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EXPLORING the PHASES of QCD
Rehtivistic

\ Heavy Ion
\ Collisions

Quark-Gluon Plasma

Color
SuperconductorHadron Gas

'Vacuum

M'baryon

Crystalline
Color Superconductor



c) Look on* or Mr P

rt.

- € * :: boiUKA

Cur\e



SECouV

all

coarse*



t ) Wi'tUocff Ay*i*Wd&( flTKArfes.
(t^ ?*\r c C4ctb o A -Cor b'i d A 9N .")

t

\4U

\

%

T

crutark-S

Q



it) kid.

-it

- -f Jv

Wo order

**©

• » # * r *



+Ue vacuum

u«l«f«

.

po\w+ m W



vacua*

ordered >••

<\ t



CH\UL



T&AAJ&IT/&AJ

^ I M e+n,



%. PW6

(T *** ^ faff)

*(T>U +

lt A(T 4 ) : 0 ,̂

 * JJi-

X<Tt

4A
\| »̂ - 6<r

A



How &o



APPL/C4T/0A/

QCV

M

^ * !



T(MeV)
340 510 680

VACUUM)

/ . tro&sovef



•$
I1* order or o«ltr

Crossover)

S - ^ ^ 4o dtustoer

©r



<«#*



\ tc

"•/s

FIG. 2C

FKL 2.—(oUJmils on r and ij due to ihc light cicmtnt abundances, for fi * 100. Curves >how the moit gentroni UmiU for/, = l / t lml / t = 1/64, aadnprewnt the
fonomng abundances: ;H/H - 1.8 x HT\ (JH + 'Hel/H - 1.0 x 10"4, TU/H = 1.4 x 10 '*. Y, = a2I. O24. The dubed curve a for Yt - tt243. I** hatched
area (bows the region allowed by the light dement abundances (i) Same » Fig. 2o, but for Jl = 1000. (c) Same M Fig. 2a, bul for* — 10*, / , - ]/64.



u>;U««W



Pot AS?

?o\«+>



2 ord «r





bf

"TO

"«•/<•

in a. Morrow fiu^e of 1

M ? W»



«re

ff*Mdaf4
be

evadeJ s
v,

Work* < */} . V

-fcr



k.««p
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Figure 10: Location of the deconfinement transition corresponding to the first fit in
Table 1. The error bar gives the uncertainty in Tc(0) used to set the scale, the dotted
lines reflect the error on C\ from Table 1.
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More evidence for equilibrated final state

(0
CC 1

-1

•2

p/p A/A 3/3 i2/ar/7c+K7K+K/jc-

& STAR " ^
E~ O PHENIX

D PHOBOS
A BRAHMS

—

Model re-fit with alt data
T = 176MeV, ^ = 4 1 M e V

p/7cK10/h"<t)/h" A/h" S/ha/7c"*10

-0-

Braun-Munzinger et «l., PLB 518 (2001) 41 "*™ '

p/p K/K+K/TC p/jdi/h'*50

i %

^sj^=200 GeV

Model prediction for I
T = 177MeV, Mh = 29MeV |

D. Magestro July 22, 2002
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Observed hadron ratios in agreement with thermal ratios!
T(chemical freeze-out) - 175 MeV



Particle yields at 158

All total yields measured by NA49,
including final results

for K, 71 and new preliminary Q,
fitted by F. Becattini

Hadron gas fit with partial
strangeness saturation describes

multiplicities over several
orders of magnitude

^\Q

i
I 1 0

10

-1
10

1
'I o

-5

SpS Pb+Pb collisions 158A GeV/c

A*
K . B

£$•,'•"' X2=23.5/10dof

10
-1

1 10 10
Multiplicity (therm, model)

*
I i

i i i i
it K+ K" K° p A Y S A il' Q B

All multiplicities scaled to 5% centrality,
using the ratio of pion multiplicities
(factor 1.08 for 10%, 1.38 for 20%)

Quark Matter 2002, Nantes 12 Marco van Leeuwen



Chemical freeze-out in the T-JLU plane

40 and 80 ^GeV yields also fitted
40 AGeV 80 AGeV 158 AGeV

T (MeV)
fiB (MeV)
is

148 ± 2
377 ± 7

0.75 ± 0.02
14.8/4

155 ± 4
294 ± 15

0.72 ± 0.03
10.4/4

IX-

159 ± 2
244.5 ± 4.7
0.82 ± 0.02
23.5 / 11

va- 1*7
fits by F. Becattfni

Freeze-out parameters on a
(relatively) smooth curve
Curve approaches phase boundary
in the SPS energy range

