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Color Glass Condensate

Put many nucleons into a nucleus and 4
Lorentz boost to the infinite S 4y
momentum frame \ NT

-

N

7
Creates a 2-dimensional sheet of very \,\@ y
high density color charges. /

High density of gluons (saturation) allows
for the simplification of Quantum

Chromodynamics XG(X)_

Gluons fill up available states, fixing up
unitarity for fixed Q?2
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QCD Calculations on the Lattice

> Calculations on lattice

> Predict transition ;4 . | ) 01
temperature (T,) from 1T | A
hadronic to QGP -- guides De°°”f‘”°me'mx' - £
experiments g 04f o’ 1T >~ @

> Indicate deconfinement 2 % . -005% E

. © ~ -\,
and chiral symmetry L ANNS o B o v 2
restoration © o2k 08 4 LB
effective mass S
Phase Transition: oL T~ 170 MeV o
5.1 i 52 53
T =170 £ 15% MeV
e ~ 0.6 GeV/fm3 B=1(t)
Assumes 1.herma| Sys'rem ° F. Karsch, Nucl. Phys. B (proc Suppl.) 83-84 (2000) 14.
calculation with 3 dynamical light quarks
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Phases of Nuclear Matter

Early Universe

T (MeV)

170
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RHIC QGP, mobile
| quarks & gluons

Color
superconductor?

Baryon density >
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Relativistic Heavy Ion Collider

Year-1 Data Taking

v PHENIX Recorded ~5M
minimum bias events

~ 3TB of data |
> Collisions from 15-Jun-00

to 04-Sep-00
Performance Au + Au RHIC Design
s, 130 GeV 200 GeV
L[cmZs -] ~2x10% 2x10%
Interaction rates ~ 100 Hz 1400 Hz

' RHIC Capabilities

v' Au + Au collisions at 200 GeV/u
v p + p collisions at 500 GeV

v' spin polarized protons

v lots of combinations in between
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Two Large Experiments

PHENIX

Electrons, Muons, Photons and Hadrons
Measurement Capabilities
Focus on Rare Probes: J/w, high-pt

Two central spectrometers with tracking
and electron/photon PID
Two forward muon spectrometers

UNIVERSITY OF CALIFORNIA
RivERSIDE

STAR

Hadronic Observables over a Large
Acceptance
Event-by-Event Capabilities

Solenoidal magnetic field

Large coverage Time-Projection Chamber
Silicon Tracking, RICH, EMC, TOF

Silicon Vertex
~Iracker

Coils Magnet

E-M,
Calorimeter

Time Projection
Chamber

Electronics
Platforms

Forward Time Projection Chamber
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Two Small Experiments

BRAHMS PHOBOS

Hadron PID over broad rapidity acceptance Charged Hadrons in Central Spectrometer
Nearly 4 coverage multiplicity counters

Two conventional beam line spectrometers

Magnets, Tracking Chambers, TOF, RICH Silicon Multiplicity Rings
Magnetic field, Silicon Strips, TOF

Paddle Trigger Counter

T4 Forward Spectrometer

2.3<0<30
TOF

Spectrometer

Multiplicity Octagon+Vertex

Beam Beam counters

\'::,

Mid Rapidity Spectrometer
ID<B<O5
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(I) Plasma Probes

We expect quarks and quarkonium states to
respond differently to a plasma compared to
ordinary nuclear matter

Beams of “hard” probes

/ Colorles
Hadrons

All probes must be auto-generated

Vot LN .:.’.'.'...' c,(.;.

e Yot g s o, 2@ %

7 e R S R
. NS T A R )
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Hard Scattering Processes in AA

o(AA - hX)~ £ (x))®f" (x,)®6%*7(3)® D} (z)

Look for an effective change in the jet fragmentation
function due to energy loss in the parent parton due to
gluon radiation
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Nuclear Shadowing of quarks and gluons

v" Nucleon structure functions are
known to be modified in nuclei.

