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Preface to the Series

The RIKEN BNL Research Center was established this April at Brookhaven National Labo-
ratory. It is funded by the “Rikagaku Kenkysho” (Institute of Physical and Chemical Research)
of Japan. The Center is dedicated to the study of strong interactions, including hard QCD/spin
physics, lattice QCD and RHIC physics through nurturing of a new generation of young physicists.

For the first year, the Center will have only a Theory Group, with an Experimental Group to
be structured later. The Theory Group will consist of about 12-15 Postdocs and Fellows, and plans
to have an active Visiting Scientist program. A 0.6 teraflop parallel processor will be completed at
the Center by the end of this year. In addition, the Center organizes workshops centered on specific
problems in strong interactions.

Each workshop speaker is encouraged to select a few of the most important transparencies
from his or her presentation, accompanied by a page of explanation. This material is collected at

the end of the workshop by the organizer to form a proceedings, which can therefore be available
within a short time.

T.D. Lee
July 4, 1997

*Work performed under the auspices of U.S.D.0.E. Contract mno. DE-AC02-98CH10886.
i
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Introduction

The RIKEN-BNL center workshop on “Hard parton physics in high energy nuclear

collisions” was held at BNL from March 1st-5th, 1999. The focus of the workshop was on
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and STAR detectors. There were about 45 speakers and over 70 registered participants at
the workshop, with roughly a quarter of the speakers from overseas.

About 60% of the talks were theory talks. A nice overview of theory for RHIC was

provided by George Sterman. The theoretical talks were on a wide range of topics in QCD
which can be classified under the following:

energy loss and the Landau—-Pomeranchuk-Migdal effect,
minijet production and equilibration,

cmq" T\}\‘IQII"Q Q‘!\A 'I'|’\1+10] r-nnr]‘iﬂnnc
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nuclear parton distributions and shadowing,

spin physics,

photon, di-lepton, and charm production,

hadronization, and simulations of high pt physics in event genera-
tors.
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Several of the experimental talks discussed the capabilities of the PHENIX and STAR
detectors at RHIC in measuring high pt particles in heavy ion collisions. In general, these
talks were included in the relevant theory sessions. A session was set aside to discuss the

sp1n progra at RHIC with polarized proton beams. In addition, there were speakers
11'()111 L/lU, HEIILA, DIIG llX(:‘(l Edlg(‘E eXpeIlIIleIlbb at [‘t!luullld,l) anu blle bD[\,l‘l uxea bdlgeb
Pb+Pb program, who provided additional perspective on a range of issues of relevance to
RHIC; from jets at the Tevatron, to saturation of parton distributions at HERA, and recent
puzzling data on direct photon production in fixed target experiments, among others.

The breadth and depth of the topics discussed, as well as the close interaction between

experiment and fhpnrv made for a verv stimulating atmosphere. The idea for such a

Quiile VAITUL Yy 1T iU & VYOI OUilliuGuiiils QUALIUSE/IITL . 2 210 ARLT G V4 vii &

workshop originated with Klaus Kinder-Geiger, who passed away tragically in the crash
of Swissair Flt. 111. Klaus’s idea was to have equal numbers of particle and nuclear
physicists, theorists and experimentalists, get together and thrash out the various QCD
issues relevant to RHIC. It was a very idealistic vision, and in practice it may have
worked out somewhat differently from what he had planned. Nevertheless, we believe
the atmosphere of the workshop was one he would have enjoyed, and enhanced with his

lively spirit. The workshop and these proceedings are dedicated to the memory of Klaus
Kinder—Geiger.

Jim \Jdl'IUH
Charles Gale

Mike Tannenbaum
Raju Venugopalan



Overview of Hard Partons for RHIC

George Sterman

Institute for Theoretical Physics
State University of New York at Stony Brook
Stony Brook, NY 11794-3840, USA

Perturbative Quantum

Quantum Chromodynamics (pQCD) is the appropriate tool to describe QCD
v (o ahd of A

\ -7/ -

dynamics at short distances. It a]llows us to treal, quantmes that are dominated by short-
distance physics and are yet observable, directly or indirectly. Hard scattering at RHIC requires
a reevaluation of pQCD formalism, appropriate tc propagation through a dense, potentially
hot, final-state medium. The basic pQCD observables are the total and jet cross section-

s in ete™ annihilation, 6(Q) = S,50ca(Q/) as(p) . An even richer class of observables can
? LJT])U""/\‘W/""/ bt AV 20d

be expressed as factorlzed convolumons of short-distance quantities with long-distance, non-
perturbative matrix elements. Examples are hard-scattering cross sections in hadron-hadron,
including nucleus-nucleus scattering,
phys - ‘
O e (M) =" biyn(1) ® Gip(M[ i, 005 (1)) & birnr (1) (1)
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relevant to a large class of final states F, characterized bV heavv masses (or high momentum
Oor boson and direct puutuu pludUCulOu Thc SUINs are over yaltun Lypes ¢ ; and u/.
with convolutions usually over their fractional momenta. The factorization scale p separates
perturbative dynamics from the long-distance functions ¢, describing the distributions of par-
tons in hadrons or nuclei, and/or the fragmetation of partons into hadrons. DGLAP evolution
equations, of the form pde(u)/ dn = P(as( ) ®@¢, follow from the independence of the physical

iorn from aoQIiTnin 1o +thot nd f are all. With
101l IrOIN fi, aSSUllling uuau Li is iarge enoug, ‘h that us\;,b/ ana “Q(Jl)/ Moare sifaii. Wit

its polarization capability, RHIC will make possible the measurement of spin-dependent distri-
butions. Nuclear collisions will promote corrections to (1) associated with multiple scatterings.
which are generally small corrections for nucleons, to prominence.

Of special interest are final states characterized by a hierarchy of hard scales, such as for the
production of heavy quarks or of geometrically narrow, but energetic jets. Denoting the induc
ratios by 7, corrections of the form o?(u) In* 7 can arise at each order, with n < k < 2n + 1
depending on the dynamics. Resummation techniques typically allows us to organize, and often
explicitly to sum, infinite series of such logarithms. Resummation is intimately related to the

same factorization properties that lead to Eq. (1), and, in a wider cont(,xt to eﬁectwe field

thenry dog rlr\f\r\no af O lirhf\m;.r\rv T offortive fold +1
LI UT LT \.41 ll_l 1U110 UL \(‘c\/.‘_/ \ _Y 1l LLilv. L v x1 s L

noro Denoting G

renormalization of composite operators, often path-ordered exponentials, that act as sources

of soft gluons, associated with fast-moving partons, Wy = P exp[—tig [ dy 3 - A(yB)].
Relativistic effects translate perturbative dynamics over long distances. For pp collisions.

the evolutlon is between the scattered partons and the surrounding vacuum. In pA collisions.

rovy 1( A] states fwrn a

¢ rgy final states. typica od
pa,rtl(‘,le spectra or relative transverse lllolncrltau H ird partons in the AA collisions of RHIC
may be sensitive probes of early evolution of the produced hot system. The comparison of high-
pr photons and hadrons, studies of jet fragmentation. spectra, rates and correlations each offer
information on the distribution of energy in the expanding hadronic matter. The evolution of

off-shell partons through hot matter will also serve to test the hadronization process itself.
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Although the radiative energy losses of a high energy projectile par-
ton dominate over the collisional energy losses, the angular distribu-
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increasing the angula r size the Jet It becomes comparable with
the collisional energy loss for §; 2 50 — 100,

e The bulk of ”thermal” particles knocked out of the dense matter
by elastic scatterings emerges outside the narrow jet cone and

”True” hard QCD-jets vs. ”false” thermal jets:
o The striking distincfion in the properties of ”false” and QCD—jets

Jet-finding algorithm in ultra-relativistic bea 7y 1o

jet 4+ jet production:

e sensitive to the energy losses

¢ good efficiency

¢ high statistics

e normalization on pp by Z(— ;7 p7)

e nuclear shadowing is not strong (« 2 0.03)
5 -+ jet production:

o direct observation of energy losses by FJ — E77" distribution
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e not high statistics
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Is it possible to observe the medium-induced

.

energy losses of hard quarks and gluons

jets 1n ultra-relativistic
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BNL/1999 Xin-Nian Wang /LBNL

A brief history of energy loss theory

How to measure dE/dx?
What to expect at RHIC?

What is the situation at SPS?

What can we conclude?
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BNL/1999 Xin-Nian Wang /LBNL

Prospects for RHIC

* Hard processes more accessible, i.e., direct y
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ABNL/1999

Single Particle Spectra at
RHIC
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BNL/ 1999 Xin-Nian Wang /LBNL

T R R T B B R AR i e

What we can conclude so far"

* Large p;,>1 GeV/c spectra Hard
Scattering

* Shape of spectra in pA (AA?) in p,<1
GeV/c: interplay between hard and soft
(shadowing)

« No evidence of energy loss:
— short life time of QGP?

— Or QGP does not cause dE/dx?
(inconsistent with QGP formation)

— Complete thermalization? (the A-
scaling 1s just a miracle)

» Hadronic stage does not contribute to
jet guenching
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Lig'é tcone, formal sm for
bfemssérakeuncg in mulliple sca#en‘)g
Bor:is Kope?:owch

Max - Plank-Instifut i Kernphysck, He:o(eeéer;

Outloolk

o L:éHWOhe formalism for vaoliation

of Promp-/- photons and Drell - Yan
lepton paing

@ Travnsverse wmomentum distribuYion

e Nuclear effecis: sl\ao(ow:ng; or
cwtishado wing 2

e Gluon rvad:ation
@ Multiple :nferactions and effeckts
of coherence :n ,\g,euov\ l:remss*ro.ht"uné.

@ Nonperturbative e{{ec'/s ‘N

production °of 4§ pairs and
rod:ation of g?uons
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Summary

® There (s much in common betweep
DIS and radiafion of phofons &
5euon$ tn the ?cak-l--cone representation

® Qdvaniages of the ZQH-Acone app roach :
more intuifive space-fime patfern

44 mue{:,oee inferactions of the quark
end the vad:iated 3€uon,s are {aken
iwto account Bj e« Scmpfe erkona €:2a%:5

~ nonperturbafive :nferacfion between

quocks (Y*—>495) and 4?«0015 (9>4G)
€

s inclucled using the' Green funchion
formalism,

- Explicit inclusion of the nonperturbative
egfect allows Ao get rid o

“eff ective” qua.rk /_3 €uon m’(a.ss

® Nucleor shadow:n /am‘cs/uaa(ow.‘né
(5 Sound to depgno/ on k..
Inteference not onf Suppresses,
but can also enhance radiation.

& Nuclear Eroc\o{ehmé o; fransverse
momentum resufltsVLrom color

{illering rather than from inchaé
sfate sco.'('fercvg_
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Why Leading Particles Can Be used
to Measure Hard-Scattering at RHIC

M.J.Tannenbaum
BNL/PHENIX
March 1, 1999

e Hard Scattering in p-p collisions was discovered at the CERN
ISR in 1972 by the method of leading particles.

e A very large flux of high pr pions was observed with a power-
law tail which varied systematically with /s, the c.m. energy of the
collision.

e The huge flux of high pr particles proved that the partons of
DIS strongly interacted with each other.

e Scaling arguments allowed the form of the force law between
‘partons’ to be determined but there was some early confusion caused
by initial transverse momentum kr which distorted the spectra.

e Further ISR measurements utilizing inclusive single or pairs of
hadrons established that high transverse momentum particles are
produced from states with two roughly back-to-back jets which are
the result of scattering of constituents of the nucleons as described
by Quantum Chromodynamics.

e These measurements are illustrated on the following pages.

http://www.rhic.bnl.gov/phenix/WWW/publish/sapin/conferences/hardscat99/

29



M. J. Tannenbaum, Hard Partons in High Energy Nuclear Collisions 2

My Best Bet on Discovering QGP
Utilizes semi-Inclusive 7¥ or 7* production

10_24 T T ]
O CDF 1800 GeV
o-260% AUAT 546 GeV
— OBS 53 Gev
> ACP 27 GeV
o
~ 10700 T
NU . m¢b
g e
: : O-—SO I
-':U {.-?;.9.4}—?-
™ o ——
nb —32 +
o 10 R $
Lt o }
~34 L
10 0.5s(h*+h7) .
IO~36 1 I\ has :

4 S} 8 10
P. (GeV/c)

Invariant cross section for non-identified charged-averaged hadron production
at 90° in the c.m. system as a function of the transverse momentum pyp
tablulated by CDF for a range of C.M. energies y/s. There is an exponential
tail (e7®7) at low pr, which depends very little on \/s. This is the soft
physics region, where the hadrons are fragments of ‘beam jets’. At higher
pr there is a power-law tail which depends very strongly on /s. This is the
hard-scattering region, where the hadrons are fragments of the high pr QCD
jets from constituent-scattering. Ny hope is that the QGP canses the
bich no snarks 1o loso ot thoir energy and stop. st that the high
coeinihoeend ovansb e contral Aucb Ao collistons

In RHI central collisions, leading particles are the only way to find

Sl 375 GeV L,
()}

jets because in one unit of Ar there is 7 x 5
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M. J. Tannenbaum, Hard Partons in High Energy Nuclear Collisions 7

How Everything You Want To Know about JETS
can be done in PHENIX with leading particles

in each arm c.f. CCOR
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Two particle correlation in azimuth of charged particles relative to a triggering neutral with
transverse momentum pr, > 7.0 GeV/c which defines the zero of azimuth, ¢ = 0. Charged
particles with |n| < 0.7 in the same ‘arm’ as the trigger are on the left and opposite *arm’
to the trigger on the right As the pr of the observed charged particle increases, the width
of the away side pe ak U)lulﬁ on the i'ight) narrows. This effect Clb(‘br!‘v shows that the thS
are not collinear in azimuth (they have a net transverse momentum kp. If there were
only fragmentation transverse momentum, then py- x A¢ would remain constant which would
equal to < jp >, the mean transverse momentum of fragmentation. [See PL 97B (1980) 163

for details]
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M. J. Tannenbaum, Hard Partons in High Energy Nuclear Collisions 8

Measurement of fragmentation function
with the same data

£27.69x107cm-?

10 L n? PAIR TRIGGER
.’ 8 Gevig?

. en? CHARGED
L 7.<_ P[' ('IO'J)
1. [ ] Q7s Py <8
" 285 Py, <9¢10")
4 s . - B95P S 0604
10'D a *
a ]
4o L ‘
° A
161 o 4 * e.stE
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.-lz e o
10°L . 7

\‘e's'"‘
H S U S U | L i H ] i | S S | i
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Xe

Distribution in zx for a charged pion (or 7°) observed roughly back-to-back to
a triggering 7V of transverse momentum pr,, where both pions have |n| < 0.5
in the c.m. system. z, is the ratio of the component of the pr of the second
pion, opposite in azimuth to the triggering pion, divided by pr,. Exercise
for students: What do you have to know about the leading trigger particle
to convert from e~23% to the jet fragmentation variable z [e77].

