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Experiments ask:
did something new happen?

| Study collision dynamics (via final state)

\ Equili brium?
hadron spedra, yields

% Collective behavior

i.e. pressure and
expansion?
elliptic, radial flow

I Probethe arly (hot) phase

. tter b
Particles created early metterbox

in predictable quantity

interact differently with — se—vET | pm—t
QGP and normal matter —
fast quarks, J/Y, strange oer
quark content, thermal =~ ™|
radiation

My favorite probe:
fast partonstraversing plasma

Jetsin heavy ion /
collisions: observed I/‘/«

viafast leading q
particles or azimuthal
correlations between a

theleading particles ‘7%\‘

But, before they createjets, the scattered
quarksradiate energy in the @lored medium

® decreasestheir momentum
® fewer high p, particles
® “jet quenching”
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High pr measurements done by
the two large experiments

STAR PHENI X
Eledrons, Muons, Photons
hadrons to high p;
Rare Probes: Jly, high-p,

Hadronic Observables over a
L arge Acceptance
Event-by-Event Capabili ties

Two central spedrometers with
Solenoidal magnetic field tracking + eledron/photon PID
Large Time-Projedion Chamber Two forward muon spedrometers
Silicon Tracking, RICH, EMC,
TOF

Siligp Vrter
Toads

.7

/
L Forard Time Prjection Chamber

Inclusive p, spedra of charged
particles

I p,datafrom PHENIX + STAR agreewell:

p; rangeto 6 GeV (>6 ordersof
magnitude)
well above what wasr eached at the SPS
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™I IR \Ns ___ _ _ _ - - -N — o~
p”'s
pr>2 GeV,
asym<0.8
in PbSc

L
0 01 02 03 04 05

PRL 88, 022301(2002) meeve)

excellent
agreement!

look at inclusive p, distribution

| p-p data available over wide range of Gs, but

not for 130 g-ev
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power law: s = d?2N/dp;2=A (p0+pt)'n
interpolate A, p,, n to 130 GeV
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Both h* & pYbelow p+p

PRL 88, 022301(2002)

[ Au+Au Rs = 130 GeV
h=0

10 F.

2 central

[N
T

1IN, 1/2p 1/p; dN?/dp,dh (GeVic)?
=
o

L 2 L
—scaled N+N reference ™ f —scaled N+N reference ™.
P 0 P 4
p; (GeVic) p(GeVic)
Peripheral collisions (60-80% of S geom):
~ p-p scaled by <N bin coll>=20+6
central (0-10%):
shapedifferent (more exponential)
below scaled p-p!
(<N bin coll> =905+ 96)

0

Nuclear modification factor

measure____ =———%X—————
==

I Create ratio to check scaling with NN

T o=

If no nuclear effeds Rya should be 1
at high pr when hard scattering dominates

Departuresfrom 1 measur e nuclear effeds
Raa > 1 from k+ broadening and
multiple scattering
Raa <1fromenergy loss
Raa < 1in regime of soft physics
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A deficit isobserved
in central collisions!

PRL 88, 022301(2002)

a-aa s=31GeV

/ charged
pPr— p°more
suppressed
than charged!

Yiddcmtrallg\lcdl ﬁcmtral
Yied,,

Charged deficit ~
similar in STAR &
PHENIX

K nown effects

=200 AGeV
o moantrol 6NAGD)
A «“cgmn_:WJz(WAso) |
A 7 min bias(WAS0) . ﬁé} ] pA and AA data at
' lower energy show
o = S+Au ] exc%s.above unity:
—or=@e i —p———  “Cronin effed”
h™ central 3.5%(NA35)

A 7 central 25%(WABO)
A 7 min bias(WABO)

[y

N

;T (multiple scattering)
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In Pb + Pb at CERN

® parton energy loss, if any, is
overwhelmed by initial state soft
multiple scattering!

Is SPS-RHIC comparison fair?

I Same p; impliesdifferent x!
2

T T
x Au+Au Rsy, = 130 GeV
central 0-10%

2 b a+a CERN-ISR i Pb+PbCERN-SPS |

|

h=0
2 .
10 10

RHIC +—» «

1
Xr= 2p/Rs

if Pr(had) / Prgeny ~ 1
then x; ~x(parton) at y=0
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more realistic
fragmentation function

Thanksto X.N. Wang

/i

toexclude zrangeindi
known soft by horizontal bar™ Pr=3GeVic
physics answer isnot (isa safer

/ . boundary for
regime very different hard processs)

Shadowing at RHIC?

