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Quantum Chromodynamics (QCD)

QCD Under Conditions of Extreme
Temperature and Density

Relativistic Heavy lon Collisions

How does a parton propagate through different systems?




Quantum Chromodyanmics

Most of us believe that QCD is the correct theory of strong
interactions. Why do we believe this?

High Energy
Jet Observations

Deep Inelastic Scattering
Observations

Inclusive Jet cross section
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Quantum Chromodynamics ||

The previous examples were Next-to-Leading-Order (NLO)
perturbative calculations that are applicable at large Q2.

Light Hadron Spectrum in Quenched QCD
final results from CP-FACS: aqChPFT chiral extrapolations

What about the 3
non-perturbative world
around us? | %@ ;

14 f b3 %@ Q ]
Using lattice QCD we can _ | S --:J%ﬁ
calculate the various < L

1.0 + -0 4 A
hadron masses. 5 %;g
Agreement at 10% level, ’
excluding n°. e

0.4




Lattice QCD

Lattice QCD also predicts a phase transition to a Quark-
Gluon Plasma at high temperature where the number of
degrees of freedom is significantly increased.

— /T4160 f | | ‘ ‘ ]
Phase Transition: 140 |4 e |
120 | S

T = 150-200 MeV ~ 1012 0F [ *

e~ 0.6-1.8 GeV/fm3 o

Assumes thermal system. 00t

2 flavour

hadrons =quark/gluon 1

1.0 15 2.0 2.5 3.0 3.5 4.0

T/T,

(F. Karsch, hep-lat/0106019)



Deconfinement

QCD in Vacuum

QCD in dense and hot matter

* linear increase with distance * screening of color charges

from color charge
» strong attractive force

* potential vanishes for large
distance scales

- confinement of quarks to « restoration of approximate chiral

hadrons baryons (qqq) and symmetry

mesons (qq)

£.50

(4

)

 deconfinement of quarks and gluons !

Lattice QCD calculation
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Phase Diagram
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Relativistic Heavy lon Collider

Au + Au collisions at 200 GeV/u
p + p collisions at 500 GeV
spin polarized protons



Four Experiments

Forward Spectrometer
23<8<30




PHENIX

Pioneering High Energy lon eXperiment

PHENIX Detector - Second Year Physics Run

@ Installed
® Active

Designed to measure electrons,
muons, photons and hadrons.

Complex set of four separate |
particle spectrometers. |||

This requires many different
types of detector technologies — — —

and an integrated electronics : .
readout.

Central Magnet

ZDC South

lorth

Yellow beam [k

|Blue beam



Complex System
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10,000 gluons, quarks, and antiquarks
from the nuclear wavefunctions
are made physical in the laboratory !

What is the nature of this ensemble of partons?



Il

. 3 -

- - l'.
'.-;-_"'.._-- ..
" mT peEma g a
=T L ETF L :-

] Il-‘-.:l'-l- e

- '-"r-m

e 3

PR
-

p=izs T

o

Gy

T




How to Study QCD in this

Environment?

Two general categories of observables.

1. Bulk Effects
« Collective motion
« Particle production (mostly low momentum)
* Particle ratios and correlations

2. Probes of the System
« Hard scattered partons propagating in medium
* Quark-Antiquark pairs propagating in medium



Parton Propagating in Vacuum

/ /{ Quark radiates gluons and eventually
l/ L~ forms hadrons in a jet cone.

30- (N, Yo al exp( B a,) E
q »s-  (Mueller 1983) R

. L
20- -
QCD calculation of 250 :
T f — QCD
gluon multlpI|C|ty : (0tg(M2)=0.118) ]
. 10~ R S e N
times a hadron scale : Y SR :
. 4 = HRS m DELPHI ]
factor gives excellent 5- XJADE o ALEPH
* LENA O AMY

agreement with data.
0 25 50 75 100 125 150 175 200
Vs [GeV]



Induced Gluon Radiation

Partons are expected to lose
additional energy via induced gluon
radiation in traversing a dense
partonic medium.