32



M. J. Tanpenbaum, Hard Partons in High Energy Nuclear Collisions 9

Same Data Set measures kr
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(a) <lkry|> and ‘}(<k%>) as a function of pry., for three different /3 values, optained
from back-back correlations. (b) The same using events where the sum of charged paricle
transverse momenta on the away side balances prei; [see Phys Lett 97B (1980) 163].
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M. J. Tannenbaum, Hard Partons in High Energy Nuclear Collisions 10

Same Data Set-— First measurement of QCD
subprocess angular distributions

Lo ‘
Di Pion Angular Distributions wH,:ﬁfvm
JS =624 GeV Cortl Pocae. finkice
8.25 < M, ,<9GeVc? 9<i, <10 Gavk? " 10sM,,, <l Ge/c?
v 1 T T T 7  EEa— T T ™
asl ]
'0" . f‘ 4__ *1 2.. f1
ol 1 35 3 )
P{:< l . t 3 P~l:< [ | ® P{_ <l
6} ) - 251 B .2} * J- -
‘
| ] }
Lt 1 1o ,.’ 08} - 1.
’ e I R ] ¢4 ¢ .
2¢ - I 1 oap! 1.
os} ] i
0 . g . " 0 . o .‘. N 0 . . N —:
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QCD Subprocess predictions normalized at 90°
QCD angular distributions

5 "I’ﬁf"l"r‘"l"l‘"T‘l"‘r’T“ﬂ"r‘rT‘f'

lfllll

Angular distributions of pairs of nearly back-to-back 7° as a function of the invariant mass
My, of the pair. The net P, of the pion pair is restricted as indicated on the figure and
the net rapidity of the di-pion system is restricted to |Y;,| < 0.35. The distribution plotted
is the polar angular distribution of the dipion axis in the frame with zero net longitudinal
momentum. The important feature of the analysis in these variables, which are more typi-
cally used for lepton pairs, is that the di-pion angular distribution at fixed mass corresponds
closely to the distribution of scattered partons at fixed §, thus the data and QCD prediction
at the parton level can be directly compared without recourse to a Monte Carlo. [see Nucl

Phys B209 (1982) 284].
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Jets at HERA

Mieczyslaw Witold Krasny
Paris University & Oxford University

RIKEN Workshop - March 1999

e Introduction

¢ Universality of the quark fragmentation

e Jet finding and jet properties

e Reconstruction of partonic momenta using jets
e Inclusive jet spectra

e Jets as measurement tools - an example

e Summary and outlook
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M.W. Krasny - Jets at HERA RIKEN Workshop 1999

1
m
0
>

Two options for HERA operation beyond 2005 are being con-
sidered:

Colhsmns of electrons with nuclei
o C

ollisions of electrons with polarized protons

Studies of the physics potential of the eA option:

L

SR RS R TR uce - A
A physics introduced to the

o

a0
Yy
d

A

ris

e 1996 DESY workshop. Rapport of the working group on
eA scattering published in " Future Physics at HERA", ed.
G.Ingelman, A. DeRoeck, R. Klanner (DESY 1996)

} » C1I N\NECWNY — D in A~
e 1997 Joint GSI-DESY workshop in Seeheim
e 1998 Trento workshop
1 . 1
e 1999 "Physics with HERA as eA collider” work-
shop at DESY Hamburg, 25-26 May (for more info:
I‘.L.J...A ./ N . o~ o~ A N
[ LLp / /VVVVVV.dbe dC/ llCldCd}



M.W. Krasny - Jets at HERA RIKEN Workshop 1999

Selected physics highlights

of the eA option

e Study of the large density partonic systems. Search for non-
linear QCD phenomena.

e Study of partonic structure of the large distance strong in-
teractions. How universal is the concept of Pomeron?

e Nucleus as a tool for filtering out soft from hard processes.
Perturbative QCD studies of hard processes.

e Nucleus as a femtovertex detector to study the space-time
structure of strong interactions.

e Physics of luminous photon-photon scattering.

...in addition:

e Precision measurement of partonic distributions in nuclei in
the xp; range 107 - 1071

e Study of propagation of partons through the nucleus. High
FE7 jets as densometer of of the medium.

... both of potential use in interpreting the forthcoming RHIC
and the LHC-AA data

37



M.W. Krasny - Jets at HERA RIKEN Workshop 1999

The accelerator requirements

Preliminary studies (Willeke 1997) show that with relatively

modest investment ions can be accelerated and stored at HERA
providing luminosities of e.g.:

e I, =6 % 103%m—2s! for electron - carbon collisions

o I, =2 x 10%8em 25! for electron - lead collisions

The optimal choice of ions , required for studies of hard partonic
processes in electron- nucleus collisions, covers uniformly the
A1/3 range (e.g D2 0161 0&40, S?’ngo and Pb207) with 1/A
scaling of the corresponding collected luminosities

Already with luminosities of 1/A pb™! a significant physics out-
put is expected.

Example: for electron-lead collisions - one month of running
with the upgraded HERA machine.

Precision measurements require 10 times larger luminosities
(10/A pb™!). Simultaneous storage of two or three types of
isoscalar nuclei allows one to drastically reduce the systematic
uncertainties of several important measurements (e.g. nuclear
ratios of partonic densities) (to &~ 1 % level). Such running

mode is considered possible by the machine experts.
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Krasny - Jets at HERA RIKEN Workshop 199

o

Summary and outlook

High energy electron beam provides a precise surgery tool
Fm Ao~ -c-—’\m L—-\’ul AAAAAAA 4~ P ﬂulln IAII"-L I\\I“I\V.MI\“"-—\III'
LU CJCLL, TVl T1aUrul IIL idLLTI, YuUdi RS WILIT TAPCLHTICIILAIlY

~ol od momenta and ancles

calibrated momenta and angles

4 : : 13 1 1 . . i C MM N 1
(contrary to "coloured tools” the radiation of QED quanta can be pre-
cisely monitored).

Observables controlling universal fragmentation of quarks:

— energy flow in the (7, ¢) plane within and outside jets
— charged particle spectra

— particle multiplicities

are well understood for large Q2 electron-proton scattering

at HERA (Q* > 100 GeV *).
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AL YXT f T .4 T AT A NDITZTINT YX7-_ 1.1 __ 1nnn
VL. VY. Arasny - Jets at oA VLAY VWWOIKSNOP 19909

e The NLO perturbative QCD describes successfully jet pro-
duction processes observed at HERA (note small deviations
at the highest Fr values). The Monte Carlo models based
on the perturbative QCD provide satisfactory description of
the internal structure of jets.

_ B ~ O M~ \J oo Y P o T SO [ R R
® Oor T ~ 4J WUV JCLS LNE dCLECLOr CHCCLS dAd 1daUronlsa-
tion effects are small and the jet kinematical variables ap-
proximate very closely those of the corresponding partonic

system.

e Measurement of di-jets produced in electron-nucleus colli-
sions enables one to directly measure the distribution of glu-

ons in the nucleus (honefully as a function of lmpact param-
eter using \.A./Qu.n.ded nucleon tag ing). This method is less

N H

- 0
0~
—t

ion analvysis method

- e D At
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* Most precise measurement to date of
jet cross-sections.

 Extensive effort went into
— 1) Data Accumulation (2 years)

— 2) Jet Energy Calibration(4 years)
- Offset
- Shééering
— Response

— 3) Event Selection (1 year)
— 3) Resolution Unsmearing (1 year)

» QCD in excellent agreement with
observed cross sections.

More lescls Hrome Dm Tuvne
Je

3&%5,07 DTU ‘&l‘[
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A womenk Aisussd& Thee (acphoa (oS of gobs
Jet Definition

X X

* Hard scattering

% Parton shower

.>__T) * Fragmentation /Hadronization

LO: dijet event (o ~ a?)

a) b)
E{ particle level :
2 CH <\ 5.0 N
u
) 4
FH oo 2
\calorimeter levd | Chaiped
ha '
noise e W\Nww / /
L > ‘ underlying
AR ) event o
parton level

¢ Parton Level Jet: composed of quarks and gluons (before
hadronization)

¢ Particle Level Jet: composed of final state particles (after
hadronization)

e Calorimeter Level Jet: measured object (after calorimeter
shower)

Use algorithm for jet reconstruction

2 gg\aﬁ VT @



s - eate—

The M«UR\ mest deal wifia
cells ) N’&A&/ :f(fha -

DO Algorithm

Iterate using Snowmass algorithm.

B =X By, By =(E?; +E? ;)12
E.=2E E,=XEy;, E,=ZE,;
cos@y=E,/(E* +E%+E2)!2

N = -In(tanB,/2)

Two jets are merged if they share >50% of the
smaller jet E,

Xi?

Two jets are split if the share <50% of the
smaller jet E,.  Cells are assigned to the
closest jet.
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J@L@m} OTe 71

Jet Energy Scale Correction

No central magnetic field = data based calibration

@ ADC-to-GeV and Layer-to-Layer calibration done
during RECONSTRUCTION based on Test Beam
e and 7 data)

¢ Jet Energy Scale performs second step calibration

Measured jet energy back to the

PARTICLE LEVEL

il ( Fmeas _ O)
E jet — R R
K cone ]et]

¢ O: energy offset due to Ur noise, pileup and under-
lying event.

® I, energy response (uhinstrumented regions, dif-
ferences between nuclear and EM interacting parti-
cles, module-to-module inhomogeneities).

e I, fraction of the particle jet energy that is
deposited inside the algorithm cone.
(9\'\-'0#\?3 r“wtk‘
o~
L L 47 e
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Kathy Turner, BNL (kathy @bnl.gov)
Riken-BNL Workshop on Hard Parton Physics in High-Energy Nuclear Collisions
March 1,1999

Hard Parton Physics at the Tevatron — Results from D@

The focus of this taik was to show Run 1 resuits from the D@ experiment at Fermilab that may be appiicable to
RHIC. The analyses discussed are tests of QCD and are summarized below. The full talk is available at
http : //www.rhic.bnl.gov/afs/rhic/star/doc/www/conf/index.htmi. All the resuits shown are either published
or can be obtained from the D@ results pages at http : //www — d0.fnal.gov/public/d0_physics_v2.html and then
go to “Publications”,“Summer 98 Results” or to Physics Groups “QCD” (then either “Approved Plots™ or the “Work-
ing Groups”). The preceding talk by Prof. G. Blazey should be consulted for details on jet triggering, algorithms,
corrections, and calibrations.

Dijet Angular and Mass Distributions:
The dijet angular distribution provides a direct test of QCD is insensitive to parton distribution functions (pdf).
The value measured is %% where ¥ = €27"l and n* is 5 of c.o.m. system. This variable flattens out the
distribution to facilitate comparison with NLO QCD predictions, which were done using Jetrad (Nucl Phys.
B403 (1993) 633). The data are also compared to a prediction with a compositeness scale A, and lead to a limit
on quark compositeness of A, > 1.9 TeV. See Fig. 1.

The dijet mass spectrum provides constraints on the pdfs and limits on quark compositeness. The dijet mass is
calculated assuming the Jets are massless. The 95% lower limits on the compositeness mass scale obtained are
At > 27TeVand A~ > 2.4 TeV. See Fig. 2.

Jet Shapes:

Jets have structure due to gluon radiation and fragmentation. We measure the radial E+ distribution in jets
with cone-size R = 1.0, p(r) = 1/N[Z(Er(r)/Er(R))], as a function of the distance = from the jet axis
and compare to NLO QCD predictions at the parton level. This is the first order a jet shape prediction can
be made. The run 1A analysis was published (PLB 357 (1995) 500) and there was a subsequent theory paper
(hep-ph/9510420). The data show that jets narrow with increasing jet £ and going from central to forward
jets and are insensitive to differences in axis definitions. Herwig Monte Carlo describes the data well whereas
the NLO QCD predictions vary considerably with jet axis and clustering definitions. See Figs. 3 and 4.
Color Coherence:

In QCD theory, there is interference of soft gluon radiation emitted along color connected particles. This color
coherence is studied to determine the details of hadronic final state to see if these effects can survive hadroniza-
tion. Also the relative importance of perturbative vs. non-perturbative contributions is measured. In the multijets
analysis (PLB 414 (1997) 419), events with 3 or more jets are chosen and the angular distribution of the softer
3rd jet 1s measured around the 2nd highest Ep jet. The data show a clear enhancement of events in the cvent
planc (i.e. planc defined by direction of 2nd jet and beam axis, 8 = 0,7) and a depletion in the transverse
plane (8 = #/2). The data differ from Isajet, which has no color coherence (CC) effects, and from Pythia when

angular ordering (AO) is turned off. The NLO QCD prediction from Jetrad and Herwig (has CC) agree best
with the data. See Fig. 5.

In the 1"+ jets analysis (preliminary), the leading Ey jet opposite in ¢ to the W is selected in the event. The
multiplicity of calorimeter towers above 250 MceV in a ring around the jet and 1 from .7 < R < 1.5 1is
measured. Around the 117 the angular distribution of soft gluons is expected to to be uniform, whercas around
the jet there is expected to be structure. This enhancement of multiplicity around the jet compared to the T
is seen in the data. Monte Carlo models which include CC effects and QCD predictions (hep-ph/9612351) in
which the parton cascade 1s evolved much further than traditional QCD (MLLA calculation) agree well with the
data. Sce Fig. 6.
Direct Photons:

Direct photons can be used as probes for hard parton interactions w/o fragmentation effects. Used as a test of
NLO QCD, they give information on the contribution from higher order corrections, especially multiple soft
vluon emission (i.c. Ay celiects)

gluon pdfs and also matrix elements. The analysis based on Run 1A data sample is published (PRL 77 (1996)

001) and the Run 1B results are preliminary. The inclusive cross section is co

'/I

St it niaitle VTN e Dt o
ISent Wil (e L prodictiugs
(PRD 42 (1990) 61), but dnla from all C\pcrimcnm show a trend away from predictions - especially at low py.