° [ —1
v' Can be modeled as a recombination X = omi
effect due to high gluon # density - 0.1 i

at low x (in frame where nucleon is

moving fast)

1.3 I |IIIIII| I T TTTITI T IIIIIIII|. T IIIIIII| L T T TTTT
I . . ; L X > .1
12 < LHC ! RHIC - ) ]

- : AR v" Quark shadowing is
N ~10000GeVE /BN measured and is expected
%’ LO o g7y A SN\ to be a small (~10%)
=09 o - . effect at RHIC energies.

> = L. T SRS | . .
08" . T 71 ¥ 6luon shadowing is not
0.7 E-m - measured, but will clearly
0.6 — — o G play a role at RHIC & LHC
100 10t 100 100 10" 1 v pA running is needed at
Eskola, Kolhinen, Vogt, Nucl Phys A. 696 (2001) 729 (hep-ph/0104124) RHIC and LHC energies.
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Leading Particles as a Probe

Advantage
v’ Can avoid soft background in a jet cone by letting R—0
Requirement “'eaf{“fllg"
v Need fine-grained calorimeter like PHENIX Vf zﬁz';ye
Disadvantage V" lowered
v' Parent parton energy uncertain =
Eventual Solution =S
v Use 7-jet events u%
. et ~ E, | q
-
AN
\Par"ron energy

- Baier, Dokshitzer, Mueller, Schiff, hep-ph/9907267 jJ lower'ed
Gyulassy, Levai, Vitev, hep-pl/9907461
Wang, nucl-th/9812021

and many more.....
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PHENIX Year-1 Data

N - PHAENIX
PHENIX measures m° o 5 o[ Au+Au Vs = 130 GeV
. 535001 ~ 10 E
with two types of ook > 0 n=0
i 25005*
calorimeters (PbSc & ; 0k Central
PbGl) 20000 c
15001 o)
3 g 1
v 107 1800 GeV B a C :
g COF - e o p>2Gevic 9| ¢ &%, Scaled NN
2 1023 ‘ ! NI
G UA E. 232 23 % |0[1‘ - ‘0[2‘ - Io!sl - Io!4l - ‘0!5 % 3
Q ) - N
£ 10 . 200GeV M (GeV/c?) "
> Scale p-p databy ;10 <—‘/‘
g0 1 ’rhe number' Of . 5 3 ;Periphera| H
802, binary collisionin =10 §
0 central and ; u]
ipheral collisions. 20 [ * = PbSc
Al | . :
10 perip r o 7° PbGI
57 .......... power law fit 4 . 60—80% £ led N+N f -
10 6 — Iinterpolation to 130 GeV, . Ncollisions = 2 0 -l—_ 6 10 T seale -:- re ?rencel
10 gy Ty T N®1%%  — 905+96 0 2 4
GeV/ llisions — —
p, (GeV/c) collisions pT(GeV/C)
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n’ Ratio’s with pp and Peripheral

Yleldcentral <N binary >central Yleldcentral <Nbinary >central
AA T .
Yleld Yleldperipheral/ <Nbinary >peripheral
Rax | Aushuns. = 130 Gev e e
U+AU NSpy= 130 Ge PHAENIX ) PHKENIX
L central 0-10% | = Au+Au Vs, = 130 GeV
=yl v ()2 ]
» (h*+h)/2 s . ©
. ‘J'l:0 ,-":‘ E-
2 r Pb+Pb(Au) CERN-SPS =
a+o CERN-ISR / =
° ] WL 1 g binary scaling
......................................................... | o 1 ﬁﬁhﬁh“
.......... + % % '_||—"_‘ " - )
' - '
binary scaling . - ' + + n
1 B ---£ ------------------------------------------------------------------------ T ... + h
: .- -
i 05F * =t v .
.H—-...lIll.l. " . 0+h - . + } 0
" ™ .
l;;:l. .-.”“ . ¢ 3 Tc Tc
0 s : : ! : : : ' s s ob—— v
0 2 4 0 1 2 3 4 5
PT PT

Significant suppression relative to point-like scaling is
seen. Effect in unidentified is smaller than in =°.
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(II) Initial Conditions

v"What is the energy density achieved?