Coherence among these radiated
gluons leads to AE a L2

Ms,1,10
=10 L t § t3 L t5
g s g p
g Gy s
£ k& s s re s TR TS e T T eU BT
ST T
Qs & Oad Usdy O3

Look for an increase in multiplicity
and a suppression of high z
(momentum fraCtlon) hadrons from Baier, Dokshitz_er, Mueller, Schiff, hep-ph/9907267
jet fragmentation. Wana. nocmos1z0st

and many more.....




Partons in Cold Nuclear Matter

HERMES Experiment 2 [ o <o roorcor -
1 ______________________________________
095 | oo |
Noog | 3
io.ss B

e+

0.7 | o "N HERMES
0.65 " o ®Kr HERMES(Preliminary)

- AX— 0802703 04 05 06 07 08 09 1
Z

Measure quark energy from electron scattering off nuclei.
Measure hadron fragmentation function D(z).

Larger nuclei show fewer high z hadrons in fragmentation.

Calculations of Wang et al. indicate radiative energy loss o L? and for

Kr target <dE/dx> ~ 0.3 GeV/fm

HERMES - Eur. Phys. J. C20, 479 (2001).
Wang et al., hep-ph/0202105



Hadronization Time

Alternative description also considered by HERMES.

Suppression due to quark-nucleon scattering (t < t%) and
hadron-nucleon scattering (t > t™).

o, =0.0£0.2mb f}z =c,(l-z)v

A hadron with large z originates
< from a quark emitting only a few
gluons. The emission of only a
few gluons corresponds to a
small formation time.

o, v =25.0mb

They consider good agreement with N'4 data in a model
in which the “interaction of the struck quark with the

nuclear medium is very small.”
hep-ex/0012049



Incoming Parton Energy Loss

Drell-Yan production in proton-nucleus collisions is sensitive
to parton energy loss..

Must carefully separate nuclear
shadowing effects and energy loss
effects both of which lead to
suppression of Drell-Yan pairs.

- AX W

E772 and E866 at Fermilab

dE/dx =2.73 £ 0.37 + 0.5 GeV/fm (from hadronization due to confinement)
dE/dx ~ 0.2 GeV/fm (from gluon radiation due to nuclear environment)

“This is the first observation of a non-zero energy loss effect in such experiments.”

Johnson, Kopeliovich, Potashnikova, E772 et al.
Phys. Rev.C 65, 025203 (2002) hep-ph/0105195
Phys. Rev. Lett. 86, 4487 (2001) hep=ex/0010051



What about in Hot Nuclear Matter?

pp —jet+jet
(STAR@RHIC)




Jets and Underlying Event

“Traditional” jet methodology fails at RHIC
because jets are dominated by the soft background.

For a typical jet cone R = 0.33

R Jet
N\ Axis

.
.
.
.®

Fluctuations in this soft
background swamp any jet
signal for p; <~ 40 GeV

s Section in R=0.33 for Au+Au at 200 A*GeV

Soft particle background
(assuming Poisson

Note that Jet measurements at Tevatron below 50 GeV

are still very challenging.



do " /dyd'p; [mb GeV 7]

Jets in ATLAS at LHC

Although the soft background is increased at LHC
energies, the jet cross sections are so large that truly high
pr (> 70 GeV) jets may be observed.

10°

10” ——— Quark+Gluon jets

-2 ———— Gluon jets
10 h*+h™ from Quark+Gluon jets
1073 ———— h'+h” from Gluon jets
107 o

-5 ] H ol il At Ll iLo
10 p+pbar @ s'* = 5400 GeV ; M '-I"'.‘lf- ic Pl o B i il I. | I| f "1|-!="|!'I||.'I s
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8 I B H:-:‘;"Cb:«__q___a 3
10 " GRV98LO ‘*:1._:}_%%
10°° . structure functions  ~ = =

10" — . .
0 25 50 75 100 125 200 GeV jet event overlqy on
p, [GeV] central Pb-Pb event with
T

ATLAS calorimter segmentation

ATLAS Heavy lon Letter of Intent [nucl-ex/0212016]



Jet Broadening

The induced gluon radiation may be measurable due to the broader
angular energy distribution than from the jet.