T _ NP E T RIBNVTINS N1 Y mrodioriome Tho (hiombvestosm 2 cmoctrnms howe
1 ll\/ |Ll (lll LllLll \ll\llll’l,l\l\’ll l ILL\ \VLll VVILII lllb \Lllll\, VIAKJ IVI\.\_IILLI\HL\. v 4l llll\H\lH I nl’\.k\l\.llll DLIVIVY D
deviation fmm NLO (PRD 46 (1992) 2018) at low pp. Predhctions which add i muluple gluon enussion, Pythia
or resummed-QCD thep-ph/970 1255 are consistent with datas See g, 7 and 8.
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Figure 1: (A) The dijet angular distribution vs. x is shown over 4 regions of dijet mass and compared to NLO QCD
predictions using JETRAD. (B) The data are shown compared to predictions with various values of the compositeness
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Figurc 2: (A) The difference between the dijet mass distribution data and theory are shown vs. the dijet mass. Also
shown are the differences between the nominal pdf and p-scale and other settings (lines). The shaded region indicated
the errors on the data. (B) The ratio of the dijet mass spectra for ||, < 0.5 and 0.5 < |n|jer < 1.0 and the NLO
prediction at the nominal settings and scaled to different compositeness values.
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DO Jet Shape - CENTRAL

Jet Shapes ~ DO Preliminary
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Figure 3: The measured integrated jet £ as a function of distance from jet axis, corrected for detector effects, is
shown in the central region for 4 values of jet .
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Multijets
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3—jet Data/Monte Carlo

+ Select events with three or more jets
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+ Compare data to several event gencrators with | * HERWIG and JETRAD agree best with the data
different color coherence implementations + MC models w/o CC effects disagree with the data

Figure 5: (A) Explanation of coordinate system used in analysis. (B) Ratio of observed 3 distributions relative to the

MC predictions for two n regions. MC models that don’t have color coherence effects are seen to disagree with the
data.
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Cos(0") Distribution
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Partons in A+A Collisions
at RHIC with PHENIX

Paul Stankus
Workshop on Hard Parton Physics
Mar 2, BNL

Theme: The goal of RHI physics is to diagnose the state of
very hot, dense nuclear matter, particularly seeking novel QCD
effects such as the predicted QGP.

Hard-scattered partons are potentially very useful probes of
the earliest stages of RHI collisions once collider energies become
available.

1. (not much) Physics

2. A pallet of measurements in the PHENIX experiment
3. Some questions | have for smarter people

4. Conclusions
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Parton Distributions

qix), glx)

Nuclear Effects
Shadowing, EMC, etc.

Initial Siate Radiation
"Kt" Broadening

Multiple
Scattering

Direct Photohn

Lepton Palr
Virtual Photon \

Charged
Quark or Gluon et Hadrons
Decay Photons
Jet Energy Loss
Jet Broadening
Fragmentation Decay
Part ; Initial State
D?stggutlons Nuclear PDF g”’%‘;ﬁn Radiation i}.i!ssng:ggdenin Fragmentation | Decay

A+A q(x), g(x) Effects SeaNeNNE | i Broadening ' 9
Inclusive
Photons v v v v v v v
Inclusive
Hadrons, 70 ‘/ v v ‘/ ‘/ ‘/
Direct Photons
and Lepton Pairs v v v v
Hadron-Hadron
Back to Back v 4 v v
Photon-Hadron
Back to Back v v v v
Photon-Photon
Back to Back V’ v
Rtp
Inclusive v v
Hadrons v
Direct Photons v v
RtA
Direct Photons v v v v

53




Counts/200MeV/Day at Day—1 Luminosity

(&)
N

o

10

Inclusive Photons into PHENIX EMCal

IllTllI

T

Total no quenching

n° decay no quenching
Total with quenching

7° decay with quenching
pQCD direct

—  Central Events L‘—

hl 1 i 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1 l 1 1 )| 1 I

5 6 7 9 10
Pt (GeV/c)



W in Au+Au Decaying Into € Or mu
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4a Nuclear Charge Symmetry Violation: A
“Boutique” Measurement at RHIC

(Suggestion: J. Moss, LANL)

Nuclear charge symmetry — the proton is the isospin mirror of
the neutron — can be expressed in terms of PDF's as:

uf(z) = d*(z), u"(z) = dP ()
#(z) = d*(z), @"(x) = &’ (z)
Though known to be broken in static limit, m,, 5 m,, expression

in PDF's not well known (see recent Boros, Londergan, Thomas,
Phys.Rev.Lett. 81 (1998)).

If isospin balanced nuclei were run in RHIC (e.g. a, °Ca, etc.)
then CSV would manifest an imbalance between the processess
u+d— Wt and @ +d — W~. So, a simple measurement of

the W+ /W~ rate ratio could yield a “precision” measurement of
CSV in the nucleon.

Very preliminary work suggests ~4000 W* accepted into PHENIX
per year in O+0 at v/S=250 GeV and B.B.L. - right on the
edge of possibility. Clearly, more work is needed.
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Questions For the Luminaries:

FE R WY Y/ NN [ Uy IS LIS « Qi 1 1 e .° b ____ I __ £ __ ___

(1) vvE Delieve Lhdal medium € witl aistinguist medium

asmmassasune T | IFY o mrsme Adtadton Py f\r'D "AM Llr Lo omn nJ-L.-...’)

vacuulil, vutL wiill Ll y VCI Uidul |5UID|| Wt 1 L E I VI WLHCT .
. ”

or is -dE/dx at best a “densitometer”?

(2) My picture of “factorizing” production, medium effects and
fragmentation is certainly naive. How am | to picture a string
with it's tail in the QGP? what does it attach to? Do | need an
(entirely?) new picture for fragmentation?

(3) Can un-interacted partons ever “see” an early pile-up of ther-
malized QGP material?
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Angular Correlations at High-p;

Craig Ogilvie, for the STAR Collaboration

To first discover, then study the properties of the QGP requires a probc that is both sensitive to correlations in the plasma and retains its
information during the intense hadronic scattering in the exit phase of the reaction. One class of signatures that may satisfy these
requirements is the yield and correlations of particles at high transversec momenta (pt). As partons from hard-scattering collisions travel
through the dense, hot, early stage of the collision, they are predicted to lose energy due to increased radiation of gluons. One
experimental consequence of this energy-loss may be a reduction in the yield of high-pt hadrons. Given the complexity of heavy-ion
reactions, and also that pt-distributions depend on many other factors, e.g. the currently unknown gluon distributions in Au, it is
important to find complentary experimental probes of energy-loss physics. An alternative probe of energy-loss may be how two-

particie correlations in angie change as a function of pt and centrality.

After a hard scattering in p+p reactions, the hadrons from the fragmenting parton appears as a jet. This can be characterised by the

- S es within the fluctuations in the la

energy within a jet cone, and by the distribution of energy and particles within the cone. Given that fluctuations in the large number of
soft hadrons at RHIC make it hard to impossible find jets in Aut+Au reactions, an interesting alternative may be to measure the
correlation of two high-pt particles as a function of relative angle. The key idea is that if a hard-parton travels through a plasma, then

the nearly collinear-gluons radiated from the fast parton would produce a broader angular dis

tribution of emitted hadrons

In this talk correlation functions in two different relative angles are explored: the relative angle o between two tracks, and the
difference in azimuthal angie, A®. To begin to develop our algorithms for these observables in STAR we have simulated AutAu
reactions with the HIJING event generator, through STAR's GEANT and simulation of the TPC response and finally through the
tracking and analysis chain. In Au+Au reactions the simulated correlations in o are strong, but may be more difficult to interpret given
the uncertainty of the correct parton-parton reference frame and that other sources of correlation exist. The correlation in Ad is weaker

and may be difficult to observe above the combinatorical background. Both will be measured in STAR during the first year of RHIC

operation.

The small-angle rise in the correlation functions can be fitted with a gaussian. The width and amplictude of these gaussians
characterises each correlation function. In HIJING energy-loss of hard partons is modeled as a transfer of energy from the parton to
nearby strings. By comparing the simualtions with energy-loss off , the correlation functions both broaden and become weaker if the
parton loses energy in the HIJING simulation. To search for this effect in RHIC we plan to measure the correlation functions as a
function of centrality in Au+Au. Peripheral reactions provide a baseline behavior for the correlation functions. The effects of energy-
loss should be largest in the most central reactions. These correlation functions will be measured for different transverse momenta of

the pair of particles.

Measuring two-particle correlation functions at RHIC has the potential to probe the propagation of a fast parton through a QGP. If the
gluon radiation from such a parton increases in a plasma, then both the momemtum and angular distributions of the hadrons will be
changed. The angular distribution of the hadrons can be characterized by two-particle angular correlation functions. These
measurements are complementary to the high-pt spectra of hadrons and may offer the calculational advantage of being insensitive to
the unknown gluon-distribution in Au. In addition experimental eftects such as acceptance and tracking eflicienies will cancel.

Angular correlations may theretore provide robust, early information oni the propagation of a fast parton through a possible QGP

58



Angular Correlations at High-p;

o Basicidea-
— hard scattering produces two high-pt partons
—~ hadrons from fragmenting parton emitted in tight cone
— any two of these hadrons are strongly correlated in angle
» 2-particle angular correlation function in Au+Au
+ X.N Wang Phys. Rev. D47, 2754 (93)
» sensitive to energy-loss of fast parton within QGP?
» not sensitive to shadowing of structure functions?
» complementary to change in high-pt spectra
¢ Preliminary simulations for STAR
¢ Next steps

3/2/99 Craig Ogilvie 1

Angular Correlations Between Two Final Hadrons

———————————————————————————————————
a=cos” (- py)
Ap=|¢—02 |
N eai(angle, pty,pty)
Nmixedevents(angle, pty, pt2)

C(angle, pty,pty) =

1) Correlations less sensitive to rate of initial hard-scattering
than high-pt spectra of hadrons
=> |ess sensitive to shadowing of structure functions in Au

2) Use both angles, o frame dependence, ¢ worse combinatorics
3) Instrumental effects cancel, e.g. acceptance, track efficiency

(apply 2-track acceptance-cut)
=> early, robust measurement in year 1 @ RHIC

to

3/2:99 Craig Ogilvie
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Do Correlations Probe Energy-loss ?

increased gluon-radiation correlated hadrons
within plasma

¢ How does the redistribution of energy change the
correlation of hadrons?

- nnnrlu_nnllmngr bremstrahluna aluons
uranid €

L=t} NSNS T W T [ iy Y

» maintain but broaden angular correlation ?
— energy given to nearby “string” (HIJING)

» little anguiar correlation between string,

(%)

3/2/99 Craig Ogilvie

Pythia: p+p s'2 200 GeV/c in STAR’s Acceptance

© R 1
;i LE-‘E-:"—'%—‘—-—I pt;,pt,>1GeV  In[<1.7
;E \ R C = offset + lambda x ¢ ¥/fit_angle

VAN R DR T S _-Ad/fit_angle
U = OIISCL T 1aImbdda X€ 7 - v

~ N W A e N ®

3/2/99 Craig Ogtivie
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Correlations Can be Measured in Au+Au

HIJING : Au+Au 200 AGeV
b<10fm: Jet Quenching ON

pl.pd >1.0Gevie IM|<1.7

372199

C = offset + lambdax e (A#/fit_angl9’”

Ao

Correlation in a much tighter than A¢
Correlation in A¢ very weak in central reactions

Craig Ogtlvie 5

<05
0.4
0.3

0.1
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HIJING : Au+Au s'2=200 AGeV, central

ce

8

.
0 025 05 075 1
pt (Cev/c

by
"

d.

0 025 05 075 1
pt (Gev/c)

C = offset + Axe @ fit_angle)®

® ‘jet quenching’ off
O ‘jet quenching’ on

+ HIJING high-pt partons lose
energy to nearby strings

¢ => broadens and weakens
angular correlation

¢ How to search for this at RHIC?
o study correlations vs centrality

Craig Ogilvie 6
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Centrality Dependence of Angular Correlations

reactions ~ p+p

‘O if O—P Angular correlations in peripheral

Steadily increase centrality

: Steadily increase the average
‘O 7 O” length hard partons travel through

plasma

3/2/99 Craig Ogilvie 7

HIJING : Au+Au s'2=200 AGeV: Quenching ON

0<M<250 250<M<750

1250<M<1750
750<M<1250

13 60 B0 100 120 140 150,400

M= event multiplicity
correlation function
tracks in TPC
pt,.pt, > 1 GeVic, Inj<1.7

1750<M<2250

3299 Craig Ogilvie 3
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3/2/99 Craig Ogilvie 9

Questions and Plans

¢ How do other treatments of energy-loss change angular
correlations? e.g. medium-induced bremstrahlung

+ Are correlations insensitive to initial gluon shadowing?
+ Choice of relative angle o or A
« Explore
— tighten n-cut, select on total transverse momentum of pair
+ Technical : two-track acceptance cut, resolution vs pt, ghosts

Angular correlations - feasible, complementary probe of energy
loss in a plasma

Early robust, observable : many instrumental effects cancel,
e.g. acceptance, track efficiency

3/2/99 Craig Ogilvie 10
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Data Sets for High P, Physics with the STAR Detector R

¥9

W.B. Christie, BNL
Presented at the RIKEN-BNL Workshop on
Hard parton physics in high energy nuclear collisions
March 2, 1999.

Outline
* Brief Physics Introduction

* Measurements necessary Brookhaven
National Laboratory

* Brief Intro. to STAR Detector
» Schedule Considerations

e Summary




Q
1Y)

=

Q
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data set at Vs
- pA data set, select y-jet final state

- pp, PA (various A), and AA
- pA data set, select y-jet final state

- pp data set at Vs
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Schedule considerations

Year

1999

2000

2001

2002

2003

Module

12

30

32

32

14

A

STAR Barrel Electromagnetic Calorimeter (BEMC) Construction and Installation

L9

STAR Endcap Electromagnetic Calorimeter (EEMC) Schedule
present schedule has EEMC installed in summer of 2002.

= STAR will be fully instrumented to take High Statistics pp and pA

data sets in Physics run starting Fall of 2002 (assumes last 14 BEMC modules
installed early)

Take Spin data set in Fall 2002 Physics run?
- ~ 10 weeks of polarized pp at Vs=200 GeV
- ~ 10 weeks of polarized pp at /5 = 500 GeV
- ~ 10 weeks of pA



The use of hard probes to study the matter produced at

o

o)
@
§

o
s
-
o

- PP, PA, and AA.

