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Hadrons and Quarks

Hadrons

 Building blocks of matter in our universe

e Strong interaction; described by QCD

 Composite particles of quarks (anti-quarks)

— baryon: p, n,...(three quarks)

— meson: p, K,...(quark + anti-quark)

— recent discovery of a new particle = penta-quark; a new
class of hadrons?

baryon
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Remaining Basic Problems of QCD

« confinement of quarks --- today’s topic
e chiral symmetry and origin of hadron mass
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gluon is fragmented, and
guark and anti-quark pairs
are produced

|7 000 09
/(): - r/o way to is‘olate quarh\s
/ >

I
siong interaction @) @w@ OO

!




Prediction by Lattice-QCD

 Rapid increase in energy density N
and pressure around a certain [~ Fit using 0(4) scaling |
temperature

Increase of degeneracy due to
deconfinement of quarks and
gluons
— quark: 3 (flavour) x 2 (spin) x 3
(color)
— gluon: 8 (color) x 2 (spin)
— m mesons: 3 (isospin)

0.10 0.15 0.20 0.25

study QCD matter

= a new approach to study basic
properties of QCD such as
confinement
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Strong motivation
= QCD property: confinement

o Property of QCD matter
e Recreation and understanding
of early universe

T.~150MeVr
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Physics Scope of Hot QCD matter
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Big Bang

| phase transition 10° ~ 10sec
quarks and gluons are confined
beginning of universe with normal matter

Quark-gluon plasma: QGP

endpoint

| hadron phase e
CNe L

p/po~1 p/po ~ 10 baryon density



Create an Early Universe in a Laboratory

High energy heavy ion

collision is a unigue tool to 3
a

produce hot and dense 3
QCD matter
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Why do we need high energy?

* In general, collision process is very dynamic and complex
— very difficult to describe the evolution of the system

* In the limit of complexity, everything gets simpler

— hydrodynamics is applicable to describe the evolution of the
colliding system
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| Estimated energy density LI‘-IC B
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e High energy collision - a — | 1
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RHIC

» The first colliding-type accelerator
for heavy ion study

» Brookhaven National Laboratory
Long Island, New York, USA

« Two independent rings with
superconducting magnets
— circumference: 3.83 km
— asymmetric-mass collisions
— 106 ns crossing time

e Maximum energy fz%(SOOGeV)

= 500 GeV for p-p
=> 200 A GeV for Au-Au

*_"'I-":,-' f [ ———

e Luminosity (designed values)

— Au-Au: 2 x10%6 cm? st

—  p-p :2x10% cm?st
(polarized)
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Experimental Runs at RHIC

The first encounter of Gold ions
— June 12, 2000: Au + Au collisions at synY2 = 56 GeV

Year-1 Run
— Au + Au at s, }? = 130 GeV

— middle of June, 2000 ~ Sep. 4, 2000
e ~5 M minimum-bias events

Year-2 Run
— s? =200 GeV

— Au + Au: Aug. 17, 2001 ~ Nov. 25
e ~100 M minimum-bias events

— p + p: end of Dec., 2001 ~ Jan. 24, 2002

Year-3 Run

— s t? =200 GeV

— d + Au: Jan. 17, 2003 ~ Mar. 23, 2003
* The first asymmetric nuclear collisions in the colliding-type accelerators

— pol-p + pol-p: May 2 ~ May 17, 2003
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Experiments at RHIC

PHENIX
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PHENIX (Pioneering High Energy lon eXperiment)

«~430 from 41 institutions, 11 countries
Measure photons, electrons, muons as well as hadrons

= unique among the four experiments
«Cover many observables
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PH ENIX

University of 5do Paulo, 530 Paulo, Brazil
Academia Sinica, Taipel 11529, China Ay

China Institute of Atomic Energy (CIAE), Beljing, P. R. China

Laboratoire de Physique Corpusculaire (LPC), Universite de Clermont-Ferrand, 63170
Aubiere, Clermont-Ferrand, France