» How does it compare to the expected phase
transition value from lattice QCD?

v"What is the initial density of created
partons?

» Does the parton density saturate?

UNIVERSITY OF CALIFORNIA
RivERSIDE

K. Bawishv



Energy Density

Bjorken formula for thermalized energy density in
terms of measured transverse energy E+

107
oo L 1 (,dE; ) E
Bj — 2 >
TR 2c7, dy & i e~ 2306eV/fmd
<+ - ) o -
bl =4l 5 | €5~ 4.6 GeV/fm?
H—’ g _ \
2cT, _g
o :
PHENIX: Central Au Auyields ' SRS
JdE 0 'e;,;-;"1'"ai;-;"2""gis"'g'"315"';"'415"'5
< L) =503 £2GeV Time (fm/<)
dn "o
Thermalization time ?
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Gluon Saturation

Gluon number density:
xG , (X,QZ)

3_ 1/3
nR>
A

Pa ~

Saturation will occur at higher

g
x than in nucleons.
:}’"""5 999
g

Saturation scale, Q,, and thus
Wavefunction of low x partons particle production, is a

overlap and the self-coupling function of sand A
gluons fuse, |

thus saturating the density of xG , (Xan)

gluons in the initial state Qf ~ 0, y ~ A3
TR,
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Charged Particle Multiplicity

8
o UAS
7 4 Fermilab
o 1SR
6 B NA49
® PHOBOS
~ 5 —— HIUINGI1.35
a ~  Saruration Model
Z
2 4 PHENIX
= STAR .../ ¥
_g 3 PHOBOS .
= BRAHMS
[ ,-""‘
. )
1 f
0 2
10 10
s~ (GeV)
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Agreement between all four
RHIC experiments at 130 GeV

New Result from PHOBOS
from Run IT at 200 GeV

Particle production rising
faster than in pp (pp)

Over 5000 charged particles
produced in central collisions at
200 GeV

Do we see evidence of gluon

saturation in the initial state?

K. Bawishv



Collision Chqrac‘rer‘izq‘l'ion

In Run I, we only collided one nuclear species (Gold).

However, we can vary the collision size by selecting
different impact parameter events

Different number of participating nucleons

1000 r

900 :._

800 7 Y Binary collisions

700 — ——

600 [ e

ZDC ;

500 | . . —o—
- Participants Spectators

400 L, . .o

300 i .~

200 “ +—-—+—.— . >

. 100 | - - s ‘
Participants = 2 x 197 - Spectators N e

o 2 4 6 8 10 12 14

Impact Parameter (fm)
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Experime

ntal Tests of Saturation

— dN_/dn =AN +BN,

Phys. Rev. Lett. 86, 3500 (2001)
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Kharzeev & Levin, nucl-th/0108006
Schaffner-Bielich et al, nucl-th/0108048
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Surprising Agreement

Color Glass Condensate (Saturation) models tell us

Lots of dynamics are simplified into one parameter to
relate the gluons to final state hadrons.

Charm couples directly to the initial gluon density.
Strong interactions conserve flavor and thus signal is

preserved through time evolution. g,
:}“’"‘"‘< gg—cc
9
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Charm Production

Heavy quark production measurement in heavy ion
collisions is experimentally very challenging.

High transverse momentum D' — KV,
single leptons and back-to-

back leptons are an excellent D' > Ky,
signature of charm. n Fr—
One must account for: T

- n0, n Dalitz ::

- Y conversions 0
Remaining signal is then from |

- charm and beauty 10°

- thermal production 10’

- new thSiCS 1"4’0 05 1 15 2 25 3 35 4 45 5

pti{GeV)
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Single Electron Spectra Results