* The measurements one needs to make are the gluon structure

functions and the fragmentation functions

68
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* STAR will start working on this Physics in the first (1999) run



Gluon minijet production
in high energy nuclear collisions

XIAOFENG GUO
Department of Physica and Astronomy, Universitu of Kentucky
Lexington, KY 40506

In ultra-relativistic heavy ion collisions, physical observables sensitive to a few GeV
momentum scale, such as the mini-jet production, will be dominated by scattering of soft
gluons from both heavy ion beams. Understanding the distribution of soft gluons formed
in the initial stage of the collision is particularly interesting and important. McLerran and
Venugopalan (MV) developed a new formalism for calculation of the soft gluon distribution
for very large nuclei. In this approach, the valence quarks in the nuclei are treated as the
classical source of the color charges, and the gluon distribution function for very large
nuclei may be obtained by solving the classical Yang-Mills Equation. Using the classical
glue field generated by a single nucleus obtained in the MV formalism as the basic input,
Kovner, McLerran, and Weigert (KMW) computed the soft gluon production in a collision
of two ultra-relativistic heavy nuclei by solving the classical Yang-Mills equations with the
iteration to the second order.

Through explicit calculation of soft gluon production in partonic process qq — qqg,
I show that at the leading order, McLerran-Venugopalan formalism is consistent with QCD
perturbation theory. I also demonstrate that the key logarithm in KMW’s result represents
the logarithm in DGLAP evolution equations.
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Figure 1: NLO (solid line) and LO (dashed line) transverse energy spectrum in
a unit central rapidity window for pp collisions at RHIC energy Vs =200 GeV
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Figure 2: NLO (solid line) and LO (dashed line) transverse energy spectrum in
a unit central rapidity window for pp collisions at LHC energy Vs = 5500 GeV
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Studying Parton Propagation Dynamics in STAR: High P, n%’s in Year-1

T.M. Cormier, Wayne State University
for the STAR Collaboration

The STAR detector will be well suited to the study of parton propagation dynamics in the dense

1 1 +H | A3 A A MNigy + DTN With tha 1
hadronic or quark-gluonic matter produced in AA collisions at RHIC. With the large acceptance

of STAR’s time projection chamber, the final states resulting from hard partonic scattering will
be characterized in great detail. However, even with the substantial power of the TPC, the
complexity of AA final states at RHIC will narrow the list of robust observables, or the
applicable P; range, for the study of hard process at RHIC. As a simple example we note that a
typical 0.7 jet cone in central AuAu collisions will contain over 100 GeV of transverse energy

from the underlying event. Fluctuations in this background energy, event by event, will clearly

preclude any straightforward measurements of jet E; distributions with acceptable energy

resolution at any reasonable E;.

In AA collisions, the observable signatures of hard partonic process which are likely to survive
in the presence of the underlying event, will include high P; single particle (i.e. leading particle)
and direct photon inclusive spectra, correlations of these leading particles and direct photons

with next-to-leading particles in the same jet and/or leading particles in the away-side jet. (For
the purposes of the nresent discussion. I ienore charmonium and open charm pnroduction. \

vvvvvvvvvv pavoait BAsLRa3aV1, 25V SLAiQLIAVIRRRA Ak Lar Laiafiil paueivl

These correlatlons compared direc tly to the correspondmg measurements for pp reactions, may

P Y 2 PO AN PO P et it btz oadinze i a ol e i

Pl UVIUC 1VIC uucu lllblglll intot ll( JCL aucuuauuu Illeudlllblll

In STAR, where the TPC readout strongly limits the total event rate, an efficient trigger is
required for the most interesting high P, probes. The STAR detector accomplishes this with an
electromagnetic calorimeter and consequently the greatest reach in P in STAR will be for those
events which contain a high P; #° or direct photon (or electron). As an illustration, this talk
focuses on the observation of the inclusive high P, 1t° spectrum, with some emphasis on the year—
1 Aoa £ A~ Arianahio s smhan asnana ot DITITO Tha 11l¢3emants = Dec 4-‘,\._

bayauuu_y’ as a lilbl. w1uuu'w' o1 JCL qucuuluug PllCllUlllClla Cll. INILIN. 111C uuuuatc l}“n P
leading particle-correlations and direct photons will also be discussed.

Figure 1 shows the di-photon invariant mass spectrum of n° ’s and 1’s at various P; thresholds
illustrating the capability of the STAR calorimeter even at low P; where the combinatoric
background is very large. Measurements at lower PT will be important to map out the transition

from hard process to the soft physics regime. Flguxe 2 shows the corresponding mass spectrum

£, tha D £f 8§ ¢t~ A (/] . 1 3 + f th 1 A
IOT IN€ rr rangc o1 5> o 6 LeVv/c dS'iumins the yeur-i COﬂugdradOﬁ of the calorimeter and an

mtegrated luminosity corresponding to approximately 1 month at nominal RHIC luminosity (i.e.
an optimistic year-1 scenario). Beginning in this Py range, X. N. Wang (hep-ph/9804357)
predicts jet attenuation in the single particle spectrum which is not complicated by the much
larger yield of thermal pions which dominate at slightly lower P;. The predicted attenuation at 5
GeV/c ( not included in figure 2) is approximately an order of magnitude and will be readily

observable with the statistics in figure 2.
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Partonic Picture of Nuclear Shadowing at Small x*

Ina Sarcevic
University of Arizona

ina@gluon.physics.arizona.edu

Small-x parton distributions in nuclei are essential for:

e Studying semihard processes which play an important role in

ultrarelativistic heavy-ion collisions at /s > 200GeV, such as
*+ Minijet production

x Charm production

* Dilepton production

x Direct photon production

x J I suppression

e For determining the initial condition for possible formation of

QGP

- Z. Huang. H.J. Lu and L. Sarcevic, Nucl. Phys. 2637 75 (1998},

o1



Partonic Picture of Nuclear Shadowing Effect:

the Glauber-Gribov Multiple Scattering Model

AW Mueler Nudd Prp =3¢ (Hao)

7
X - | A'\(C\&C\ &‘Q'Q) Uu&.M.XQQA (@Qar’
o - S 1o
—_ \ e | G et M .}‘m@' ALY
N\/V\/\/\A/\/\G 1 ,\LLC wa, w (,\qq?) e

T ~ 1/mzx

o If 7« (or )< Ryn,— o(v'A) = Ac(v*N) large-x region

(no shadowing)

o If Ry < 7yx < R4, vector meson (p, w or &) or gg-pair interacts

with the fraction of nucleons coherently (shadowing effect)

o If 7. > R, , vector meson or ¢¢-pair interacts with all nucleons

in a nucleus coherently (small-x region)
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The total hadron-nucleus cross section is given by
g(hAY = [ 42 9(1 — e~ 9nNTa(b)/2)
U\l(/l.l./ ‘/(,UULJ\.L
Assuming Gaussian form for the nucleus thickness function, T'4(b),
impact-parameter integration can be done analytically,
: 1 Ky
OpA = 27?*”24 lrth'/h — ——Fu% + + (—Un—l—h -1 W
{ 4 nn! ]
2
= 2R |y + Inky + Ei(ky)]
where

is the effective number of h — N scatterings (averaged over the
pact parameter)
, 2 ,.
e I:ﬁl’ :kuh << 1, O-hA — 27rib4lkuh—140—n’1\/’

l.e. the destructive interference between multiple scattering am-
plitudes reduces the cross section and it approaches the geometric

limit 27 %, a surface term which varies roughly as A%/%.

A
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Predictions for Gluon Shadowing

e Similarly to the quark case,

zgn(z,Q°) = 3 /0 dz [ x|y (z,1) Pogen(r)

where the wave function squared for a gg pair is

) = s (o Kofar) — ak(ar) /e
+a* K (ar)? /¥ & % :

and the cross section in the DLA is

9 372
O-ggN<r> — Eo_q(jN — 'Z_r2058<4/r )xlqu%(x/#l/rz) :

e Gluon distribution in a nucleon is given by

1d”l 0O- dQ Qv (Q)

QN(JH Q2> — g\r(T Q(_)r) / /( Q/) 7___

In the small-z limit splitting function in the DLA can be easily
identified: P, (2) ~ 6/z where z = x/2'. Due to the different

)9\( Q)

splitting function, the gluon density increases as () increases by

an amount 12 times bigger than that for the quark density, leading

to a much stronger scaling violation.
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e The nuclear gluon distribution in the Glauber-Gribov model is
given by the evolution equation

\ dx’
rga@, Q%) = gale, Q3) + d 142 Rk
[y +In(rg) + E1<ffg>]

where

9 3rA ,, DLA )
kg = Z‘?q — ézR%QIZQS(Q )5’79N (z, Q' )

e In the region of small-x and for Q% > 3 GeV?, Kg is large and

gluon distribution is driven by the perturbative part:

,_ v e Q7
b il(//)(/f 1‘<)’_‘
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Conclusions

Nuclear shadowing effect is due to the coherent scatterings of the

t gq fluctuations of the virtual photon off the nucleons

inside the nucleus.

g P in
010rI- b n

O
Q_Jl

Oq

Shadowing effect is not a higher-twist effect, i.e. it persists even
at relatively large Q°. This is due to the strong scaling violation

of the gluon distribution, gy(z 02\ at small x

\./ YJV\W7“D atlt D2iiiall A.

Quark shadowing at semi-hard scale, Q% ~ 3GeV?, has a large

[\

pertu ve in nature an n pend on the initial, non-
- )

perturbative input at (/;

Gluon shadowing at small x and at semi-hard scale, Q? ~ 3GeV?,

is stronger than for the quarks, and the shadowing ratio does not

exhibit saturation at small x.

Impact parameter dependence of gluon distribution in a nucleus

Is not factorizable.
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DILEFPTON PRODUCLLIO]

J. C. Peng, P. L. McGaughey, and J. M. Moss
Physics Division, Los Alamos National Laboratory, Los Alamos, NM 87545

Some highlights from a series of fixed-target dimuon production experiments at Fermilab are pre-
sented. Future prospects for several dilepton experiments at RHIC are discussed.

1. Introduction

The first dilepton production experiment was performed
at the AGS almost 30 years ago [1]. Over the years,
hadron-induced dilepton production experiments have
led to the discoveries of various vector bosons (J/¥, T,
and Z°). They also provided important and often unique
informations on parton distributions in nucleons, nuclei,
and mesons.

A series of fixed-target dimuon production experiments
(E772, E789, E866) have been carried out at Fermilab in
the last 10 years. Some highlights from these experiments
are presented here. In addition, the prospect for perform-
ing several dilepton production experiments at RHIC is
discussed.

2. Scaling Violation in Drell-Yan Process

In the “Naive” Drell Yan (DY) model, the differential

I R P

Cross secuion, "L 0'/ (LEF(I"L Ildb arn eXpIebal()Il bIlUWlIlg
its scaling property as follows:

d’c
dMdzp

2 1)

The right-hand side of Eq. (1) is only a function of =1, z2
and is independent of the beam energies. This scaling
property no longer holds when QCD corrections to the
DY are taken into account.

While logarithmic scaling violation is well established
in Deep-Inelastic Scattering (DIS) experiments, it is not
well confirmed in DY experiments at all. As an exam-
ple, Figure 1 compares the NA3 data [2] at 400 GeV
with the E605 (3] and E772 [4] data at 800 GeV. The
solid curve in Figure 1 corresponds to NLO calculation
for 800 GeV p+d (/s = 38.9 GeV) and it describes the
NA3/E605/E772 data well. No evidence for scaling vio-

rel

lation is seen. As discussed in a recent review [5], there
are mainly two reasons for this. First, unlike the DIS,

+1. ~raca aped PRPR,

my
Lie JJl Cross bULblUll lb a LUIlVUlUblUIl Ul lWU Str uu,ulc

functions. Scaling violation implies that the structure

functions ri for < 0.1 and dron for = 2
functions rise for S vU.l ana C]uup for x Z 0.1 as Q

increases. For proton-induced DY, one often involves a
hoam anark with - n 1 and

Ulaill (Jualn wiuld @£ 1 il

8ma?

9 7 +m
€2[9a(21)qa(z2) + Ga(21)ga(z2)].

M3 T1T2

o

.
-~

z9 < 0.1. Hence the effects of scaling violation are par-
q{)l‘f\71f‘ nn]\l(p fhﬂ an fhp n-\, QY“QT‘-

CallCelled. JeCOlId, UINIKE VI 1o

tarcet antionark with
target antiguars witn

o
a

h_a”\ cancelled

ment can only probe relatively large Q2, namely, Q? > 16

98

GeV? for a mass cut of 4 GeV. This makes it more diffi-
cult to observe the logarithmic variation of the structure
functions in DY experiments.

Possible indications of scaling violation in DY pro-
cess have been reported in two pion-induced experiments,
E326 [6] at Fermilab and NA10 {7] at CERN. E326 col-
laboration compared their 225 GeV 7~ + W DY cross
sections against calculations with and without scaling vi-
olation. They observed better agreement when scaling
violation is included. This analysis is subject to the un-
certainties associated with the pion structure functions,
as well as the nuclear effects of the W target. The NA10
collaboration measured 7~ + W DY cross sections at
three beam energies, namely, 140, 194, and 286 GeV. By
checking the ratios of the cross sections at three different
energies, NA10 largely avoids the uncertainty of the pion
structure functions. However, the relatively small span
in /s, together with the complication of nuclear effects,
make the NA10 result less than conclusive.

RHIC prOwuéS arn uwert‘:Suﬁg OppOrbuluby for unam-
blguously establishing scaling violation in the DY pro-
cess. ¢ LE,LILC 1 DhO'v'v'S nhe preumuons fux p -+ d at V° =
500 GeV. The scaling-violation accounts for a factor of

Ax +h o
two drop in the DY cross sections whe

from 38.9 GeV to 500 GeV

cstablish scaling violation

duction experiments at RHIC.

)

ﬁ'c

e iq inereased
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3. Flavor-Asymmetry and Charge-Symmetry-
Violation of the Nucleon Sea

The DY process complements DIS as a tool to probe
parton distributions in nucleons and nuclei. This is well
illustrated in the recent progress in the study of flavor-
asymmetry in the nucleon sea.

Until recently, it had been assumed that the distri-
butions of @ and d quarks in the proton were identical.
While the equality of @ and d is not required by any
known symmetry, it is a plausible assumption for sea
quarks generated by gluon splitting. As the masses of
the up and down quarks are small compared to the con-
finement scale, nearly equal number of up and down sea
quarks should result.

The assumption of %(z) = d(z) can be tested by mea-
surements of the Gottfried integral [8], defined as
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Note that

= z,r2. The E772 [4], E605 [3], and NA3 [2] data points
are shown as circles, squares, and triangles, respectively. The
solid curve corresponds to fixed-target p+d collision at 800
GeV, while the dotted curve is for p+d collision at /s = 500
GeV.