Dapnia, CEA Saclay, Bat. 703, F-91191, Gif-sur-Yvette, France

IPN-0Orsay, Universite Paris Sud, CNRS-IN2P3, BP1, F-91406, Orsay, France
LPNHE-Palaiseau, Ecole Polytechnigue, CNRS-IN2P3, Route de Saclay, F-91128,
Palaiseau, France

SUBATECH, Ecole des Mines at Nantes, F-44307 Nantes, France

University of Muenster, Muenster, Germany

Banaras Hindu University,Banaras, India

Bhabha Atomic Research Centre (BARC),Bombay, India

Weizmann Institute, Rehovot, Israel

Center for Nuclear Study (CNS-Tokyo), University of Tokyo, Tanashl, Tokyo 188, Japan
Hiroshima University, Higashi-Hiroshima 739, Japan

KEK, Institute for High Energy Physics,Tsukuba, Japan

Kyoto University, Kyoto, Japan

MNagasaki Institute of Applied Sclence, Nagasaki-shi, Nagasakl, Japan

RIKEN, Institute for Physical and Chemical Research, Hirosawa, Wako, Japan
University of Tokyo, Bunkyo-<ku, Tokyo 113, Japan

Tokyo Institute of Technology, Ohokayama, Meguro, Tokyo, Japan

University of Tsukuba, Tsukuba, Japan

Waseda University, Tokyo, Japan

Cyclotron Application Laboratory, KAERI, Seoul, South Korea

Kangnung National University, Kangnung 210-702, South Korea

Korea University, Seoul, 136-701, Korea
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Myong Ji University, Yongin City 449-728, Korea

System Electronics Laboratory, Seoul National University, Seoul, South Korea
Yonsel University, Seoul 120-749, KOREA

Institute of High Energy Physics {(lHEP-Protvino or Serpukhov), Protovino, Russia
Joint Institute for Nuclear Research (JINR-Dubna), Dubna, Russia

Kurchatov Institute, Moscow, Russia

PNPI: 5t. Petersburg Nuclear Physics Institute, Gatchina, Leningrad, Russia
Lund University, Lund, Sweden

Abllene Christian University, Abilene, Texas, USA

Brookhaven National Laboratory (BNL), Upton, NY 11973

University of California - Riverside (UCR), Riverside, CA 92521, USA

Columbia University, Nevis Laboratories, Irvington, NY 10533, USA

Florida State University (FSU), Tallahassee, FL 32306, USA

Georgia State University (GSU), Atlanta, GA, 30303, USA

lowa State University (15U) and Ames Laboratory, Ames, IA 50011, USA

LANL: Los Alamos National Laboratory, Los Alamos, NM 87545, USA

LLNL: Lawrence Livermore Mational Laboratory, Livermore, CA 94550, USA
University of New Mexico, Albuguerque, New Mexico, USA

New Mexico State University, Las Cruces, New Mexico, USA

Department of Chemistry, State University of New York at Stony Brook (U5SB),
Stony Brook, NY 11794, USA

Department of Physics and Astronomy, State University of New York at Stony
Brook (USB), Stony Brook, NY 11794-, USA

Oak Ridge National Laboratory (ORNL), Dak Ridge, TN 37831, USA

University of Tennessee (UT), Knoxville, TM 37996, USA

Vanderbilt University, Nashville, TN 37235, USA
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Japanese Group at PHENIX

Supported by MONKA-sho’s “US-J Collaboration in Science and Technology

In the field of high energy physics”

Primary contributions = PID TOF hadron identification

Tsukuba
RICH: electron identification Columbia
CNS, KEK, Waseda, NIAS, BNL, FSU,
KEK, SUNY/SB, ORNL
& | AEROGEL

Tsukuba, CNS,
BNL

BBC TOF start,
event trigger

Hiroshima,
Columbia
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Topical Results from RHIC

» Gross feature of heavy-ion collisions
— Participant-spectator model
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Participant-spectator model

HoT I I I I I I

» Classical description works

» Collision geometry is determined
by impact parameter

* [t works when collision time Is
short compared to a typical time
scale of internal motion of 4%
nucleons inside nucleus s
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Topical Results from RHIC

e Probing “Initial conditions”
— azimuthal anisotropy and particle yield ratio

— Basic question is: whether at RHIC thermal and
chemical equilibrations are achieved?
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Elliptic Anisotropy in Particle Emission

ty
dN  dN 1
dp,dyde dp,dy 2r

(1+ 2v, cos(p)+ 2v, cos(2p) + ..