Even at RHIC, the parameters do
not enter QGP-phase

100

0

quark gluon plasma

hadrons

m NA49
A SIS, AGS
• RHIC Itt

0 500 1000

Cross-over line from Z. Fodor, S.D. Katz hep-lat/0204029

Quark Matter 2002, Nantes 13 Marco van Leeuwen
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Fig. 3. Top : Event-by-event mean pr distributions in the 6.5% most central events
at 40, 80, and 158 A GeV/c. Circles show the distributions of data events, solid lines
indicate the mixed events. Bottom: Ratio between the distributions of data events
and mixed events for 40, 80, and 158 A GeV/e.

obtained by event mixing. The mixed events are constructed from particle
momenta randomly chosen from data events of the same centrality class. Only
one particle per measured event is used for a given mixed event, and the
multiplicity distribution of mixed events is generated by sampling that of the
data events. We calculated SPT and 0PT for the mixed event samples and
found them to be consistent with zero within statistical errors at all three
beam energies.

The mixed event meanpj distributions exhibit a Gamma distribution shape [23].
The subtle but clearly significant differences between the data and mixed event
distributions are emphasized in Fig. 3 (bottom), where the ratio of the two
is shown. The real event distributions are slightly wider, indicating a small
but finite non-statistical contribution to the mean pr fluctuations at all three
energies. A preliminary account of these results was presented in [24],
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Fig. 10. The fluctuation measure EPT as function of /̂sjvjv' and of /*# at chemical
freeze-out [30], The full circles show CERES results (after SRC removal) in central
events at 40, 80, and 158 A GeV/c. The brackets indicate the systematic errors.
Also shown is the STAR result [31] at T/SAW = 130 GeV which is not corrected
for SRC. Results and statistical errors from RQMD and URQMD calculations (with
rescattering) are indicated as solid and dashed lines, respectively.

the critical point of the QCD phase diagram. At SPS energies and for the finite
rapidity acceptance window of the CERES eyperiment, the fluctuations should
reach values of about 2%, i.e. more than thre- limes larger than observed in the
present data 3 . Most important, no indication for a non-monotonic behaviour
as function of the beam energy has been observed. This suggests that the
critical point may not be located in the ps regime below 450 MeV.

The results from RQMD and URQMD show rough agreement with the data,
except for the URQMD calculation at 40 A GeV/c where SPT is negative (see
Fig. 10). We note that a positive value of 2 P T = 0.38^;^% is obtained from

3 The predicted fluctuations in the measure y/F = 1.1 in [13] corresponds to about
2% in SPT in the CERES acceptance [33].
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Early state? a barometer called "elliptic flow"

Origin: spatial anisotropy of the system when created, followed by
multiple scattering of particles in the evolving systei
spatial anisotropy -> momentum anisotropy

v2: 2nd harmonic Fourier
coefficient in azimuthal
distribution of particles with
respect to the reaction

ty

Almond sha
overlap region
in coordinate
space

X

v-, =

U-



Hydro Calculation of Elliptic Flow

. Equal energy density lines .

P. Kolb, J. Sollfrank,
and U. Heinz

•10 5 10
x(fm)

• to

x (fm)

Elliptic flow observable sensitive to eariy evolution of system
Large v2 is an indication of early thermalization

02/26/2001 30
BROOKHAVEN

ihomas Ullrich NATIONAL LABORATORY



V2 predicted by hydrodynamics

0.1

0.06

0.06

0.04

o.oa

Hydro.Calculation!

n ^ P.Kolb, \
n U. Heinz j

i
8(2001)402

pressure buildup —>
explosion
happens fast —¥
early equilibration !

0.2 0.4 0.6 0.8 1

central-* nch/nm£ 10

Hydro can reproduce magnitude
of elliptic flow for rc, p. BUT
must add QGP to hadronic EOS!!-

Similar conclusion reached by
CM Ko, et aL, Kapusta, et al.,
Bleieher, et al., among others...

>

\ + STAR
hydro

— resonance gas
RG + QGP

0.25 0.5 0.75 1
PT (GeV)
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Hadron pT spectra - all 4 experiments!