1
Io= [ [F(,Q% - F(@,Q%)] /z dz =
Lt 2 3 [@p(e) - dp(@)] do,

where F} and FJ* are the proton and neutron

(2)

structure

funcbiuns measured in DIS experiments. The second step
in Eq. 2 follows from the assumption of charge symmetry.
Under the ussumption of a symmetric sea, 4, = dp, the
Gottfried Sum Rule (GSR) [8], I¢ = 1/3, is obtained.
The most acc .,tv test of the GSR was reported by the
New Muon Collaboratlo (NMCQ) [9], which measured Fj
and FJ over the region 0.004 < = < 0.8, They deter—

mined the Gottfrxed mtegr al t
icantly below 1/3. This result im

o be 0.235 + 0.026, signif-
implies that the integral
of d — @ is nonzero. However, the z-dependence of d — @
remained unspecified.

The proton-induced DY process provides an indepen-
dent means to probe the flavor asymmetry of the nucleon
sea [10). An important advantage of the Drell-Yan pro-
cess is that the z-dependence of d/# can be determined.
The NAS51 [11] and the E866 [12] collaborations have
compared the proton-induced DY dimuon yields from hy-
drogen and deuterium targets, and they deduced the ra-
tios of d/u as shown in Figure 2. For z < 0.15, d/a
increases linearly with = and is in good agreement with
the CTEQ4M [13] and MRS(R2) [14] parameterizations.
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FIG. 2. The ratio of d/@ in the proton as a function of x
extracted from the Fermilab E866 cross section ratio. The
curves are from various parton distributions. The error bars
indicate statistical errors only. An additional systematic un-
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from NA51, plotted as an open box. The open circles cor-
respond to d/% values extracted with the assumption of the
CSV effect reported in ref. [19}.

However, a distinct feature of the data, not seen in either
parameterization, is the rapid decrease towards unity of
d/ beyond z, = 0.2. The E866 data clearly affect the
current parameterization of the nucleon sea. The most
recent structure functions of Martin et al. [15](MRST) in-
ciuded the E866 data in its global fit and its parametriza-
tion of d/ is shown in Fxgure 2.

Many papers Ild.Ve LOIlbl(l(;‘re(l vir Budl mesons as Mle ori-
gm for the observed d/a asymmetry (see recent review of
uere the 7+ (du) cloud, dominant in the

to an excess of d sea. Compari-
h
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an
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™o ]
, namely, d,
urprisingly large charge-

was recentlv renorted

\afdred ;.\4\4\,;1.\/1..! pollea

ymmetry
is armarenﬂv nee

vvvvv 0 bring the muon
and neutrmo DIS data into agreement. How would this
finding, if confirmed by further studies, affect the E866
analysis of the flavor asymmetry? First, CSV alone could



[ a(p+p = W' x)/o(p+p = W x)

s"2 = 500 GeV

FIG. 3. Predictions of o(p+p = W*z)/o(p+p = W™z)
as a function of zz at /s = 500 GeV. The dashed curve cor-
responds to the d/& symmetric MRS S0’ structure functions,
while the solid and dotted curves are for the d/& asymmetric
structure function MRST and MRS(R2), respectively.

not account for the E866 data. In fact, an even larger
amount of flavor asymmetry is required to compensate
the possible CSV effect [19]. This is illustrated in Figure
2, where the open circles correspond to the d/ values one
would have obtained if the CSV effect reported by Boros
et al. is assumed. Second, there has been no indication
of CSV for z > 0.1. Thus the large d/4 asymmetry from
E866 for = > 0.1 is not affected.

To disentangle the d/@ asymmetry from the possible
CSV effect, one could consider W boson production, a
generalized DY process, in p + p collision at RHIC. An
interesting quantity to be measured is the ratio of the
p+p— W+ +zand p+p— W™ +z cross sections {20].
It can be shown that this ratio is very sensitive to d/.
An important feature of the W production asymmetry
in p + p collision is that it is completely free from the
assumption of charge symmetry. Figure 3 shows the pre-
dictions for p + p collision at /s = 500 GeV. The dashed
curve corresponds to the d/@ symmetric MRS SO’ [21]
structure functions, while the solid and dotted curves are
for the d/u asymmetric structure function MRST and
MRS(R2), respectively. Figure 3 clearly shows that W
asymmetry measurements at RHIC could provide an in-
dependent determination of d/.

4. Nuclear Medium Effects of Dilepton Produc-
tion
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FIG. 4. Ratios of heavy-nucleus to deuterium integrated
yields per nucleon for 800 GeV proton production of dimuons
from the Drell-Yan process and from decays of the J/v, ¢,
T(1S), and Y(25 + 35) states [5]. The short dash and long
dash curves represent the approximate nuclear dependences
for the bb and cc states, A®% and A%%?, respectively.

From a high-statistics measurement of dilepton produc-
tion in 800 GeV proton-nucleus interaction, the target-
mass dependence of DY, J/¥, ¥/, and T productions
have been determined in E772 [22-24]. As shown in Fig-
ure 4, different nuclear dependences are observed for dif-
ferent dilepton processes. While the DY process shows
almost no nuclear dependence, pronounced nuclear ef-
fects are seen for the production of heavy quarkonium
states. E772 found that J/¥ and ¥’ have similar nuclear
dependence. The nuclear dependences for T, T’ and T"
are less than that observed for the J/¥ and ¥'. Within
statistics, the various Y resonances also have very similar
nuclear dependences.

Although the integrated DY yields in E772 show lit-
tle nuclear dependence, it is instructive to examine the
DY nuclear dependences on various kinematic variables.
Using the simple A® expression to fit the DY nuclear
dependence, the values of o are shown in Figure 5 as a
function of zr(xs), M, zF, and p;. Several features are
obiserved:

1. A suppression of the DY yields from heavy nuclear
targets is seen at small 9. This is consistent with
the shadowing effect observed in DIS. In fact, E772
provides the only experimental evidence for shad-
owing in hadronic reactions. The reach of small z,
in E772 is limited by the mass cut (M > 4 GeV)
and by the relatively small center-of-mass energy
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FIG. 5. Nuclear dependence coefficient « for 800 GeV p+A
Drell-Yan process versus various kinematic variables [22].

(recall that z1z9 = M?/s). p-A collisions at RHIC
clearly offer the exciting opportunity to extend the
study of shadowing to much smaller z.

. a(zF) shows an interesting trend, namely, it de-
creases as rr increases. It is tempting to at-
tribute this behavior to initial-state energy-loss ef-
fect. However, there is a strong correlation between
zp and 2 (zF = x1 —x2), and it is essential to sep-
arate the T energy-loss effect from the x5 shadow-
ing effect. Figure 6 shows « versus zf for two bins
of 3, one in the shadowing region (z2 < 0.075)
and one outside of it (zz > 0.075). There is no dis-
cernible zr dependence for a once one stays out-
side of the shadowing region. Therefore, the ap-
parent suppression at large zx in Figure 5 reflects
the shadowing effect at small z, rather than the
energy-loss effect.

. a(p;) shows an enhancement at large p;. This is
reminiscent of the Cronin Effect [25] where the
broadening in p; distribution is attributed to mul-
tiple parton-nucleon scatterings. It is instructive
to compare the p; broadening for DY process and
quarkonium production. Figure 7 shows A(p?), the
difference of mean p? between p-A and p-D inter-
actions, as a function of A for DY, J/¥, and Y(15)
productions at 800 GeV. The DY and Y data are
from E772 [26], while the J/¥ results are from
E789 [27], E771 [28], and preliminary 866 anal-

101

ysis [29]. More details on this analysis will be pre-
sented elsewhere [26]. Figure 7 shows that (p?) is
well described by the simple expression a + bA!/3.
It also shows that the p; broadening for J /¥ is sim-
ilar to T, but significantly larger (by a factor of 3
to 4) than the DY. A factor of 9/4 could be at-
tributed to the color factor of the initial gluon in
the quarkonium production versus the quark in the
DY process. The remaining difference could come
from the final-state multiple scattering effect which
is absent in the DY process.

Baier et al. [30] have recently derived a relation-
ship between the partonic energy-loss due to gluon
bremsstrahlung and the mean p? broadening accumu-
lated via multiple parton-nucleon scattering:

dﬂ@:%%A@) 3)
This non-intuitive result states that the total energy loss
is proportional to square of the path length traversed
by the incident partons. From Figure 7 and Eq. 3, we
deduce that the mean total energy loss, AE, for the p+W
DY process is = 0.5 GeV. Such an energy-loss is too
small to cause any discernible effect in the zp (or z;)
nuclear dependence. As shown in Figure 6, the dashed
curve corresponds to AE = 16 GeV (for p+W), and
the E772 data are consistent with Eq. 3. A much more
sensitive test for Eq. 3 could be done at RHIC, where
the energy-loss effect is expected to be much enhanced
in A-A collision [31].
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Unpolarized and Polarized Parton Distributions in Nuclei

S. Kumano *

Department of Physics
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ABSTRACT

We discuss parton distributions in nuclei. First, F» structure functions are explained in
a rescaling model with a recombination mechanism [1]. Then, the model is applied to other
quantities such as valence-quark [2], sea-quark, and gluon [3] distributions in nuclei. In particular,
the nuclear gluon distributions are important in connection with various phenomena in heavy-ion
physics. Nuclear dependence of Q? evolution is not very clear at this stage [4]; however, higher-
twist effects in nuclear interactions could be tested if accurate experimental data are taken. It is

also 1 uu;cu,buug to buuU) the flavor abyuuucuu&, distribution @ — d in nuclei because it is c)&pede
to be modified due to the nuclear interactions [5]. Furthermore, we point out that it is important

to study the spin structure of spin-1 nuclei such as the deuteron in order to shed light on a new
aspect of spin physics [6].
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Nuclear modification of

x [U(x) —dx)] in W0

input parton distributions = MRS-1993

several % modification effects

X [ Aua(X) — Ada(X) ]

105




Nuclear dependence

J (F>"/Fy)

o(ln Q?)
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f dx bP(x) = % [1“0,0 - %(rl,1 +T,_ 1)] % (8Q+0Q);eq
macroscopically t20
Too= thg% F.(t) - —id—z FQ(t)] —L

L'y A1 =I';,= = lim | F(t) + —— 6 Q(t)]

t—>0

f ax b P0o) = lim - 5 L Fo(0) + 5 5 (8Q+3Q).c,

Gottfried sum rule

dx rgp F x[u, —d]+2 vﬁ—a
| 9 rpeo - Frool=1 [ dxfu,-a,)+3 [ ax[a-a

Experimental possibilities

HERA, ELFE 7, RHIC 7
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Summary on p +d — ptu= +X
e Hermiticity, Parity, Time-reversal — 108 (48)
structure functions exit in the pd (pp) Drell-Yan.

e 22 (11) structure functions by the @T Integration
or by the Q7 — 0 limit.

e New spin dependent structure functions
— assoclated with tensor structure.

e Structure functions for the intermediate

polarization (g = «/4). They do not contribute
to the cross section in the longitudinally (5 =0)
and transversely (8 ==/2) polarized reactions.

e (Quadrupole polarizations: Qg, Q1, Q)9
and the spin asymmetries.

e Only 4 structure functions are finite
in the naive parton model.

e ['he tensor distributions dg and 6q
can be measured by A, measurements.

e ['he pd Drell-Yan is suitable for measuring 0¢.

o Possibility at the RHIC-Spin project. 10



High-py Direct Photon and 7° Production from E706
Michael Begel
For THE E706 COLLABORATION

Direct-photon production has long been viewed as an ideal process for measuring the gluon
distribution in the proton and has been calculated to next-to-leading order (NLO) [1]. The quark—gluon
Compton scattering subprocess (gq — -yq) provides a large contribution to inclusive v production. The
gluon distribution is relatively well constrained for x < 0.1 by deep-inelastic scattering and Drell-Yan
data, but less so at larger x. Direct-photon data constrains the fits at large x, and consequently has
been incorporated in several modern global parton distribution analyses.

A pattern of deviation between measured direct-photon cross sections and NLO calculations has
been observed [2]. The suspected origin of the disagreements is the effects of initial-state soft-gluon
radiation, referred to here as kr effects. Kinematic distributions for high-mass pairs of particles
directly probe the transverse momentum of incident partons in hard-scattering events. Evidence of
significant kt has been observed in measurements of dimuon, diphoton, and dijet pairs [3].

Fermilab E706 is a fixed-target experiment designed to measure the production of direct-photons,
neutral mesons, and associated particles at high-pt [4]. The apparatus features a large lead and
liquid argon electromagnetic calorimeter [5] and a charged particle spectrometer [6]. The experiment
accumulated data with 530 GeV /c and 800 GeV/c proton beams and a 515 GeV/c #~ beam incident
upon Be, Cu, and Hj targets. Event selection triggers, sensitive to high-pr showers, were employed
to accumulate data over a broad pr range.

Several kinematic distributions of direct-photon pairs are shown in Fig. 1 for 515 GeV/c 7 Be
interactions. Overlayed on the data are the results from both NLO [7] and resummed (8] pQCD
calculations. The resummed calculation (RESBOS), which incorporates the effects of multiple soft-gluon
emission, provides a reasonable match to the shape of the data. Also shown are the vy distributions
from PYTHIA which approximates kr eflects by a Gaussian smearing technique. Analyses of 7° pairs [4],
as well as studies of the distribution of the fractional momentum carried by charged particles in jets
recoiling against isolated photons, also show evidence of substantial kr, as do our comparisons of the
measured high-pr charged-D cross section to NLO pQCD [6]. All these results suggest a supplemental
(k) of order 1 GeV/c. Similar soft-gluon effects may be expected in other hard-scattering processes,
such as the inclusive production of jets or direct-photons [9].

Invariant cross sections for inclusive direct-photon and #° production are displayed in Figs. 2—4
with theory overlays. Discrepancies between the NLO theory and the data are particularly striking.
Resummed pQCD calculations for single direct-photon production are anticipated [10]. In the
meantime, we employed a phenomenological model to incorporate kt effects in pQCD calculations
of direct-photon and 7% production [4, 3]. We use leading-order (LO) pQCD calculations [11] which
include kt smearing to create K-factors; we then apply these K-factors to the NLO calculations.

The experimental consequences of kr smearing are expected to depend on /s. At the Tevatron
collider [12}, where pr is large compared to k, only the lowest end of the pt spectrum is modified
(Fig. 5). For the E706 data, the kr-enhancements (using values consistent with the high-mass pair
data) are successful in describing both the shape and normalization of both the direct-photon and 7°
cross sections (Figs. 2—4). Comparisons are also shown for the lower energy WA70 [13] and UA6 [14]
data (Fig. 5). The kr-enhanced theory compares well with the 7% cross sections and with the CDF,
D@, E706, UA6, and 7~ beam WAT70 direct-photon cross sections.