XY

» Azimuthal anisotropy in the participant
region in non-central collisions
— If local equilibration is achieved quickly

enough, 03—
2
— then anisotropy appears in the internal 0
pressure gradient, which produces
anisotropic particle flow 0.2
* Very large anisotropy at RHIC 0.1
— comparable to the predictions from
fluid dynamical calculations 0
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Elliptic Flow - Thermal Equilibrium
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* hydro-dynamical model assumes L (4m?)

- early thermalization (~0.5 fm)

- initial state = QGP phase Thermalization seems to be

barely achieved at RHIC
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Particle Yield Ratio and Chemical Equilibrium

2
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Braun-Munzinger et al., PLB 518 (2001) 41

D. Magestro (updated July 22, 2002)

Static thermal model reproduces the particle ratio extremely well

* To be noted: ys: strangeness saturation factor > ~1
o introduced to reflect on slowness of s production in hadron interactions
o fast strangeness production/equilibration is only possible at QGP
—> It is natural to assume that chemical equilibration is realized at QGP
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Topical Results from RHIC

* High pt particle — single and correlation
— Jet quenching; to probe hot matter with high density
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Jet

) hard Scatterlng Of partons Jet Production in pp and pp Interactions
(quarks & gluons) is 108 (e
frequent at high energy i
collisions 102

 calculated well with pQCD
* Rutherford scattering in i

S

o RB07 (ISR, pp, 45 GeV)
e R807 (ISR, pp, 63 GeV)
¢ CDF (pp, 546 GeV)
0 UA1 (pp, 630 GeV)
A UA2 (pp, 630 GeV) m
¢ CDF (pp,1800 GeV)

(nb per GeV/c)

) . —= 1072
high energy collisions i
— how point-like the partons 1074 |-
are. i
pr = 400 GeV MO e e

» AX~0.5x103fm
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Jet quenching

Energy loss of partons (quarks and gluons inside nucleons)
In media at high density

-- primarily due to gluon bremsstrahlung

High p; hadrons are
hard-scattered hard-scattered fragments of partons
parton from e.q. p+p parton in Au+Au L
cone of hadrons “jet” Energy loss via strong Al AuAu®=0) $7E2200CeV

i * n0 without energy loss

//, Interaction o\ o |
oy ‘;:T ke with energy loss
. Ny
4 iy 3\
J -

/ Hot dense medium Energy Loss %“h;
7 f'd 7

— —
= =

Yield [GeV-ic]
“L

—
= 1
Lhn
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=

2 4 6 8 1012 14 16 18 20
pr [GeV/c]
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Transverse Momentum Distribution of r°

« Compare the yield in Au+Au with that in p+p scaled with N,
— should be scaled in hard processes, without nuclear effects

* In Au + Au collisions at CMS energy = 130 and 200GeV
—peripheral collisions: good agreement with N_,,, scaled p+p data
—central collisions: significant suppression from with N, scaled p+p data
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Jets and two-particle azimuthal distributions
p+p — dijet

e trigger: highest p; track, p->4 GeV/c
 A¢ distribution: 2 GeV/c<p <p-lrager

e normalize to number of triggers

0.2_— — p+p min. bias

4<p, (trig)<6 GeV/c ﬁsrhn ]

p.(assoc)>2 GeV/c

1/Ny1ger AN/A(A0)

A ¢ (radians)
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Azimuthal distributions in Au+Au

1/Npiqger AN/A(A0)

E5n S e e e [ e e [ e e b [ e e | B L LR A L B =|
- — p+p min. bias 1 r — p+p min. bias -
0.2 — 2 —
i * Au+Au Peripheral 5sTArR 1+ * Au+Au Central ‘ESTT; AR -
0.1 . .
iy e\ I :
0_" boetmene o i Tendes 0_: e - T
pedestel arflowsubtracted. 7 L

1 0 1 2 3 4 1 0 1 2 3 4
A ¢ (radians) A ¢ (radians)

Near-side: peripheral and central Au+Au similar to p+p

Strong suppression of back-to-back
correlations in central Au+Au
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IS suppression an initial or final state effect?