* 10

^ 10

-1
10

10"

10"

1C
• STAR 7T
• STARK"
A STARp

• Brahms sr
• Brahms K

* Brahms p
• Phenix n' • Phobos
• Phenix IC • Phobos <K+K*y2

* Phenix p '• A Phobos

BRAHMS: 1 096 central
PHOBOS: 10%
PHENIX: 5%
STAR: 5%

! 200 GeV/A Au+Au
I i i i I

as 1 1.5 2.5 3

pT (GeV/c)
Protons show velocity boost J_ to beam.
Expect if pressure build-up due to rescattering
Data well fit with: Tfo - 110-120 MeV & <pt> = 0.5-0.6



Pion and antiproton p? spectra for various
centralities

Heinz and Kolb, NPA702,269 (2002)

i 10-6
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o PHENIX
— hydro

2 2.5
pT(GeV)
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Iff2

10"4

1<T6

* * * * * * ^ ^ V T ^ S N S S ^ J

60-92%** • * . ^ S * s l T
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Nice fit up to b « 10 fm and p? ~ 3 GeV



-ft©

©r

T.)



Vt, ?T

* > .

5W<f W ??

u)«y 4©



v2 vs pT (200 GeV)
0.2

0.15

0.1

0.05

j- T- T- T -r-y ( , , , T T T j _ _ , , . , , j _

0 <T| < 1.5

200 GeV Au+Au

-f- Averaged over centrality
PHOBOS
preliminary

1 t ... I.... i_ 1 1 i t t 1 I.... 1 i J _i L._ I it I t_ 1 _t_ i t t

0.5 1 1.5 2.5 3.5

pT (GeV/c)

Mark D. Baker



V2(PT) *m niinimum bias collisions

Heinz and Kolb: hep-ph/0204061

Charged hadrons:

25

15

10

Q

. t
. —

-

A

STAR ^ ^

PHENIX ^x^~-^~
EOSQ / > ; ' '

EOSH v^Vi*' S I "

data reproduced at lowpy, deviates above 1.5-2 GeV/c



v2(pT) up to 12 GeV/c
0.5

»** 0.4

0.3

0.2

0.1

0

-0.1

&
? 0.4

0.3

0.2

0.1

0

-0.1

charged parttdM, 200 GeV
centnlity:0-10%

• - • • - ' • • ; ,

Preliminary .- I;-.-.,

8 10 12
PT(G«V/c)

. charged particle*, 200 OeV
centrstity: 30-50 %

/

Preliminary

• •.'?',

•¥

''vf-

i i"

8 10 12

0.3

0.1

0

-0.1

charged particles, 200 GeV
centralrty: 10-30 %

Preliminary

8 10 12
pT(G«V/c)

Statistical errors only

• Finite v2 up to 12 GeV/c
in mid-peripheral bin

Kirill Filimonov, Quark Matter 2002, Nantes 15
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a unique probe for physics of hot medium

schematic view of jet production
Probe: Jets from
hard scattered quarks a """ A+// leadins

^ \[// particle

Observed via fast
leading particles or
azimuthal correlations
between the leading hadrons
particles r leadins particle

But, before they create jets, the scattered quarks radiate
energy (~ GeV/fm) in the colored medium

—>decreases their momentum (fewer high pT particles)
—>"kills" jet partner on other side
—> "jet quenching"



Au-Au +s = 200 GeV: high pT suppression!

PHIENIX
YieldAuAu /{Nb ina rv>AuAu' V ^binary/AuAu

YieldPP

18

1.6

1.4

12

1

0.8

0.6

0.4

0.2

nucl-ex/0304022

°oL

Central TE° (0-10%)

Peripheral rc° (80-92%)

u
> 2-5
0)

i t i _L

Yieldpp/2

**

e 8 10
Pr (GeV/c;

A u - A u nucl-ex/0304022
i i t i i i i

50 100 150 200 250 300 350
N
part





Peripheral Au+Au data vs. pp+flow
C2(Au+ Ail)=C2(p+p)+A * (1+2vl cos(2A0))

0.3

5
Z
g

±r+

STAR200GeV|Ar||<1.4

* 60-80% Au+Au

flow: v2 = 24.4%
pp data + flow

1 I I I I I I I I I I I j I I 1 I I I I I I 1 I I I

- 3 - 2 - 1 0 1 2 3
A $ (radians)

July 23, 2002 David Hardtke - LBNL



Central Au+Au data vs. pp+flow

1.6

LU

E

1.4

-3 -2

July 23, 2002

-1

rh
STAR2OOGeV|z\ti|<1.4

* Central 0-5% Au+Au

flow: v2 = 7.4%

pp data + flow

1 2 3

A (j) (radians)