Au+Au @ \sy = 130 GeV: minimum bias  After subtracting the photonic and

(\:10:||||||||||||||||||.||1|||||||||||||||||§ Iigh"'thFOndeCGYbGCkgrOund,WQ
= [\ PHENIX preliminary . .
3 f R 1 seeaclear electron signal.
S 1k 4 (e +e)/2 |
g conversion : ‘*g 10 % Au+Au > € + X ({S,,=130 GeV)
| ! ' § 15 Vi
210 £\ \\ E 5 S
= 1 yee ] g0 ~ "S5 min. bias (x100)
B B . . o
S10°F \, E Sl = RS inbiss)
TF S — yee, 37" i c & 58 (min.blas
-3 . ! i §10- 3 e 'ﬁF_
10 g ® — ee, 'ee 3 ;_510-4 _ coe (cel:l.t.fé'r)u
10 o — ee, nee _ 10° —
= A ] sf. . L
_1) ] 0 0.5 1 1.5 2 2.5 3
5 — P (GeVic)
10 & 3 .
- - ] Charm cross section
lo-s_l 111 | L] | L1111 !LII [ I|I [ II|II;I I_ GCE ~ 380 i 60 i 200 ub
0 05 1 15 2 25 3 35 4 and binary collision scaling

GeV/ . .
P [GeViel consistent with our data.
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(III) Plasma Properties

Y3 'Y*H e+e-’ !"L+!"L_ T, Ka pa na (‘)9 Aa A: Ea Qa d9°°°
Real and virtual photons from | | Hadron ratios represent thermal
quark scattering is most properties when inelastic collisions
sensitive to the early stages. | | stop (chemical freeze-out).
Run IT measurement.

Hydrodynamic flow is sensitive to the entire thermal
history, in particular the early high pressure stages.

UNIVERSITY OF CALIFORNIA
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Run IT at RHIC

v RHIC achieved full energy

v RHIC achieved ~50% of design
luminosity in the last two weeks

- E.g. PHENIX recorded
» ~ 170 million events
> ~ 24 ub-!

v' High statistics for charm.

v' Ability to resolve many open
issues of parton energy loss.

v' Multistrange baryon measures.

v First measurement of
quarkonia production.

UNIVERSITY OF CALIFORNIA
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Raw ZDC Countis

1.0E+09 —+

9.0E+08

8.0E+08

7.0E+D8

5.0E+08

5.0E+08

4.0E+08

3.0E+D8

2.0E+08

1.0E+08

FY'D1/02 RHIC Experiment ZDC Counts
D001 hrs 8/17 to 0BOD hrs 11/25

==BHAHMS
===PHENIX

==Cm= PHOBOS

=—tr=5TAR

Luminosity (inverse microbams)
{cross section = 10.7 barns)

i
0.0E+00 LT
O 7 14 21 28 35 42 49 56 63 70 77 &4 91 98

days in run
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Proton Spin Structure at RHIC

RHIC completed 5 weeks of polarized proton-proton.
Crucial comparison data for the Au-Au program.

Gluon Polarization
AG

Flavor decomposition
Au Au Ad Ad

S _ 9 b

u u d d

Transverse Spin

0 .
T Production A, (gg,gq— ' +X)

+/=

/- .
T Production A, (gg,gq — 7" +X)

Heavy Flavors —Ap.(gg - c€,bb+X)

Direct Photon A, (gq—>Y+X)
Jet Photon A (gq > Y+ Jet+X)
Jet Jet A, (gq = Jet+Jet +X)

UNIVERSITY OF CALIFORNIA
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W Production
A (u+d 5> W' 51" +v)

Ai(u+d > W 51 +Vv))

Transversity h;:

n*,n~ Interference fragmentation:

A, (plp —)(1|:+,1t')+X)

Single Pion Asymmetries

Drell - Yan
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Conclusions

RHIC appears to be creating a hot, dense and
expanding state of deconfined QCD matter

All results consistent with this interpretation

v energy density - exceeds lattice QCD expectations
v initial conditions - saturated gluon distributions from it
color glass condensate :
v initial state - large parton scattering for hydrodynamic
expansion
v final state - rapidly expanding, thermalized state
v hard probes - parton energy loss from deconfined medium

Experiments have two orders of magnitude more data in Run
IT, and with more detector capabilities.

Polarized proton-proton data taking finished.
The future looks bright |
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