_ : S
S e
" foy -= L=10fm
'ﬂ'ﬂ.ﬂ-' N — L =13fm
i\
E‘n' ! nC =2.0 fm® |
0<20°- 80% of jet energy contained [ %\ | E=100GeV |
5% loss of energy outside . SN
0<12° - 70% of jet energy contained ot

0 10 20 30 40 5 80 70 80 0

8% loss of energy outside ®in °

Possible observation of reduced “jet” cross section from this effect.
This is not going to be easy at RHIC or LHC.

U.A. Wiedemann, hep-ph/0008241.
BDMS, hep-ph/0105062.



Deconvolution from Final Hadrons

In hadron-hadron, we can calculate the yield of high p; hadrons

dol? , - . ) § dgloboed) :
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iahed e
Flux of incoming partons  Perturbative QCD Fragmentation functions
(structure functions) from b, D(z) in order to relate
Deep Inelastic Scattering  o,,(5.) =0ppfdszAA jets to observed hadrons
0
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PHENIX pp— '+ X Baseline
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Au+Au - 10+ X

Peripheral Au+Au collisions appear as superposition of proton-proton reactions.
Central Au+Au collisions show a significant suppression relative to naive
expectations (binary collision scaling of hard processes).
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Very Large (x5)

Final or Initial State Effect !

- Au+Au \s,,=200 GeV collision scaling

Nuclear Modification Factor:

T
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Induced Parton Energy Loss

Energy Loss Calcultions:

$ 1.5
X.N. Wang, Phys. Rev. C61, &
064910 (2000).
dE/dx =0

dE/dx = 0.25 GeV/fm

Gyulassy, Levai, Vitev: Nuclear
Physics A698 (2002) 631.

Levai L/L =0
L/L=4 i
0 AT R T AN RN TR N AN TR TR TR N T SN T NN ST SR
GLV, Nucl. Phys. B 594, p. 371 o2z 4 6 & 10
(2001) + work in preparation. p . 1GeV/ic]

dNg/dy = 900
« Calculations sensitive to infrared cutoff (Mueller et al.)
 Only indicative of gluon density, no quark-gluon plasma



Expanding System Problem

Calculation of X.N. Wang implies <dE/dx> = 0.25 GeV/fm in hot
nuclear matter (RHIC) and <dE/dx> = 0.3 GeV/fm in cold nuclear
matter (HERMES)

Longitudinal expansion in RHIC collisions leads to a dissipating

gluon dense medium.

If the density were maintained at the
initial level, calculations indicate

I RHIC Collision equivalent energy loss

<dE/dx> ~ 7 GeV/fm

Over an order of magnitude higher
than in cold nuclear matter !

=3
(=]

Gluon Density (a.u)

S a N W AR N 0

Should it worry us that the large
energy loss does not occur, but

would have occurred if the system
0 1 2 3 4 5 6 T i) were static?

Cold Nucleus




What if the quark or gluon jet begins to fragment inside the medium?

Then the fragmented hadrons can interact with other hadrons and thus
suppress high momentum hadrons.

1D L I ! I ! | ! | ! |
100 B PHENIX 70 ,
2 Gallmeister model:
L 0 Formation time is the time to build up
3 mn the hadronic wavefunction and is
E 10 proportional to energy from y boost
< 107
B2
g 1~ 1.2 (E/GeV) * fm/c
10
g
— 10
10°

p; [GeV]

This model should see the suppression go away at high p-.

As one moves up in p-, z is always ~ 0.6-0.7, but y boost increases. |/ =c.(-2v
Gallmeister et al., nucl-th/0202051




Initial State Effects

The probabilities of finding a parton at a given x are different if the

proton is inside a nucleus.\

Elrﬂ"pp . \ o o f f f o f 5 o 8 |‘Z?'|:r':EI_}':d:I . . -
Ehﬁ = K ;ﬂ/d;f&.d:{“udwg./d"kTud”kn.f{kTu]ﬂ_szujfu;p{:{“u,Q;]ﬁ.;p{:c‘z.,(;}gjl th{zﬁ_:@ﬂ%d = 8(5 + i+ 1)
15
. M;";,‘_1.llE — Q- ev®
Nuclear shadowing naturally =™ [ &liar
. . 1.3]
leads to a suppression of high " s gluon
pr hadrons. A
However, at p; ~ 7 GeV, the 0s] M=
dor.mngnft X~ 2 pT{sqrt(s) ~ _0.1 o&
which is in the anti-shadowing o "~
reglon. 0-62“___I:I-‘IC RHIC %PS
051 ~—— — 2 e
10 10° 107 10" 1




Extreme Initial State Effects

1
log X}

At low x the gluon density may be
so high that it saturates.

