page letter written by the Director of BNL to the AEC. The construction of the AGS 

was proposed in 1954 based on the new principle of strong focusing and built in the period of 

1956-1960. The ostensible physics justification was the increase in energy 30 GeV versus 

the Bevatron 7 GeV, and interesting features in the pion-nucleon interactions. The major 

fmdings were different: Two neutrons ’62, CP violation and in 1964, the J particle in ’74 

8-2 in 2003, etc. The other attributes leading to the success of the AGS was the constant 

improvements in its intensity from lo1’ ppp at inception to 7 x 1013 ppp today. As such the 

famous CP experiment of ’64 with several hundred hours of machine time was reproduced in 

the ‘80’s at the AGS in one pulse! The lesson to be learned is again to be at the right energy 

regime where new phenomena occur and constantly upgrade where possible. 

The other area of concern that I would like to briefly address is that of errors, 

mistakes, bad decisions. Physics is replete with incorrect publications. Among the more 

noteworthy are (1) Finding of free, fractionally charged quarks. With more particular 

attention applied to the systematics of cloud and bubble chambers this claim was negated. 

(2) A published report that there were eight reasons why the Sigma Lambda parity was odd. 

All wrong! (3) Measurements of the electron spectrum fiom’muon decay were characterized 

by a parameter p and experimental values ranged from zero and slowly went to 0.75 over a 
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number of years. The fascinating property was that each measurement agreed with the one 

preceding and following; yet the value settled down only after theory made a fm prediction. 

(4) Cold Fusion-The fusion of two deuterium nuclei in a palladium medium at room 

temperature. Great if it were real but unfortunately sloppy experimental technique 

contributed to this false report. (5) Super heavy elements-looking for a needle in a 

haystack and finding it. This allegation was pure fraud. Lesson, one has to check on one’s 

collaborators; and (6) Splitting of the A2, meson, which had the consequences of negating the 

systematics observed in meson spectroscopy which led to SU(3) symmetry and the existence 

of quarks. This involved a powerful new experimental technique, the missing mass 

spectrometer which vastly increased data taking capability ’and in principle mass resolution. 

With huge amounts of data one must be very careful of biases and systematics. Although the 

statistical validity of the split of the A2 was overwhelming, more than five standard deviation, 

it turned out to be wrong. I have been quoted as saying, give me a huge amount of data and 

five cuts and I will get you any result you want. What are the lessons to be learned from all 

these examples? You have to be honest, use good experimental technique, be critical of 

results, have redundancy and distinguish between discovery and understanding of new 

phenomena. 
. A few comments on accelerators. As noted earlier the AGS is situated in an energy, 

intensity domain that allows it to be a very productive machine even 40 years after its 

completion. This of course has-not been true of all accelerators, some have been more 

successful than others. The SPEAR electron positron collider at SLAC has also been a most 

successful machine. It also benefited by being at the right energy and luminosity, at the right 

time. Several succeeding electron positron colliders have not been as fortunate. PEP, 

DORISB and TFUSTAN were all built to find the top quark, naively expected to be at -15 

GeV, and all failed. The top was found at 175 GeV. This provided a valuable lesson, 

namely one should utilize hadron-hadron collisions to explore a broad energy range and then 

exploit any particular energy with an electron-positron collider. It’s bad to build a machine 

that is below threshold for the phenomena in question. And this is the tragedy of the 

cancellation of the SSC, a 20 TEV x 20 TEV proton proton collider, which would have 

mapped out the physics of the several TEV region. This termination occurred in 1994 and 

we won’t have the backup LHC 7 TEX x 7 TEV until 2007-2008. And as a result the Next 
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Linear Collider, NLC, will probably not start construction until 2010 or later. Not a pleasant 

story for high energy physics. 