{1] P. Aurenche et al., Phys. Lett. 140B, 87 (1984). (9] R. Feynman et al,, Phys. Rev. D18, 3320 (1978);
[2] J. Huston et al., Phys. Rev. D51, 6139 (1995). A. P. Contogouris, Nucl. Phys. B179, 461 (1981);
(3] L. Apanasevich et al., Phys. Rev. D59, 074007 (1999). A. P. Contogouris, Phys. Rev. D32, 1134 (1985).

[10] H.-L. Lai and H.-n. Li, Phys. Rev. D58, 114020 (1998).
{11} J. F. Owens, Rev. Mod. Phys. 59, 465 (1987).
{12] See, e.g., S. Linn at the ICHEP conference in Vancouver,

[4] L. Apanasevich et al., Phys. Rev. Lett. 81, 2642 (1998).

{5] L. Apanasevich et al., Nucl. Instrum. Meth. A417, 50
(1998).

) July 1998.
[6] L. Apanasevich et al., Phys. Rev. D56, 1391 (1997). [13] M. Bonesini et al., Z. Phys. C38, 371 (1988);
(7] B. Bailey et al., Phys. Rev. D46, 2018 (1992). ibid. 37, 535 (1988); ibid. 37, 39 (1987).
(8] C. Baldzs et al., Phys. Rev. D57, 6934 (1998). [14] G. Ballocchi et al., Phys. Lett. B436, 222 (1998).
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Figure 1 Kinematic distributions for high-mass direct-photon pairs produced in 515 GeV/c

7~ Be interactions.

Overlayed on the data are the results from NLO (dashed) and

resummed (solid) calculations. PyTHIA results (dotted) with (k) = 1.1 GeV/c are
also shown. The various kinematic quantities are illustrated in the vector diagram.
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Figure 2 Invariant cross section (per nucleon) for direct-photon and 70 production in pBe

interactions at 530 GeV/c. Cross sections are shown as a function of pr averaged over
the full rapidity range, —0.75 < yem < 0.75. Curves represent NLO QCD calculations
for scale choices of Q = 2pr (wide dots), Q = pr (dotted), and Q = pr/2 (dashed), and
a kr-enhanced NLO result with scale Q = pr/2 (solid).
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0 production in pBe
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full rapidity range, —1.0 < yem < 0.5. Curves represent LO (dotted) and NLO (dashed)
pQCD calculations and a kr-enhanced NLO result (solid) for scale Q = pr/2.
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HARD PHOTON & PION PRODUCTION
AT RHIC ENERGIES

Hich_m navrtinla mvradiintian o+ RTITON
1LIE11=07 PAal Llllc ploUuuLuliUll ab 1uliliry
eg. A+A—~v+X
A+A— 71"+ X

p+A— 70+ X are needed in pQCD
Nuclear effects
— initial state multiple collisions;
— final state radiation;
— shadowing;
— jet-quenching;

nh -C 4—]nn I'\nn-:n m11t\r\,4--:r\1nm L
U/ L LLIT Pasit 4UCOULIVLLIS 1D

p+p—v+X
p+p— 1+ X in pQCD

nucl-th /9903012, KSUCNR-102-99
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PION PRODUCTION IN pp COLLISION IN pQCD:

pp
do?

EWE = Z/dﬂhdm Fajp(@1, Q%) Fosplza, Q%)

abed
Dr/e(2e, @
XKd—aA(ab—>cd) r/e(2e &)
dt T2,

TWO METHODS:

1. Additional (non-perturbative) parameter:
intrinsic kr

dz fa/p(m) Q2) — dz d2kT Q(ET) fa/p(a;a Q2)

< ek (k)
sk = T

(k%): 2D width of the kr distribution
(kt) = 4(kr)* /7

J.F. Owens, Rev.Mod.Phys. 59, 465 (1987)
J. Huston et al. Phys.Rev. D51, 6139 (1995)
M. Begel, these Proceedings

2. Improved NLO (NNLO) calculations:

adjusted (optimized) scale parameters

P. Aurenche, et al., hep-ph/9811382

P. Aurenche, these Proceedings
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Basic elements of our pQCD calculation with (kr):
a, Parton Disribution Function: MRST-98 — NLO

N — o 1O A fon AN __ ONN N XT
& —-IJT/A, ILMS\”’f —_ ‘-.t) — QUU lvicy
J

A.D. Martin, et al., Eur. Phys. J. C4 (1998) 463.
b, Fragmentation Functions: BKK — NLO

——

Q = pr / Zc J. Binnewies, et al., Phys. Rev. D52 (1995) 4947.

I

K = CY. Wono Wane. Phve Rev. (IBR (1008R) 278
s A v&lb’ AL u/ub’ A ALJU AW AN A A \LUUUI iV

1; 7 ;—i p+p —~> w+X
O g L wptp—>y+X
A E [
~,. 5 ]
X F
\V4 4 b T - + T

3 4 # 2

I Hn

. ;_ R + oLk __,..... .....................
—~ OF . IT " m 1
= 25 F
8 .
A 2B L
< b ]

LR |

os .f m
o 1 . N1
20 30 40 53 60 70 80 90100

s'? (GeV)

Figure 1: The best fit values of (k%) in pp — 7°X and pp — X reactions
(upper panel), and a calculated (kg) (lower panel).
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Figure 2: Data to theory ratios for pp - 7%X reactions applymg the best fit
for (k%), zr = 2pr/+/5.

3
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Figure 3: Data to theory ratios for pp — 7X reactions applying the best fit
for (k2), zr = 2pp/ /5.
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PION PRODUCTION IN pA COLLISION BY pQCD:

A
do?

En Bp azbc:d/ d’bt(b) / &*kr9(kr,1) / d’kr29(Fr2)

D ., 0?2
/dmldm? fap(@1, Q%) fop(2, Q%) K %(ab — cd) n/elZe) &)

T2

NUCLEAR EFFECT: (k)4 = (k¥)pp + C - hpa(b)

1. All possible collisions

he (b) = va(b) — 1 Cihe = 0.8+ 0.2GeV?
va(b) = onn ta(b) Cop; = 0.4+ 0.2GeV?
CaYy = 0.3 £ 0.2GeV?

2. Saturation:

0 if vya(b) <1
hot(b) =3 va(b) — 1 if 1< wy(b) <2
1 if 2< VA(b)

= (C*% =0.8 GeV?
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p+Be/Ti/W—> n® + X

s = 27.4 GeV

103

P IS S TS S S S T S §

p+W —> °+X T L +
et

eo
N
N
o
N LU L A0 L A L) ALY L) LR AL L L WL WL L L R

P R VRS TR RO S SR SN S SUUY SN ST S U NS ST SUUS SO TN [N S S S S |

pr (GeV)

Figure 4: Cross section per nucleon in pA — n°X reactions (A = Be, T, W),
data from D. Antreasyan et al. (PRD19,764,1979). We show C*% = 0.8 GéV?
(full lines) and C** = 0 (dashed lines).

g sE 2
© 107 \ p+Be —> ¢y + X
= 2t
a 10k "
5=
S 10 =
S E » /2-38.8 GeV
S T s'?=38.8 Ge
uf . —~1E
10 -
10"2:5 sY?=31.6 GeV
-3k
10
S S ST EFE IS SN II SN APESIN I,
S 2 “/2=38.8 GeV
21.5 = 87 =90, e
C /.,———0
© £
o 0.5 |
ST ISP RIS SIS PRI RSP SO AVl SR
e £ wa_
215 F s*=31.6 GeV .
E 1 F r\ fb‘/ Rk
S £ H—irw"
5 E
o 0.5
s N SRR EPIP R PR NSRS EPUPA I SPEPRN
3 4 5 6 7 8 9 10 11

pr (GeV)
Figure 5: Cross section per nucleon in the pBe — vX reaction at /s = 38.8

GeV (dots) and at /s = 31.6 GeV (full up triangles) from E706 Coll. Solid
lines indicate C*% = 0.8 GeV2.
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a = L N\

__Pion and Direct Photon Production \
N I

luclear Collisions

Terry Awes
Oak Ridge National Laboratory
for the WA 98 Collaboration

Outline:
e Motivation

e Scaling of Particle Production
(Energy Density - Thermalization).

e Direct. Photon Analysis Method

e Preliminary Pb + Pb Direct Photon Result
- Q!*lmmn'v"tr
A uuuuualy

“Hard Parton Physics in High-Energy Nuclear Collisions”
BNL
March 1-5, 1999 /
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K I WA98 7% Central Pb+Pb I \

my-m, (GeV/c?)

-4
10 ® Pb+Pb central(10%%
5F O Venus4.12
10 O Fritiof 7.02
-6 — pQCD (X.-N. Wang)
10 FUNE W R S R N U SN S SN U NN BT W S T
0 1 2 3 4

m,-m, (GeV/c®)

e Models give good/poor/lousy description of data. |

e Study Centrality Dependence to investigate Nuclear
Effects.

e Use Model Independent Analysis.

N /

123




/. 4 Centrality Dependence of Mean pr: I\

WAS0/WA98 7° Results

Truncated Mean pr:

oo
dN
. PT gpm OPT
min T
MIinyy __ T _ omin
LN _dpp

min dprp
Pr

NN B R
2320-‘"; pT>O4GeV/c

220 s A
C Pb+Pb 158 AGeV

200 - ST E ( ------------------ ~)~
)K pp Venus4 12 g 0 S+Au (200 AGeV)

180 =i oo PHEPL Venus 412 I"‘pp”dat‘a'(‘s'éaféd) """"
0 50 100‘ 150 200 250 300 350 400

NPart

WA98, PRL 81 (1998) 4087.

Mean pp saturates for systems larger than

\ Npgrs. 2 50. /
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ll pr Dependence of Ny, ~-scaling I'I
XYYT A N~ O —
AJd T esults
d _ yolpr) 0
Ed3 (Npart) Npart (Npart)

. o - .

SN : s : : :
T A
) S < N S SN NS N S—

s : .= +T ¢
] e LT ¥ FUWY & 1 S—
L A L A M YY) Y# lfﬂ T
1.2 et A Y Ai+ SO L l NN .
T3 SN S S . M. 4 G116 o 25| N
. eeee z i
0 8F-- “’.4;.- . ...........
| :
06 E"\'?+ """""""" "" """"""" .' """""""""
0.4 ....... !...E.Qﬂtl.‘.Q.LNpan.Z_éQ) ........................
i ® Pb+Pb (Nnan =~ 45) / D+D
0.2 oo R IRt TR
0 .............. i A l M IJ_I - |
0 0.5 1 1.5 2 2.5 3 3.5
p; (GeV/c)
WA98, PRL 81 (1998) 4087
e 7wV S R~ M;éit at all pr for Npgre > 30

a
e does not change.
e But, shape is different from p — p at all pr.

Evidence of Thermalization
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\

At SPS energies:

e Soft particle production scales ~ N3l , (or ~ N25)).

l Summary' | \

— Naive Wounded Nucleon Model not valid

— Secondary rescattering contributes to net particle

production

Mean < pr >_o (or Er/Ncp) saturates for
centralities with Npga,: > 50.

— In thermal picture — T=constant

0 ‘s . 1.3
- spectral shape is invariant and scales >~ N~ ., for

centralities with Npgyrt > 50 (pr > 0.5 GeV/c).
— Thermalization would explain naturally

Thermal direct photon production is small!
(Observable?!).

— Initial Temperature is “low”

“Large” number of degrees of freedom

Preliminary indication for observation of “hard”
direct photons.

— Nuclear k1 effects

— Improved T1ni¢iq; limits

/
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Ring Imaging Cherenkov
Detector |
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, i

Kaon/Pion/Proton
e Momentum from TPC
e Located at y=0

!

e PID-Ranges:
 1-3 GeV/c for K/pi
* 1.5-5 GeV/c for p/anti-p
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Hard scattering in polarized pp collisions at
RHIC

W. Vogelsang
Institute for Theoretical Physics, SUNY Stony Brook, NY-11794

We present next-to-leading order QCD corrections to jet and prompt photon pro-
duction in polarized hadronic collisions. Phenomenological predictions are made
for such experiments in P at RHIC, analyzing in detail the sensitivity of the
spin asymmetries to the spin-dependent gluon density Ag. For prompt photons,
an isolation criterion suggested by S. Frixione (Phys. Lett. B429 (1998) 369)
is considered, that avoids the need for a fragmentation component in the cross
section. Particular attention is paid to uncertainties in the theoretical predictions
due to scale dependence.

For further details of the work presented here, see:

D. de Florian, S. Frixione, A. Signer, W. Vogelsang, Next-to-leading order jet cross
sections in polarized hadronic collisions, Nucl. Phys. B539 (1999) 455;

S. Frixione, G. Ridolfi, W. Vogelsang, in preparation.
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Photons in polarized pp collision at PHENIX

AV
Iu

Why do we perform photon physics at PHENIX ? Because one important feature of the PHENIX
detector is its high performance EM calorimeter in the central arm. The PHENIX EM calorimeter
(EMCal) consists of lead scintillator calorimeters (PbSc) and lead glass calorimeters (PbGl). It covers
rapidity region —0.35 < n < 0.35 and 180° azimuthal angle (PbSc 135° + PbGI 45°). The most
important point is its fine granularity about 0.01 radian per tower in both rapidity and azimuthal
direction. It gives us good 7° — 2+ identification up to about 25GeV/c.

What can we do at PHENIX with photons ? We have photons directly produced (direct photon)
and photons from 7° decays. To study the direct photon, photons from 7° decays are backgrounds.
We have good n° background reduction capability by the fine granularity of the EMCal. From
another viewpoint, it means we have good identification capability of 7. The n° itself is an important
probe which is alternative to jet in the small acceptance.