Gluon density is increased in a
nucleus relative to the proton by A3

McLerran et al. show that in this
limit, factorization breaks down and
one can describe the proton or
nucleus in terms of classical gluon
fields (Color Glass Condensate).

Nonperturbative Regge region

Mueller has shown that this is
iIsomorphic to the color dipole cross
section approaching the unitarity
limit in DIS.

Critical line indicates region above
which saturation will occur — gluons
overlap — nonlinear evolution

' J.P Blaizot, A.H. Mueller, Nucl. Phys. B289, 847 (1987).



Saturation Effects in the Proton

O up = J.a’zr Az .. (r,z,0%) o ()Y (1,2, 0%)

. i A i A . i . f i . .
1w0% 107 1073 1072 xm"" 107* 107 1072 x10‘5‘ 167% 107% 107

2 2 ) . A2
i A ;O =o,{1-exp(—r* /AR}(x) |5 R,(x)=(x/x,)
] -
i. | St | r<<R, o cr’x’
I"-. I 20 . -
M 5
P P ‘ x=103 r>> R, Oqq * 90
ol =« | Unitarity bound built in and
x=102
approach controlled by
01 02 03 04 05 06 07 08 09 1 . .
cam  Ro(X) — saturation radius
< . Jury is still out....
O Ceomi. oo AR i oo OO Color Dipole Model with Saturation
- ool shows excellent agreement with data, but
w o N R Standard NLO DGLAP fits also describe
i e N “«_ | dataatlow xdown to Q?~ 1.5 GeV?
e o PP Praeiia| &

Golec-Biernat and Wuesthoff



Extreme Initial State Effects

If saturation is the relevant physics in the proton at x ~ 10 to 102, then
it may play a role in heavy nuclei at x ~ 102 to 10-3.

Kharzeev, Levin, and McLerran have extended the saturation model
and get reasonable agreement with PHENIX spectra up to 4 GeV/c.

Statement is that hard scattering as
calculated via factorization is
massively suppressed and that the
hadron spectra only represents the
freed gluon distribution from the
nuclear wavefunction.

My opinion is that this really pushes
the saturation effect into an x and
Q? range that is very questionable.

10

(1/N__ d*N/d*p dn(GeV™?)

Au + Au W=130GeV atn=20

hep-ph/0210032



Deuteron-Nucleus Collisions

Two extreme opposite
interpretations of RHIC data exists:

1) Evidence for opaque
100 x nuclear density matter

2) Evidence for deep gluon
shadowing (saturation)

Deuteron-Nucleus data taken by
PHENIX this winter should resolve
the issue.

Another discriminator are direct
photons (Justin Frantz thesis work).

PP

dN_, (b)/ T, (b)do

1.50

1.25

1.00

0.75

0.50 =

0.25

+o - :
T +1 ), no shadowing




Other Observations:

Jet Fragmentation?

PHENIX identifies other hadrons via their time-of-flight.
Pions are suppressed as seen before, but protons and
antiprotons are not.

PHENIX High Resolution TOF C |
= 8 Au+Au S = 130 A Gev [l 0L PHENIX preliminary
5 o rc+ : .
= | ' I
£ / = P
|5 o ; 10
g : T
E ol P

6 T EL
_8IIII‘IIIIlIIIIlIIII|IIII|IIII|IIII|IIII|IIII|IIII -
10 15 20 25 30 35 40 45 50 55 60 0 05 1 15 2 25 3 35 4

Time of Flight [ns]
p, (GeV/c)

This is not the expected jet fragmentation function D(z).