But what does all this say about RHIC? The early evidence indicates that RHIC is in 

the correct energy range 40-200 GeV/Amu. One is seeing the effects of sQGP and possibly 

CGC. The luminosity is adequate and the flexibility and versatility built into RHIC have 

proven to be valuable assets. This is not an accident. One of the original designs for the 

superconducting magnet system was in two in one design, invented at BNL, and now being 

utilized in LHC. The present design of one on one magnets was adopted because of the 

requirements of a large energy scans as well as a wide species capability, including PA which 

proved to be invaluable. The energy choice, as noted earlier, was also appropriate. It was 

chosen to be one hundred times higher than the Bevatron and ten times larger than the 

anticipated SPS capability. The detector situation was more complex. As you may recall all 

thirteen initial proposals for detector experiments at RHIC were rejected. After resubmission 

four were approved, two large, two small detectors, complementary to each other with 

different strengths and overlapping capability. As has become evident with all four 

experiments, they have had the ability to verify nearly all the important fmdings to date. 

It is now clear that we have the proper accelerator. . We need to run it as much as 

possible in a variety of energies and species to extract the exciting physics. We need to 

upgrade RHIC by increasing the luminosity by at least an order of magnitude and then add an 

electron capability, eRHIC. It is also clear that we have the proper initial complement of 

detectors. These need to be upgraded to cover more of the interesting kinematical regions as 

well as coping with the increased luminosity. It is also clear that we have the talented people 

to accomplish the analysis, theory, data handling, calculations, etc. I would conclude by 

stating that we are all indeed fortunate to be here at BNL at RHIC and have been given the 

opportunity to partake in the rich and exciting physics to emerge fi-om this facility, now and 

over the next many years. To paraphrase and old New York saying, let us not misuse this 

golden opportunity. On behalf of RBRC, T.D. Lee and myself, I want to thank all of you for 

coming and participating in this important and historic workshop. 
\ 
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First Meeting of the RECIC Round Table Discussion Group 
Friday, May 14,2004 

We want to clarify the rationale for the way the First Meeting of the RHIC Round Table 
Discussion Group was organized. This meeting will take place in the South Room of the 
Brookhaven Center from 1-4:30 pm, Friday, May 14. It is sponsored by the RIKXN 
Brookhaven Research Center and is associated with the RBRC Workshop, New 
Discoveries at RHIC: The Current Case for the Strongly Interactive Quark Gluon 
Plasma, which will be held on Saturday, May 15. 

In order to have a reasonably coherent round table discussion, the number of participants 
in this discussion had to be limited. This limitation has been communicated to the leaders 
of the various experiments. The meeting is informal and will be entirely focused on the 
scientific issues, as such, we encouraged a minimal participation from lab management 
and representatives of DOE. Interested members of the experimental and theoretical 
community are most welcome to listen in to the discussion, subject to space limitation. 
At the end of the meeting, we will allow time for a general participation from the 
audience (a minimum time of % hour). 
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*****AGENDA***** 

All talks to be held in the Large Seminar Room,firstfloor, Physics Bldg. 510 

Saturday, May 15 

Morning Session 

8:30 AM - Registration & Coffee 
9:OO AM - Overview: The Strongly Interacting Quark Gluon Plasma, T. D. Lee (20+5) 
9:25 AM - Early Days at RHIC: T. Ludlam (20+5) 
9:50 AM - New Forms of QCD Matter Discovered at RHIC, M. Gyulassy 

10:25 AM - What RHIC Experiments and Theory tell us about Propertiis of the Quark Gluon Plasma, 
(and L. McLerran, 304-5) 

Edward Shuryak (20+5) 

Break 10:50 - 11:15 

11:15 AM - The Color Glass Condensate, J. P. Blaizot (and F. Gelis, 20+5) 
1 1 :40 AM - Hadronic Signals of Deconfinement at RHIC, Berndt Muller (204-5) 
12:05 PM - Discovery of Jet Quenching and Beyond, X. N. Wang (20+5) 
12:30 PM - Collective Flow Signals the Quark Gluon Plasma, H. Stocker (20+5) 