Initial state? Final state?

Need of results from d(p) + Au collisions
 large hot region will not be created

- finial state effect will be smaller
e Initial state effect will stay
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How IS It settled?

e Execution of d + Au in Year-3 RUN (2003)

e No effects seen in d + Au collisions
- effects are intrinsic to central Au + Au collisions
- final state interaction is dominant

—> strongly suggests the creation of hot matter and significant
energy-loss of partons in central Au + Au collisions

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

0.2—

1/Np 1050 AN/A(40)
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Single Electron Spectrum

Major background: n° Dalitz-decay and y conversions
Careful subtraction of the backgrounds = single electron

Momentum spectra is in good agreement
with the charm spectrum in p+p collisions
scaled with N

- Is charm immune to energy loss?

Au+Au @ \|s\ = 130 GeV : minimum bias

)7
5

>
V) L, o+ 7 . .
g t(e +e)f2 4 - flavor dependence is a keen subject
> ]
T | v | . Phys. Rev. Lett. 88, 192303 (2002).
210 £\ \}, / conversion E AutAu — e*+ X (\[s =130 GeV)
= ° — yee ’ 10 (€*+e 2
'Q: 10°E _ 4 min. bias (x100)
S 0 - 1 ® central
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-2
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"""""
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Topical Results from RHIC

e J/y measurement
— THE probe of deconfinement
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Jhy Measurement at RHIC

o Suppression of J/y yields: a signature of QGP
QGP - Debye screening - J/y is dissolved

In Pb+Pb at CERN-SPS, large « At RHIC with higher T, stronger
suppression was observed in the suppression may be expected
Jhy - Drell-Yan ratio  Measurement in the Year-2 RUN
e statistics is very poor
? 80 & plas0r Gav/e)—A (A = p,d) (HAST)
8 50 . \ J/ v B-dN/dy per Binary Collision |
g h & "™Ph(208 x 158" GeV — Pb (Na5d 0.25 e
2 a0l i ¢ TmiEmdaGe R L PHENIX Preliminary
= Q =
O ' »
2 30 E 02—
i E Proton-Proton
> 5 - [l AuAu 40-90%
\ L - — — - -
e S S O A Bl .
i) ?:-'_; _ 1l
p = 0138 njfin’ g 0 L r—lAuAu 20-40%
% B »
o @ - L) E AuAu 00-20%
100~ By oty ) _ E 0.05 —
g a(Drell-Yan) :I’;':.-:;IW'P H O + - :
A B
] SPS P EP PU PO RO TPO  B L "I':I' i [?H.I : ':{ II I I BT 0 L | L | 1 | L | L I 1 | 1 | I |
0 2.5 5 7.5 10 12.5 -50 0 50 100 150 200 250 300 350
L (fm) Number of Participants




Wil J/y be really suppressed?

5 BYA.P. Kostyuk

16
14t

 |dea of J/\y enhancement
— Results from RHIC suggests thermal and

Cl

| 2

N
N

chemical equilibration is achieved at QGP i
phase I i‘

— In the QGP at high temperature, original Tl S
Jhy will be completely dissolved, but Jiy : — an;;{ -
may be re-created via recombination LU L,,',,; 0

process in the later (hadronization) stage N

— Probability of recombination increases -; .3.5: e
quadratically with the number of ¢ quarks > T '

=R 7]

 Dedicated Au + Au In the RHIC Year-4 :
RUN which starts in this winter i @;_‘ e

— total suppression or hint of enhancement 5 .““M

— we will find it out soon B e
N
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Summary

e Motivation and Scope
— confinement = basic QCD property
— hot QCD matter
— early universe
« RHIC and PHENIX
— RHIC started operation in 2000
— Japanese group
« Topical results from RHIC
— thermal and chemical equilibration
— Jet quenching
— J/y production

e Results from RHIC have been very exciting, and more will
surely come. Please stay tuned.
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