By using these probes, we wiil study spin physics. Main issue is the spin structure of the
proton. Polarized deep inelastic scattering experiments provide precise measurements of the quark
polarization in the proton. But it explains about 30% of the proton spin. In the polarized hadron
collision, we can dlrectly measure the gluon polarization. For the direct photon production, gluon
Compton process is a dominant process. We have clear in
of the direct photon. That s why we can directl
gluon polarization, A

hadron collision.

terpretation of the p oduction mechanism

;..
4
,
o <

Tha wanqaurarmant of tha diract vhatan 1o aynamtisnantally hallangine hacoanan wa hova o
A 11T LT AaDUITLLIITIILVL UL L1IT Uilicuu lJll\JUU 1 15 C PC].I 11C lb('bll‘y wil 1161161116, wouLaunc C uavo Illd'll‘y
background photons from mainly two-photon decay of copious 7%’s. We have some methods to
distineuish the backerounds. One is invariant mass reconstruction to identify 7°. and another is
ulDUlllsulDll 110 Uabl\s i ANJIIC A0 1YL L1AGI11IL L11AO00 LUTLULIDSULI UL Ll v 1uciivi. i Alivd AlluLiIClL 1D

enerator shows

’

ge
oton measurement at PHENT ¢ 1IN(2aV/e & mm <N /A
noLo 1S < Pr <ovueyv/c

P
for /s = OGe and 10GeV/c < pr <40GeV/c or /s =500GeV. Estimation of the asymme-

trv measurement was also done usine nolarized parton distribution functions }\v anor—\/n-n" and
iry measur ent was ais¢ aone using poliariz tr1 Iie ire

< n uncu

Gehmann-Stirling which have different AG. Statistically, we have enough se n51t1v1ty to dlstmgulsh
these mnrl els with full lum 1

+ ey
isolation cut method. The Monte Carlo simulation study using PYTHIA event

accosaihla
acCCLls5101e vy /e

3
o
-

VAXC COonNSIAQCIiil

\, =200GeV I'\\r r‘nnqlﬂpr\hg vear— .
The 7° data is 1nterpret d by gluom—gluon gluon—quark and quark—quark reactlons with Jet
-ragmentat-o Advantage of this measurement is its high statistics and clear particle identification
b detecting two photons. We can perform the measurement in year-2 (2000~). On the

d, e

<
there are uncertainties in the

an 1et fragmentation process and the fraction of contributing

Iragliielllaltlon plrocess alltl r'a

processes. The Monte Carlo simulation shows we can compare the asymmetry of the 7° production
between above models and distinguish them well statistically in year-2 with 10% luminosity and
Vs =200GeV.

Next, we have to understand our results as a parton reaction. Using PYTHIA, we can estimate
Bjorken’s z value of the gluon in the direct photon production corresponding to its pp region. But,
the result of relation between direct photon pr and gluon z is very different from naive formula,
z = 2pr/+/s. We need to know why.
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Simulation study - n°

* Asymmetry measurement
- year-2 (2000-)
sqrt(s)=200GeV, 32pb-!

0000000

2015
i Tusive 10 o125 = n g
— A of inclusive 0007; ] _ T GSsac a0-1.02
— A, of parton 0.05 £ T
Ot P . 0025 £ —
— fragmentation - p; vs z ooms E RIS AR LA S B
. Z'Splitting fl‘aCtion Ofﬂ',o -0.05 6. L é PR ‘11. 1L l6 PO 18 P .1I0. L .12=
pr (Gev/c)
n® Asymmetry
,51; ....,,...l....,....,,m,n.......,........+.,.... 4,001:122 Mttt eyt
8 H,HH-H +*-+ - o1 E : ~—  GSQ5BAG~1.63 §
7 : -E — GS595C AG=1.02 7
6 ; 0.075 E S
5 E 0.05 F
K ; 0025 £~ 3
3 E E 0 p&- 3
zZE 3 o025 F 3
0 5..,.1,,..|,..,|,,,.|.,..|....|,.,,1,“,1“,,1,,,, —-0.05 TENE ITRVE FNUT FUTTECUETE SRS SSU NI FUUTI FNNTE FENNL
9 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 m‘tﬂ)( 45 50
) pr (GeV/c pt™ (GeV/c)
T prvs2Z ) Parton Asymmetry
Parton kinematics
e Uncertainies in x estimation
PYTHIApromptphoton 2 LA AARRRaaa R PRI - s pans e aans A
Juon’ © o} {E oo :
- pTVSgUOHSX Py sl obu Ladasiatanailigs]
. naiive formula 0 0.2 04 0.8 0.3 "u‘ 0 02 0.4 0.6 0.8 ‘J
vs=200GeV photon py 10-15Gev/c +/3=500Gev photon py 10— 15Gev/c
—-x7=2p7/sqrt(s) % :"1"'1-ﬁ‘l"71"'§.§2m5"l Ill._
» evaluation with simulation sop 1 a0 3
o bl T o s Lo dn it
0 0.2 Q0.4 0.8 0.8 ,J ] 0.2 0.4 Q.8 0.8 ‘.1
v5=200GeV photon p, 15-20GeV/c VE=500GeV photon py 15-20GeV/c
0.4 prerrrrre e B A P A A aaa
L O Vs=200GeV e ] 3 of 33 E 3
0.3 F O +e=500GeV 3 2500 £ E
: . E oo— “ol.z‘“m LL(‘)%B‘”O%& K My of4'“ofaluofc“::
0.2 . m Vs=200GeV photon py 20-25GeV/c Vs=500GeV photon p, 20—25GeV/c
[ e E ] T2 FrrmT M BRI RS
o1 r I —i— R 1% Jo0of ]
0 1r’l|“:‘l‘>l'l—]|IllllllillllllllllllIlAIlI\l“ 0- il 0” . L I l;.:
0 5 10 15 20 25 30 35 40 LLE 0 02 04 06 08 .t
Pr (GeV/C) V5=200GeV pho'on py 25-30GeV/c Vs=500GeV photon py 25~-30GeV/¢
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Simulation study - Prompt photon

Y Background photon Vs=200GeV fraction=0.05
. 2 g0 PTG Ty
- 0 5 3 ] un ore mase "
2ydecay of T I f rmmenmmmeemen
* lyescape from detector N i ]:,-_-.::—._T_.‘E,E—'H
* 2ymerge into 1 cluste 10k . t 1
— other decays - 0 3 2 BB, &ude
- . before isoiation cut
e Background reduction I R
— Mass reconstruction = E_._ = bockound »(ater mone
- Yamlad: e oos E ;;f
1501401 CUlL 10—1E —— =¢_—_'—|——'—_-1
* R=0.7, fraction=5% | 00 PRI ve. ve IOVTTOITIITON: |
. . (%) k= (1% (%=} <y ras ) WPY (égv/cxu
e Accessible prprange ‘ after isolation cut R=0.7
g AARAARASANSARARRARLE REARE RAREN RARLS: 7
— 10GeV/c< p<30GeV/c for I S,
NNIY7 £ 'r M e ——g—=f=x=g=3
sqrt(s)=200GeV 2 W' N
S0y — 1
— 10GeV/c< p<40GeV/c for 2 167L 8 Hoprmmme 3
sqrt(s)=500GeV 3 650 s 20 s (gcv "
background y/prompt ¥
Crvmulatinny otri v - DPvnmmnt nhatan
wLritirruaeLLurnt L)bl/lzblzvy L rorrvpt F’LULUIL
* Asymmetry measurement
— year-3 (2001-)
— sqrt(s)=200GeV, 320pb!
— polarized PDF
.Soffer“‘\/irey ‘? 0‘4 :1]'1111l|[‘l|lllllll]lll‘l]'l]l‘1’lllllj
+ GS95 o5 | V=2006ev E
- (A)AG=1T71 T F ymar=310weeks Soffer—virey
=1 02 [ JLdt=320pb™ %
— M\ A F_I Vo] = 1
\P)Aau=1.o o E_ /—H_H_‘_,_,_,—-":" ESE?‘(B)—P—‘:
- (C)AG=1.02 - e T GS95(C) 3
s J — v +——t ' S b T —
c = 1
—o1 = 1 1 I 1 L ! ] e
T n 5 ) 15 20 25 3¢ 35 40
pr (GeV/c)
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— alternative to jet in the small acceptance

Photon+m?, 0+m0

- m

Conlon snlacrat me

Spin physics

— spin structure of the proton

~ polarized DIS experiments - quark polarization - A¥ =0.3

— polarized hadron collision - gluon polarization - AG =?
* direct measurement ’

— uncertainties in the data interpretation
— study for QCD reaction itself

71 - V . Y
Uluon Lompton

e
a
o)
>
@
o,
O‘
2.
B
=
»D\
frrr

— AG - gluon polarization measurement in the polarized proton
collision

Asymmetry measurement
d6++ - d5+- A ‘/—\'G A P ( )
=—— <D A = ‘ ap (89 > g
do™ +do*” o T H

_weiz'Aqi(x)
AP(x)= 8l(x) _ 2.‘

Experimentally challenging Fr(x) Selg(x)
j o o o o | AR VA
— measure background - 2y decay of ©t° i=uidd,s,5,..

— background subtraction
* mass reconstruction

* isolation cut
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Spin physics - n°

A;; measurement

gg, gq and qq reactions and jet production

— polarized parton distribution function - AG
— ay; of parton reaction

— jet - fragmentation function

Advantage
— high statistics - 1st-year physics

— clear particle-ID

— contributing processes - gg + gq + qq

Uncertainties
— fragmentation function

* Simulation study
— PYTHIAS.7/JETSET7.4
— PDFLIB GRV9%4LO
— prompt photon prodution and QCD jet production for ©°

— luminosity (full luminosity for 1 year)
* 320pb! for sqrt(s)=200GeV
» 800pb! for sqrt(s)=500GeV

Simulation study

10 yield

0
T pr

/5 = 200GeV

Yield

Arr,

Prompt photon yield"
7 = 2000V 75 = 50005V
Frroes on'’ Kromeon |
' Photon pr A acie] 4L cage
10- 15 GaV/e 0.0062 0.046 | 9.0x107| 0.0022 - 0.045
15 - 2 GeV/c 0.0168 0.089 |1.8x10° | .0059 " 0.059
2 - 28 GeV/c 0.0376  0.171 |8.3x10* | 0.0081 0.081
28 - 30 GeV/e 0.0799 0.309 |1.9x10* [ 00115 an3
30 - 33 CoV/e 11x10* [ 0.0141 Q41
35 - 40 GoV/c 3.3x10° { 0.0198  0.198
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2 -3 GeV/c
3-4GeV/c

" 4-5GeV/c

5-6 GeV/c
6 -7 GeV/e
7-8GeV/c
8 -9 GeV/c
9 -10 GeV/e
10 - 11 GeV /e
11 - 12 GeV/c

3.3x108
4.3x107
8.8x10¢8
2.3%x10°
7.4x10°
3.5%10°
1.3%x10°
6.8x10¢
3.1x10*
2.1x10*

1.Ix10°%
3.1x10-¢
6.9x10~*
1.3x10-3
2.4x107°
3.4x10™2
5.6%x10™2
7.8x1072
1.2x107?
1.4x10-?




A Direct Extraction of AG with STAR

J. Sowinski*

fAm
JOT

The STAR Collaboration

In addition to high energy heavy ion beams RHIC will provide polarized protons colliding
at high center of mass energies, up to 500 GeV, for the first time. At these energies hard
partonic scattering, where perturbative QCD applies, becomes an important mechanism thus
enabling a range of physics studies involving spin. An important part of this program is the
spin structure of the nucleon.

Since the “Spin Crisis” was first declared a little more than 10 years ago there have

been many more deep inelastic scattering measurements of the quark spin contribution to the
nucleon. However the picture has not changed: only about one third of the spin of a nucleon

appears to come from the quarks. Ongoing experiments have been investigating the flavor
dependence and contributions from sea quarks but one very important component has yet
to be measured, the spin carried by the gluons represented by AG. However, QCD scaling
laws couple the quark and gluon contributions so that they are completely correlated. In fact
the statement that quarks account for only about one third of the nucleon spin assumes that

AG=0. Thus the next important step in understanding the structure of the nucleon is to

WS i HTAL 1P LEE~AAV S S 8 unaers CQiilllily vl SuL Ly viil 1IUC

determine AG.

The spin content of the gluons in the proton can be studied at RHIC by viewing the
proton as an incoherent collection of partons. The spin dependence-of hard parton-parton
scattering is understood from perturbative QCD and thus provides a system where the spin
of the partons can be measured. In particular the process q + g — v + q seems to have many
advantages. It is readily identified as a photon-jet coincidence in a near 47 detector such
as STAR. The reaction mechanism is expected to be clean and the only competing process
has a much smaller cross section in the kinematics of interest. Moreover the polarization of

tho 1 1 ot nt £, + >0.2 an m
tne quarks is lar [ge av momenium iracuion X-~v. and determined in p'evmus measurements.

Thus the polarization of the struck nucleons can be extracted from measured spin dependent
asymmetries, the pQCD determined spin dependence and the known quark polarizations.
Star will be able to directly extract AG(x) from the kinematics of the detected photon
and jet. Assuming that the partons are co-linear the energy and angle of the photon and
the angle of the jet are sufficient to extract the initial momentum fractions of the quark and
gluon, x4 and x4, and the center of mass scattering angle. One must also assume that the
larger measured x is associated with the quark, thus allowing the use of previously measured

quark polarization distributions and pQCD calculatlon of the fundamental spin asymmetries.

Qlrnlatiane have he ~ wiad ary o ila o N H
Simuiations have been carriea oul w lbh Pythmm a,"ld € that STAA;P ‘vv'i”" a

x) for 0.01 < x < 0.3 with sufficient
precision that the integral for 0 < x < 1 is determined to < #£0.5. This requires 10 week runs
at each of two energies, 200 GeV and 500 GeV. The above assumptions are found to require
only small corrections to the integral from simulations. It is expected that these measurements
will begin shortly after the endcap calorimeter is installed in 2002.
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High c.m. energyNs + hard coliisions
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momentum ='s/2: colliding
parton momenta are then

X Vs/2 and x,\s/2

In collider frame, p beams have
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parton collisions.
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Quark-Gluon Compton scattering

-
P

pOCD
result for

specific process

(+jet) + X
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— equal helicity yield

N
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Pb1(2) — beam pol'n (~70%)
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=
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unp()/ struct fics.
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A
a
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P
part. 2

parton pol'ns.
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4) Interpret A, | via pQCD -- e.g., single LO process =
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Kinematic Extraction of AG(x)

e event-by-event kinematic determination of x4 5,6 "
(without reliance on poor resolution pT(jet)):

_p(y)
X1= T [exp (. ) +exp (g )]
PP neglecting
_p(y)
X2 = S [ exp (—ﬂ Y) + €XP (_n jet )] kT
PP

n._ -1
| cot 8* | = | sinh ( ’etz )

s ( %), parton distribution functions both favor assignment:

xgzmln{x1,x2}; xqzmax{x1,x2}
= removes ambiguity re sign of cot 6" (preference strongest

when | x,—-X,| >0.1, | cos 6*| > 0.5), allows approx.
LO direct extraction:

AG(x,)

N

[N, ,(xg) =N, _(x))]

N+++ N+_ DlS . 2 /\Compton * 2
Po,Pb, %21 (A7 0, Q7 ) apmPen (cos 07)/Glx g Q77 )]

e perform simulations to test effects of neglecting:
qqg—gvy; X g Xq misidentification;
0* reconstruction errors; k- smearing + g radiation;
eventually, NLO contributions
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0+ 10 Background Suppression for 73}+ 'ﬁ)—» v +jet + X
(PYTHIA 5.7 simulations)

p+p Vs =200GeV
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0.4 . E

+ cut on quality of SM D .