Lunch 12:55 - 2:OO 

Afternoon Session - Presentations 

2:OO PM - BRAHMS (20+10) 
2130 PM - PHENIX (30+10) 

Break 3:lO-3:30 

3 :30 I’M - PHOBOS (20+10) 
4:OO PM - STAR (30+10) 
4:40 PM - Obervations, Nick Samios (20) 

337 



Additional RIKEN BNL Research Center Proceedings: 

Volume 62 - New Discoveries at RHIC, May 14-15,2004 - BNL- 
Volume 61 - RIKEN-TODAI Mini Workshop on “Topics in Hadron Physics at RHIC”, 

Volume 60 - Lattice QCD at Finite Temperature and Density - BNL-72083-2004 
Volume 59 - RHIC Spin Collaboration Meeting XXI (January 22,2004), XXII (February 27,2004), 

Volume 58 - RHIC Spin Collaboration Meeting XX - BNL-71900-2004 
Volume 57 - High pt Physics at RHIC, December 2-6,2003 - BNL-72069-2004 
Volume 56 - RBRC Scientific Review Committee Meeting - BNL-71899-2003 
Volume 55 - Collective Flow and QGP Properties - BNL-71898-2003 
Volume 54 - RHIC Spin Collaboration Meetings XVII, XVIII, XIX - BNL-71751-2003 
Volume 53 - Theory Studies for Polarized pp Scattering - BNL-71747-2003 
Volume 52 - RIKEN School on QCD “Topics on the Proton” - BNL-71694-2003 
Volume 51 - RHIC Spin Collaboration Meetings XV, XVI - BNL-71539-2003 
Volume 50 - High Performance Computing with QCDOC and BlueGene - BNL-71147-2003 
Volume 49 - RBRC Scientific Review Committee Meeting - BNL-52679 
Volume 48 - RHIC Spin Collaboration Meeting X N  - BNL-7 1300-2003 
Volume 47 - RHIC Spin Collaboration Meetings XII, XI11 - BNL-7 1 1 18-2003 
Volume 46 - Large-Scale Computations in Nuclear Physics using the QCDOC - BNL52678 
Volume 45 - Summer Program: Current and Future Directions at RHIC - BNL-71035 
Volume 44 - RHIC Spin Collaboration Meetings VIII, IX, X, XI - BNL-71117-2003 
Volume 43 - RIKEN Winter School - Quark-Gluon Structure of the Nucleon and QCD - BNL-52672 
Volume 42 - Baryon Dynamics at RHIC - BNL-52669 
Volume 41 - Hadron Structure from Lattice QCD - BNL-52674 
Volume 40 - Theory Studies for RHIC-Spin - BNL-52662 
Volume 39 - RHIC Spin Collaboration Meeting VI1 - BNG52659 
Volume 38 - RBRC Scientific Review Committee Meeting - BNL-52649 
Volume 37 - RHIC Spin Collaboration Meeting VI (Part 2) - BNL-52660 
Volume 36 - RHIC Spin Collaboration Meeting VI - BNL-52642 
Volume 35 - RIKEN Winter School - Quarks, Hadrons and Nuclei - QCD Hard Processes and the 

Volume 34 - High Energy QCD: Beyond the Pomeron - BNL-52641 
Volume 33 - Spin Physics at RHIC in Year-1 and Beyond - BNL-52635 
Volume 32 - RHIC Spin Physics V - BNL-52628 
Volume 31 - RHIC Spin Physics I11 & IV Polarized Partons at High QA2 Region - BNL-52617 
Volume 30 - RBRC Scientific Review Committee Meeting - BNL-52603 

March 23-24,2004 - BNL-72336-2004 

XXIII (March 19,2004)- BNL- 

Nucleon Spin - BNL-52643 

338 



Additional RIKEN BNL Research Center Proceedings: 