Binary-scaled Central/Peripheral Yield

Excess of Baryons at p; ~ 1-4 GeV

Large ratio of baryons to mesons in the intermediate p+
Opposite of fragmentation functions in e*e- and p-p(bar).

This baryon excess appears to go away at higher p-.

2.5 cent | | | —

T +| ]
" Yield (60-92%) / N©: Au+Au sy =200 GeV T
2_— bin _ ] |~ F oy ’ + i
[ e P+p)/i2 4 &l o " Tebs? o ]
- 1 gslf L =l y
15F o 1 4 ZT L vz~ 9 ]
C binaryscaling | & % i _; * T 7
_ i ; - | -1 _
1F et 4 1O [ RS LA
* ! 1 2|3 |- - n -
o * ERRLNRY'Y roF
R s e o . .| 60-80% STAR Preliminar
¢ 4 ¢ 10 [—--rmmmmrrmmmmemmemmsmoso oo soo oo ]
B . | . | . | . | . | . ] | ] | ] |
0 0 2 4 6
0 1 2 3 4 5 p, (GeVic)



Boosted "Soft” Physics

Antiprotons/m-

Hydrodynamic expansion 5 ., Contrali ;> = 548
may boost “soft” physics into g ®r %, | T LHeESS
. __'q r 08. O P enix Pata
what was previously thought 3 n- o 7%, P LH8 EoS
” T} . g:'_ N DDDDDDDBSB Teaney et al.
to be only "hard” physics pr = «L 75" ey
region. i iy
1f; §T§
PHEENIX B T 5
9 : : : : : : : 10-3_”|‘..‘|‘.H|".w.‘.m.‘.m..‘.\lw
dN® idy=400 AutAuat s, =130 GeV 0 05 1 15 2 25 3
L 30 expansion — h=0fm P, (GeV)
— b=41fm
21 —wem 1 Vitev et al. predict that “hard” jet
- o . en’t_.f.a_ .
5 Phmm fragmentation eventually
H e | dominates over hydrodynamics
=< | for antiprotons above p~6 GeV
o _ﬁﬂaaa*&¢ﬁ¢¢*”f . _ P F)T'




Recombination vs. Fragmentation

New picture put forth by D.Molnar et al. and B. Muller et al. speculate
that in this dense partonic medium, color recombination dominates over
hadron formation via fragmentation at intermediate p-.

B.Mu]ler. et al. nucI—th/O301Q87

Fragmentation has scattered 10" | —
quark pairing with quark- — ftt R
antiquark or diquark-antidiquark 10% | \ ' dashed: Emgmentation |
pair from vacuum (B/M << 1) 7, . \\\ solid: recomb + frag
QA A
Recombination has scattered £ RS
quark pairing with other partons & 10 )
in medium (B/M ~ 1). Q 5l
—~ 10
10—6 I
107

Similar recombination models used to describe forward D meson
production at FNAL. Not conclusive yet due to excited D state feed-down.



Different Formation Times

HERMES data indirectly indicate smaller D(z) modification
for baryons compared to pions.

Could the formation time o

for baryons be Iarger than 105 | <v>=11.5-13.4CeV, <Q*> =2.6-3.1 Ge\V* _

mesons? 1
& B Q ]
%0692 : Q —t 1
Could this explain the Sogs | * ,

large B/M ratio at RHIC? & o5 |
\50.75 -
If so, the fact that the B/M 07 [ ° "NHERMES
ratio drops above py~4 0 | @ “KrHERMES(Preiminon)\2 ¢
GeV |S Vel’y |ntereSt|ng| 02 03 04 05 ZO.6 0.7 08 0.9 1




Heavy Quark Propagating

Heavy quarks should also lose energy in a dense
gluonic medium.

However, due to their finite velocity, they have a
forward “dead-cone” where gluon radiation
is not allowed.