David Hardtke - LBNL



Peripheral Au + Au

jet correlations: Au+Au vs p+p
SIAR PRL 90, 0823Q2J(2QQ3)

z 02

I0-1

-3 -2

Central Au + Au

-3 -2 -1

i\
STAR 200 Q«V|dtt|<M

• 60-80% Au+Au

—flow: v2 = 24.4%. _

— pp data ffflow

, , , ,
1 2

A $ (radians)
J* mmm

STAR200GeV!dTt|<1.4

* Central 0-5% Au+Au

— new: v2 - 7.4%

pp data * f \r£

1.6

1.4

3: 1
o

<

0.2

0

=j near side -

I U
 

I I II 
I I I t I I I I I I \ I i I I

F + r

* + + J
away side

^ —

I —
—H

- 1

—I

1 - H

! ! 1 I

0 50 100 150 200 250 300 350 400

peripheral c e n t r a l
 N

P»rt

Back-to-back jets are
suppressed in central collisions!

A (j> (radians)
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Suppression: an initial state effect?

• Gluon Saturation
(color glass condensate)

Wavefunction of low x gluons overlap; the self-
coupling gluons fuse, saturating the density of
gluons in the initial state, (gets Nch right!)

probe rest frame

Gribov, Levin, Ryshkin, Mueller, Qiu,
Kharzeev, McLerran, Venugopalan, Balitsky,

Kovchegov, Kovner, lancu ...

gg->g r/y

R - 0 5
D.Kharzeev et al.( hep-ph/0210033

• Multiple elastic scatterings i^flfek, Broaden pT:
(Cronin effect)
Wang, Kopeliovich, Levai, Accardi

• Nuclear shadowing



Experiments show NO suppression in d+Au!

2
1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

• PbGI
• PbSc

4
at

6 8 9 10
pT (GeVfc)

"̂  f . •* *

70-100%
3

2

20-40%

£ £ " • « • - • • „ • •

40-70°/

4 6

(GeV/c)
2 4 6

p, (GeV/c)

PHOBOS Preliminary

1.5

0.5

dAu min. bias

PHENIX PRELIMINARY
f i = 200 GsV, charged hadrons

_J._ .1 I I ..h . . I - _-L_

4 8
(GeV/c)

r • r
sFH = 200 GeV

d-i-Au, p+p

d+Au Wiinbias PRELIMINARY

STAR Preliminary

0 6 8 10 12
pT (GsV/c)



Back-to-back jets observed in d+Au

• jet pair production ^ 0.2
also looks independent

°fNcoll

• observe no (big)
suppression!

•probably some jet
broadening due to
initial multiple
scattering...

» - ' ' '

4<pj.(trig)<6 QeV/c

pT(assoc.)>2 QeV/c
A d+Au min. bias

• d+Au top 20% mult.

p+p min. bias

-3 -2 -1 1 2 3
A <\) (radians)
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Centrality dependence of v2(pT)

^ 0 . 3 5

31-77 %
10-31%
0-10%

130 GeV

6

0.35

0.3

025

30-80 %
10-30%
0-10%

200 GeV, preliminary

6

v2 saturates for pT>3 GeV/c for all centralities at both energies

Indication of geometric origin?

Kirill Filimonov, Quark Matter 2002, Nantes



v2 max due to jet quenching
(absorption)

E. Shuryak, nucl-th/0112042

cvi
0.25

0.2

0.15

0.1

0.05

sin(2a)
1/ — „ „> J •r2,max s- >6or

\ ^ • r

. I , , . L I , , > . ] . . . , J , , . , I . , . , L , . . I . . . .Observed anisotropy at high pt is close
to maximum possible due to the jet quenching os i 1.5 2 as a is o OJS 1 u 2 SJS a 3.5

25
atter

Nantes, July 25, 2002 S.A. Voioshin
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conclusions

Rapid equilibration!
Strong pressure gradients, hydrodynamics works

EOS is not hadronic

The hot matter is "sticky" - it absorbs energy
See energy loss, disappearance of back-to-back jets
d+Au data says: final state, not initial state effect

So, the stuff is dense, hot, and ~ equilibrated
Is it quark gluon plasma? Sure looks like it to me...

OK, then where's the New York Times?
J/*F suppression or not? Next run
Tinitial? direct photon analysis underway by PHENIX
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