Volume 29 - Future Transversity Measurements - BNL-52612 
Volume 28 - Equilibrium & Non-Equilibrium Aspects of Hot, Dense QCD - BNL-52613 
Volume 27 - Predictions and Uncertainties for RHIC Spin Physics & Event Generator for RHIC 

Volume 26 - Circum-Pan-Pacific l2IKEN Symposium on High Energy Spin Physics - BNL-52588 
Volume 25 - RHIC Spin - BNL-52581 
Volume 24 - Physics Society of Japan Biannual Meeting Symposium on QCD Physics at RIKEN 

Volume 23 - Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence at RHIC 

Volume 22 - OSCAR 11: Predictions for RHIC - BNL-52591 
Volume 21 - RBRC Scientific Review Committee Meeting - BNL-52568 
Volume 20 - Gauge-Invariant Variables in Gauge Theories - BNL-52590 
Volume 19 - Numerical Algorithms at Non-Zero Chemical Potential - BNL-52573 
Volume 18 - Event Generator for RHIC Spin Physics - BNL-52571 
Volume 17 - Hard Parton Physics in High-Energy Nuclear Collisions - BNL-52574 
Volume 16 - FUKEN Winter School - Structure of Hadrons - Introduction to QCD Hard Processes - 

Volume 15 - QCD Phase Transitions - BNL-5256 1 
Volume 14 - Quantum Fields In and Out of Equilibrium - BNL-52560 
Volume 13 - Physics of the 1 Teraflop RIKEN-BNL-Columbia QCD Project First Anniversary 

Volume 12 - Quarkonium Production in Relativistic Nuclear Collisions - BNL-52559 
Volume 11 - Event Generator for RHIC Spin Physics - BNL-66116 
Volume 10 - Physics of Polarimetry at RHIC - BNL-65926 
Volume 9 - High Density Matter in AGS, SPS and RHIC Collisions - BNL-65762 
Volume 8 - Fermion Frontiers in Vector Lattice Gauge Theories - BNL-65634 
Volume 7 - RHIC Spin Physics - BNL-65615 
Volume 6 - Quarks and Gluons in the Nucleon - BNL-65234 
Volume 5 - Color Superconductivity, Instantons and Parity @on?)-Conservation at High Baryon 

Volume 4 - Inauguration Ceremony, September 22 and Non -Equilibrium Many Body Dynamics - 

Spin Physics I11 - Towards Precision Spin Physics at RHIC - BNL-52596 

BNL Research Center - BNL-52578 

Energies - BNL-52589 

BNL-52569 

Celebration - BNL-66299 

Density - BNL-65 105 

BNL-649 12 
Volume 3 - Hadron Spin-Flip at RHIC Energies - BNL-64724 
Volume 2 - Perturbative QCD as a Probe of Hadron Structure - BNL-64723 
Volume 1 - Open Standards for Cascade Models for RHIC - BNL-64722 

339 





For information pl.ease contact: 

Ms. Pamela Esposito 
IUKEN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

Phone: (631) 344-3097 

E-Mail: pesposit@,bnl. aov - 

Fax: (631) 344-4067 

Homepage: htt-o://www.bnl.gov/riken 

Ms. Tammy Heinz 
RIKEN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

(631) 344-5864 
(631) 344-2562 
theinzabnl. gov 



RIKEN BNL RESEARCH CENTER 

New Discoveries at RHIC 
May 14-15,2004 

Li Keran Nuclei as heavy as bulls CopyrightoCCASTA 

Through collision 
Generate new states of matter. 

T. D. Lee 
Speakers : 

I. Bearden J. P. Blaizot W. Busza M. Gyulassy 
T. D. Lee T. Ludlam B. Muller N. Sarnios 
E. Shuryak R. Snellings H. Stocker X. N. Wang 
B. Zajc 

Organizers: W. Busza, M. Gyulassy, L. McLerran 