Charm quark

Z. Lin et al., Phys. Rev. C 57, 899, 1992. \
Y.L. Dokshitzer and D.E. Kharzeev, hep-ph/0106202
M. Djordjevic and M. Gyulassy, nucl-th/0302069
Baier, Dokshitzer, Mueller, Schiff, hep-ph/9907267
Gyulassy, Levai, Vitev, hep-pl/9907461

D meson
X.N. Wang, nucl-th/9812021



Charm Results

PHENIX measures single electrons, and after subtracting off Dalitz,
conversion and other decay contributions, the remaining signal is
dominated by D and B meson semi-leptonic decays.
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Results are consistent with
PYTHIA calculation for charm
and beauty tuned to lower
energy FNAL data.

Apparent scaling with binary
collisions.

No indication of factor of 5
suppression as seen in pions!
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What if charm partons
hadronize in medium and
form D mesons via
recombination?

Outward pressure from re-
scattering as observed in
w, K, protons allows us to
predict D, B meson p+
spectra and thus resulting
electron spectra.

Amazing ambiguity with
previous vacuum
fragmentation (PYTHIA)
result.

S. Batsouli, S. Kelly, M. Gyulassy, JN, Phys. Lett. B 557, pp 26-32.



Understanding QCD

Frank Wilczek:

“In the quest for evidence of the quark-gluon plasma, there are two
levels to which one might aspire. At the first level, one might hope to
observe phenomena that are very difficult to explain from a hadronic
perspective but have a simple qualitative explanation based on quarks
and gluons.

But there is a second, more rigorous level that remains a challenge for
the future. Using fundamental aspects of QCD theory, one can make
quantitative predictions for the emission of various kinds of “hard”
radiation from the quark gluon plasma. We will not have done justice to
the concept of weakly interacting plasma of quarks and gluons until
some of the predictions are confirmed by experiment.”

The challenge is out there to the people in the field to have this hope
realized.



Conclusions

RHIC has passed the first key test.

Nuclear Physics community is capable of constructing and running
world class “high-energy” type experiments and re-constructing the
physics from the 10,000 particle debris.

The second phase has arrived.

First exciting observations of very large initial or final state medium
effects. Key predictions are being tested with more precise data and
various colliding systems (deuteron-nucleus).

The third phase is next.

The spin physics program in PHENIX is starting, and will further
address basic QCD questions being asked (and hopefully answered).



Run-3 at RHIC

PHENIX is just completing

Run-3 at RHIC. n’—yY, 12 % of dataset
The first phase of deuteron- &76eve O
Au collisions was a great o st “

400

success. Triggers
sampling the full luminosity =

B0~

401~ |

201~
100 3

L [
L I g lrruJ"-J J Wanror belle

and online reconstruction of T e S e

key Signals' 0-11 GeV/c 11-13 GeVic
Excellent data set for high |
pr n° and heavy quarkonia. i

To bl bty LI DL

Congratulations to our run
coordinator Matthias!



Jet Correlations

Although complete jet reconstruction does not work, we can measure
angular correlations from jets.

Agreement between PYTHIA model and forward cone (A¢ ~ 0) and
opposite set cone (A$ ~ ) in proton-proton.

Similar behavior in Au-Au. Not sensitive to jet broadening at this level.

x10”

= 0.12]° — _ p.25x10”
3’3 - PHENIX Preliminary + Yield 2 - PHENIX Preliminary —a— ik
= 01— Z p2 ——FYTHIA + cos(2 A
T i — F.YTH IA g ~ e 2]
& | f -
0.08- — 015
: = [
0.06] 0.1
U.N: 0.05 + *
0.02} o '
of 0.05] _+_ +
o I B | | |

‘U.Dz i I 1 I 1 | 1 | 1 I 1 I 1 I -U'.'I

(A
P
-
S
=
]
Ladi
da
4]
=
=
-
%1
-]

Ad A
Mickey Chiu — Thesis Analysis



STAR Jet Correlations

STAR with better n and (I) = 0.3~ STAR 200 GeV | A1) [<1.4
coverage sees clear g, 4 —tow v
disappearance of away side % [, iﬁ
. . = ' |
correlation in central Au-Au EMW
: E [ | e : :
reactions. % 0 STAR Preliminary
3 2 a4 0 1 2 3
A ¢ (radians)
E STAR 200 GeV | An |<1.4
2 \ R
. . i 1'6! —p;t.a:a;ﬂc.awo
Perhaps the opposite side Z M jl j
parton does not emerge? 5o 1, .
£ *
<
= 1

Or no back-to-back jets at all
from saturation model picture?