Zheng Huang, Hung Jung Lu, Ina Sarcevic:
Nucl.Phys. A637:79-106,1998 (hep-ph/9705250 )

quark structure function

Shadowing

of structure
functionssmall in
RHIC x range!!

|«

Gluon shadowing
should be even less

p, comparison OK
deficit t shadowing!
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Different systematics:
peripheral collision reference

Yiddcmtrallé\lcdl ﬁcmtral

Ylddperipheralla\looll r!)aiphaal

deficit remains < > _

isp/h smaller in central vs. peripheral?!

Separate dharged hadron spectrum

mr? = py?+my?

Protons are flatter ® velocity boost?
gluon saturation?
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Many high p; baryons!

nucl-ex/0203015

not the expected jet fragmentation function D(2)!

hydrodynamical
calculation
agrees with data

Teaney, Lauret, Shuryak
nucl-th/0110®37

hydrodynamic analysis of spedra

Simultaneous fit to
mr-mg < 1 Gev/C

T = 122+4 MeV
b, = 0.72+0.01
c?/dof = 30.0/40.0

10
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Extrapolate soft component
using hydrodynamics

J. Burward-Hoy

Calculate spectrausing Compare sum to
hydro parameters measured charged

particle p; spectrum
ht+h-= Sp,K,p

I Hydrodynamic flow modifies p, threshold
where hard physics startsto daminate

I physicsis oft (thermal) until p; 3 3 GeV/c

Similar hydro analysisat SPS

J. Burward-Hoy

Avail able datareally do not extend to
hard regime!

So (at the moment) RHIC owns hard
scattering

11
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note

I Transverse expansion and
hydrodynamic flow are not the only
possble explanation of the spectra

I ~my scaling expeded if gluon saturation
Schaffner-Bielich, McLerran, et al.

I Thisisalso athermal (i.e. soft) effea
If it predictsthe shape of the spectra,

also can be used to define threshold
for jets

conclusion will be ~similar to that from
hydrodynamic extrapolation!

hard/soft boundary
is gedes dependent

I hydroboostsbaryonsto higher pt

I Jet quenching should reducep yield (by ~3-5)

baryonsless depleted aslesslikely to be
leading particlesin fragmenting jet

Vitev & Gyulasy
nucl-th/0104066
pbar/
pi-
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Is there energy lossat RHIC?

<« scded pp
energy ShadOV\_/i ng
loss + Cronin
e

<dE/dx>=0.25GeV/fm

but system isnot
static!

With expansion:
<dE/dx> ~7.3 Ge'
At 10GeV/c

X.N. Wang & E. Wang,
hep-ph/0202105

Centrality dependence of spedra

| Seea continuous shape evolution
peripheral coll:
pronounced power law

L\\
central collisions: 0 \
spedrum becomes [

more exponential

13
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Centrality evolution of Rua

I Deficit of high pr particlesincreases
gradually with centrality

/

Insights from correlations

PRL 86 (2001) 402

Hydro. Calculations
Huovinen,
P. Kolb and
U. Heinz

STAR—

At low p, v2 measures elli ptic flow * ®
early presaure buildup & equili bration

But at high p, dominant process
changes

* Also measured by PHOBOS, PHENIX

14
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Can also get v, from correlations

PHENIX (and PHOBOS) measure
correlation function in azimuthal angle

Df from Df from C(Df) =

same event mixed ratio
events

dN/d(Df ) u [1 + 2| ycos(Df ) + 21 ,cos(2Df )]
1,® v,

Impose p; threshold & seejet correlations

At high py

Correlation method on HIJING picks
out back-to-back particles from jets

J. Rek
For data / \
correlation & )
reaction plane Hydrodynamics
methods agree no longer dominates

jet corr elations weak or missng!
Reaction plane resultsa mystery...

15
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Conclusions

I New behavior at RHIC!
Suppresson of high pr particles
data are corred, it’s not shadowing
Largev2 which saturatesat high pr

| Data are consistent with jet quenching
Jet-like tail dea easeswith centrality
Surelookslikejetsgo away...

I But pyrangeislimited
barely out of the soft regime
soft regimeis extended
either by transver se expansion
or gluon saturation

I Significant uncertaintiesin p+p and
peripheral reference spectra

So, are jets quenched?