3 =2 1 0 1 2 3
A ¢ (radians)



Myth of pQCD

» pQCD calculations have many open issues at p; < 50 GeV.
* For example, currently there is poor agreement with beauty
production and direct photon observations.

5 oD —>bX, v5 =1.8 TeV 15 Direct Photons in DO
10 E T T T | T T T | T T T | T T T E : NLO QCD’ CTEQ4M, IJ: ETmax
u —— NLO QCD: m,=4.75 GeV, A,=215MeV ] 1 F In|<0.9
MRSDO, /«‘Z/—Lo:\/(mbz"’PTz) : : +
----- o/ 2< <2 ke, 4.5<mM,<5.0 GeV . 05 i
104 B W eX . : ¢ ;
— SR 4 O eDX > 0 : * +
o) \ Q
c VvV yX 0]
= £-05 | \\
Ny = Correlated Error
v e g 1 i\\k\\\\\\wxxxwx SN L
> = -
z - = 1.6<|n| <25
€ 1
O'__ﬁ ..(E 1 B
A ©
& o5 | }
©I0E E F i L4 b |
] 0 i | — f
CDF Preliminary * i T
Some measurement errors are correloted N -0.5
) B \ Correlated Error
10 T T R T R T 1 L \\\\\\\\\\ RN,
0 10 20 30 40 0 20 40 60 80 100 120 140
Pr.mn (GeV) EY (GeV)

At RHIC "High” p; < 10 GeV there are many uncertainties.

(examples - cutoff scale. Cronin effect. nuclear PDF’s..

)



Hydrodynamic Flow

Spatial anisotropy leads to momentum anisotropy in
the presence of large re-scattering.

N

v, = <cos2¢>

Py

Py

¢ = atan

V,: 2" harmonic Fourier coefficient



Large Parton Re-Scattering

Strong elliptic flow near the hydrodynamic limit

L L e .
- Hydrodynamic model
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Hadronic re-scattering is insufficient to describe the data.

Implies strong partonic re-scattering and high initial density
¢ =20 GeV/fm3 and t = 0.6 fm/c

Hydro calculations: P. Huovinen, P. Kolb and U. Heinz



Experimental Results

PHENIX experiment measures single electrons.
After subtracting electrons from Dalitz decays, conversions,...
remaining signal expected from charm and beauty.

DoeKv B—eDyv

Au+Au @ \|s,,, = 130 GeV : minimum bias
T | T T | T T | L | LI | T T
i (e"+e)2

B
o

-t

Y conversion

(1/2n p;)dN/dp dy [(c/GeV

2 25 3
P [GeV/c]

K. Adcox et al., Phys. Rev. Lett. 88, 192303, 2002.




Single Electrons

Au+Au @ s, = 130 GeV : minimum bias
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Expected Fragmentation
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More Saturation...

e ZEUS BPT & Nominal H1 Nominal
R — e — O (x,7)=0, { 1—exp(—7* / 4R} (x) }

Ry(x)=(x/x,)""

Three parameters: 4, x,,, o, to be fitted.

y=0.8

(x 4096)
y=0.7

10 2; (x 2048)
| y=0.6
(x 1024)
y=0.5

(x 512)
y=0.4

(x 256)
y=0.33
(x 128)

y=0.26

Extension (G-B, Bartels &Kowlaski - DIS02)
include QCD evolution by requiring

2
o, (r,x)= %rzasxg(x, C/r?), at small r

10 | . .
| xg evolves - 5 parameter fit - improves description

of high O* data

(x 64)

y=0.20
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' (x 16)
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* Cannot use this agreement as
| y=0.025 e .
al k4 with QCD evolution verifying saturation at HERA, as

10 | y=0.015

(x2) without (original) . . .
o many other models give similar
= agreement, including non-saturating
2 -1 2 .
10 10 1 10 10 dipole models.
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