I My personal opinion:
...YES...

| But data do not yet offer appropriate
standard of proof!

I Coming thisyear
measured p-p reference spedrum
verify jet quenching at higher p;
back-to-back correlations at high py
near-side wrrelations
(first resultsin P. Jacobs' talk)

I energy lossvs. no hard scattering:
not clear from the data

I Ultimate goal: measure energy
transport in the plasma!

16
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<p¢> increases with centrality

Exped such atrend from radial flow
but also from partonic multiple scattering
and gluon saturation

don’t know whether final or initial state dfed

Centrality dependence of
charged particle production

Adde itis PRL86, 3500(2001)
possible that gluon

densty sufficient

for saturation. /
EKRT version

ruled out by data,

but othersare
cond stent...

Fit with

Find

A=0.88+0.28 B=0.34+0.12

soft: scaleswith Npart

hard: has an additional component scaling with Ncoll

ANIch r-ll—.l. ~ — N7 Nlare 1+ 27 NIbDID

hard processes are beamming significant!
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hard/soft competition as probe

dN/dydpfdf 1 1+2v,(p;) cos(2f )

Abovep, ~ 1.5 GeV/c, hydrodynamic flow in the
reaction plane has competition from hard
processes, which are not correlated with that plane

s0 look for disappeaance of elli ptic flow
depends on amount of energy loss!

Nuclear effectsin initial stage

| Structure functions are modified in
nuclei

I Shadowing in small-x region

dueto high parton density from
superposition of all thenucleons

AFN(X)

Accessbleat RHIC

18
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Hydrodynamics-inspired fit

dN cosh(r) o sinh(r o
7:Acmr()§mf (r)TEEIDT ")
rnrdmr ] FO ﬂ
r,
x=—;r =tanh*(bx"
= (bx")
b, ° SurfaceVeicity
T, © FreezeOut&mperature

Hard scattering and
collision evolution

10% gluons, q, O’s

Initia collison probability given by niclea structure functions

19
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Measure radial expansion

Tet = Tro + M <Dy zgia>?

T¢o=140-150MeV

b, agia = 0.5 - 0.6 (higher for central colli sions)
was 0.4 at lower energy

lessflow in peripheral colli sions!

baryon yields

antiproton
dN/dy = 20!

Was0.18 at SPS

PHENIX preliminary

20
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strangenessproduction

(=17 GeV Pb+Pb
PhysLett.B 471, 6(1999

J

K/p at
=200

p+p /V-
Z.Phys.
C41,179

E%JQA?; PHENIX preliminary

Both K+/p+and K-/p- increase with Npart
Peripheral collisionsnear pp value
K+/p+and K-/p- donot divergeasat SPSAGS

Compare PHENIX and STAR
pbar slopes

Mt spedra agee, but are NOT exponential

\ dope dependson whereyou fit!
Should use better functional form (Boltzmann)
® radial expansion!
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For RHIC and CERN

Thanksto Xin-Nian Wang!

For p, =4 GeV/c hadron from jet fragmentation
what is x distribution of parent parton?

Does nat
include kt
broadening

From Xin-Nian's calculation

I For CERN energy
<z>~0.87
distribution isfairly symmetric

I for RHIC
peak z~1
long tail to higher x parent parton
i.e. tail tosmaller z
estimate with zrange 0.7-1.0

I remake x plot
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charged particle multiplicity

1200

Goal of experimentsat RHIC

| CollideAu + Auionsat high energy
130GeV/nucleon c.m. energy in 2000
Gs=200GeV/nucleon in 2001+

I Achieve highest possible temperature
and density

asexisted ~1 nsecafter the big bang

| Study the hot, dense matter

dothenucle dissolveinto a quark
gluon plasma?

what areits properties?
energy transport?
gluon saturation?
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Separate charged hadron spectrum

M easure
momentum
& flight time
calculate
particle mass

“hard” vs. “soft” processes

| Soft physics: thermal
system with T ~200M eV
colledive flow boosts p; spedra
I Hard processes
happen early
create useful probes of the system
Jly, charm, jets® QGP signals
calculablevia pQCD

sensitiveto parton distribution
evolution

i.e. gluon saturation
I Theoretical tods very different
Gyulasg/Wang: boundary 1-2 GeV/c
S ‘(5) =S jet(s) +Ssoft(s)
from parton from Glauber

structure model
functions

Experimental challenge: constrain which to be used where!
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