- fit to single vy E

0 S Y 0 W g W M M R I S SR
-1 -0.5 0 0.5 ) 1.5 2

Pseudorapraity 1

Remaining background to be subtracted by measuring
A for samples that pass and fail SMD cut

= increased errors on AG(x) by factor 1.5 - 2.0
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pp —>y+Jet+X wzthSTAR+EEMC
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o il . soopyt ] medn’ijs at s = 200 GeV
L st | a0 s=500GoV, STAR
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STUDY OF SPIN-FLAVOR STRUCTURE OF THE

NucrLeEoON wiTH PHENIX

NS Ad A AAdAddi YA 4 A

NAOHITO SAITO

1.alilaviCii uaCllavlly

The Institute of Physical and Chemical Research (RIKEN)
Hirosawa, Wako, Saitama 351-0198, Japan
and

RIKEN BNL Research Center

prr\nlr‘\ﬂ\’ron Arofwnnal T u;\nrnf'nrtr
LJiVvURDIiavLll lYauiviial Liavviavul y

510c Physics Department Upton, NY 11973-5000, USA
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from the nucleon target for three decades. However, there remain long-
standing problems especially in understanding its spin and flavor structure:
namely, what carries the spin of the nucleon, and what fraction of momentum
and spin are carried by each flavor?

lant

o imvrmatioatad annttaning
as occn 111VUDUJ.5 UCU. 1u. ICPUUL DLALLCLLLLE

Purndirctinn ~F L nratanonratan

L ITO4QuUcCvioll O1 VV 111 PLUUULJ._PLUDU]J. v
ies because W is produced through V — A 1nteract10n and th helicity of the
initial state quark and anti-quark are fixed, and the flavor contribution is
almost fixed, i.e. ud -+ W+, and du — W~.

The Relativistic Heavy Jon Collider (RHIC) offers very unique oppor-

t11A1 ac aanacially hacatica of ite canahility ta ecollide

Q oaan aQ
DUL ULITUOUT duvuiuive bol.l\,\.duux‘y Decause o1 1is vwrlwu;;xu] Lo coliilde

polarized proton beams at high energy of 500 GeV at their center-of mass 5ys-
tem, high polarization of 70%, and at high luminosity of 2x10%2cm%sec™?
or more. In addition, the PHENIX detector at RHIC is designed to de-
tect muons at 1.2< 1 < 2.4 and electrons at || < 0.35 with high momen-

tum /energy resolution and sufficient nnrhr']r—\ identification

We can expect about 5,000 s1gnals with PHENIX Muon Arms for each
of W+ and W~ with integrated luminosity of 800 pb~!, which corresponds
to 10 weeks with 70% efficiency at the designed luminosity. The estimated
statistical errors of 2% for both A" and AY ™ are precise enough to select
one of models on the polarized parton distributions. Furthermore using the
decay angular distribution we can estimate the z values carried by the quark
and anti-quark so that we can extract z-dependence of the polarized and un-
polarized parton distributions from our measurements. Such measurements
will contribute much to understand the spin-flavor structure of the nucleon.

169



Spin Structure of the Nucleon

* Studied with Deep Inelastic Scattering
of polarized lepton from polarized
hucleon (pol-DIS) = proton epin crisle

A% =0.3 As=-0.10 A %rk: Au,Ad,
* Pol-DIS sea quark: A, Ad , AS
~ well-defined kinematice Quark Orbital Motion: L,
— seensitive to only e, Gluon Spin:AG
* analysls assume flavor SU(3) Gluon Orbital MO‘DIOHILg

Naohito Saito, RIKEN / RIKEN BNL Research Center

Flavor Structure of the Nucleon

* Charge Symmetry is a FNAL-E&GG results
good symmetry to PRL 80 (1998) 3715

describe hadron
properties:(u In p and d In NA 51][ CTEQaM
o

S

°__lllllll|IlllllllIIIIIII'I!II]IIIIIIII

~

n are different?? : C.
Boros, J.T. Londergan, A.
Thomas:PRL &1 (1998) 13 14

=
N @

) 1o 1.2

IC : E 1

o |t Is not trivial to assume: 1
dlu=1 o8

paadapna b b by by 1
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Naohito Saito, RIKEN / RIKEN BNL Research Center
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W Production in Polarized pp

Collisions EIW‘
» Wie produced through V-A process Y,

— helicity Is fixed —*ldeal for epin structure studies

» W couples to weak charge ~ flavor
— flavor Is almost fixed —*ldeal for flavor structure
studies

 Parity violating asymmetry in W production

A cross section asymmetry Versus

=i=p S
A-CCH M2)d (x,, M2)~Ad (x,, M3 u(x,, M)
L ulx,, MR)d (x, M) +d (x,, M u(x,, M)

Naohito Saito, RIKEN / RIKEN BNL Research Center

W yield with 800 pb!

PYTHIA w/ GRY94L0 checked aaainst CDF data

w- wt
acceptance for muon w/ pr > 20 GeV/c 14% 4% Changﬁﬁ with
yield (both muon arms) 5100 5600
AA, (statistical only) 2% 2% cholce of PDF by
rapidity average 0784034 0.7140.41 20-30%
background from Z-decay 1095(21.5%) 984(17.6%)
Acceptance difference between W- and W+
wt
W rest Irame Laboratery frame
[ A7
. R -
.;r/ A
-
W rest fram Laboratory frame
4 Ay - ' /
/ ’4

Naohito Saito, RIKEN / RIKEN BNL Research Center
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Prediction and Projected Error

* C. Bourrely, J. Soffer published In Nucl.Phys.B445:341-579,1995

Prediction for the
parity violating
asymmetry A, as a
function of yW

solld line: soft gluon
dashed line: hard gluon

0.8

-7

Naohito Saito, RIKEN / RIKEN BNL Research Center

Flavor of Sea Quark in the Proton

B . Kamal : PRD 57 (1997) 6663

¢ Ratlio of Cross

Sections for W+/ W- MRSG (@=) __
production is ] ~
eensitiveto: /iy !
_ RW = O-(W_)_ 02 [
oW+)
01 F - — — NLO (q3)
NLO (qq+qg)

0.5

1 1 bl 1
200 300 400 500 600 700

N (GeV)

Naohito Saito, RIKEN / RIKEN BNL Research Center
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Parton Level Kinematics

* Decay v cannot be detected: x-determination hard
* but good correlation x ve E*: V-A requires (1+cos0)?

Vs

p, = —4—[(1+cos,9)xu +(1-cos®)x; | My, = [x,x;5
0.6 :lnllll}”l{ll_!_‘;. =
05 £ et p* region z-average W
04 E = 34< p* <50 GeV/je  0.2240.08
o3 £ 3 50< p* < 60 GeV/c  0.2740.08
N 60< p* < 70 GeV/c  0.33+£0.09
o1 B E 70< p* < 80 GeV/e  0.4440.11
o Elllll|llllllllllllE 80<pp<95Gev/c 0-49i0-10
20 40 60 80 100 "
£X (GeV) 9%5< p* <120 GeV/e  0.56+0.11
Naohito Saito, RIKEN / RIKEN BNL Research Center
H : H C P, . a_0 Y} 1 1 . e
56%155"&1Vi"|3y Goal - statistical limit
* Anti-quark [ Q% = My? ,ﬂ
polarization RO /‘/)/
measured with A, W L 2% /]
* More systematic
a-ucliea are underway
ackground from n/K s N
dccays i o L\\Aé//d
— background from Z° \&
decays —— GS95LO(A)
IT===== BS \

1072

Naohito Saito, RIKEN / RIKEN BNL Research Center
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Constraints on Unpolarized PDF

o Ratlo of Cross Sections for W-/W+

Eost

'(x. x,)  °®F l\f\L

0225 o |
d(xl)u(xz)'i‘(l &> 1) 02 TEQ4M ]

0475 |
u\xl)a \xz) + \4 «> 1) ons | | ~

0.125 E- '\

Gﬁ:; EA N T T T PO |

g L ) 100 egx’

Naohito Saito, RIKEN / RIKEN BNL Research Center

o

RPUIC Ginin nealaont nrnauvtidoas 1intarns
NI W \JFII' Vl VJUUV I/l VUV Uil

| 4
investigate spin-flavor structure of the nucleon

¢ Spin Structure Studies
A g(x) measurement: 2% error for A,V
— flavor decomposition is poesible thru A"
— unpolarized PDF can be constrained with RY

— further systematic studies are underway
e PRUI Phiucira Riinm udll 2+ awk NlAvambar 10001
INH LW 1 TLYTZIV T INUTT WYL DDVAL YV IYVYDILTIVUD ) IV

Naohito Saito, RIKEN / RIKEN BNL Research Center
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Polarization Studies with W’s in STAR

OGAWA, Akio for the STAR Collaboration
Pennsylvania State University / Brookhaven National Laboratory
Upton, NY, 11978-5000, U.S.A

The question of how the spin degrees of freedom in the nucleon are
organized has still not been fully answered even after recent polarized
deep inelastic scattering experiments.

The Relativistic Heavy Ion Collider(RHIC) will accelerate polarized
proton beams. The STAR detector, although originally designed for

heavy ion physics, has excellent capability for spin physics as well.

STAR will be able to measure the parity violating single spin asym-
metry Az in ¥p - W* + X — e* + v + X processes which are
sensitive to quark/anti-quark polarization in the nucleon. A big ad-
vantage of using W* production process is that qurak flavor can be
separated. Especially at high 7 region, where we planning to install
Endcap EMC, we will have very clean measurement of d and @ quark
polarizations in the case of W~. A monte Carlo studies using PYTHIA
and SPHINX has been done. It shows we will have about 80k and
20k W+ and W~ at /s = 500GeV, 800/pb. The asymmetries which
is calculated using models of polarized parton distributions functions
are large(5 to 50%). Our measurement will give much more accurate
information about sea quark polarization compare to the one from po-
larized DIS experiment. Backgrounds from high pr hadrons, Z° and
heavy quark decay had been studied and found to be very small. Tpj
ranges of quarks we will measure are from 0.05 to 0.6. The measured
energy of election has a good correlation with xp; of quarks, especially
at Endcap EMC region(1 < 1 < 2) and we will be able to measure zy;
dependence of quark polarizations.
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W= measurement

7Tp — Wr+X = et4+v+X

Single spin parity violating asymmetry

APV — o Vo
L N‘ﬁp“FN?p

Beam “a’ polarized — Xy S>> T

+\ _ Au(zy)d(zy)—Ad(zq)u(zp) Au(z,)
ALWT) = St tdantz) e

\ Ad(wa)a(zy)— AT(za)d(zy) Ad(z,)
ALW?) = “qeute) o) " dea)

Beam “b” polarized

+\ _ u(ze)Ad(zy)—d(ze) Au(z),) Ad(r,) d(vg) Nu(ay,)
AL(W )— u(zq)d(zy)+d(zq)u(zy) — d(r) + wla V()

—\ _ d(zg)Au(zy)—u(ze) Ad(z)) Nuir,) o Tleg ) ANd(y,)
AL (W) = Tz Falza)d(zy)) bt T i )
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Electron Asymmetry for W~

/3 =500GeV  800/pb P,=0.7

Unpol. beam — < Polarized beam

0.3

y w

o b Pt o
.0,13— + ) b ! + + f
-0.2; + + + + + +

0s b ot

5 ) } ® GRSV-NLO-stndard
Rl SR S B ® GS-NLO-A
06 | r ! 4 GS-NLO-B
_0.7:I'ILJIIILIIJIIIIlllgLIlJ;Illllllllllllllll
2 15 -1 -0.5 0 0.5 1 1.5 2
e asymmetr Me
Ratio y y
1 ——. [ ] Y Py o - = [ ] [ | |
i ® | |
0.8 5 o .

06 "® d come from pol. beam ® ®

0.4 ‘m u come from pol. beam u ¢

02 [ |
— n °
B | | ®
n ]
0 —“l. 1 J_.L l l. | I — I j I S N | I | I . | I | S | l ) S I l L1 .l Ll. L1 .I
2 1.5 1 0.5 0 0.5 1 1.5 2
Fraction of W’ with d and u from pol. beam Ne

e~ emitted preferentially along W~ momentum

Looking at high 1 at Endcap gives clean measurement
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Background

TYe

e High Pr jets
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Tp; range of quarks

Unpol. beam — < Polarized beam
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Investigating the origins of transverse spin asymmetries at RHIC

Daniél Boer
EN-BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973

Large single transverse spin asymmetries have been observed experimentally [1] in the

p'nT — 7 X and many theoretical studies have been devoted to pYn]mn the possi ible ori
of such asymmetries. However, one experiment cannot reveal the orlgln(s) conclusively and
one needs comparison to other experiments. The polarized proton-proton collisions to be per-
formed at RHIC can provide important information on transverse spin asymmetries and help

to complete the theoretical understanding.
In this talk T will mnln]v focus on th

In this Il main 1e Drell-Yan p ,
cross sections and investigate what can be learned from studylng the angular dependences
and their transverse momentum dependence. In other words, the goal is to investigate the
consequences and the interplay of the transverse spin and the transverse momentum of quarks.

Transverse spin manifests itself through asymmetries and transverse momentum through the
transverse momentum r]pnpndpnr'p of the asvmmetries

CAlAT UL VL AT GOy 2aalaaT L ats.

I will argue that “conventional” mechanisms which could produce single transverse spin
asymmetries are expected to fall short in explaining the magnitude and the transverse momen-
tum dependence of the asymmetries in the region where the transverse momentum is (partly)
of nonperturbative origin

Hence, T will disc ssible origins of transverse spin asymmetries in hadron-hadron col-
lisions and propose an explanatlon in terms of a chiral-odd T-odd distribution function with

intrinsic transverse momentum utpeuueuus LAJ, which would si g 1al a correlation between the
transverse spin and the transverse momentum of quarks inside an unpolarized hadron. Despite
its conceptual problems, it can account for single spin asymmetries, in the Drell-Yan process
and in principle also, pp' — 7 X, and at the same time it can account for the large cos2¢
asymmetry in the unpolarized Drell-Yan cross section [3], which still lacks understanding too.
Therefore, the mechanism provides a relation between unpolarized and polarized asymmetries
and this can be tested. One can use the unpolarized asymmetry to arrive at a model for the
chiral-odd T-odd distribution function and find explicitly how it relates unpolarized and polar-
ized observables in the Drell-Yan process, as could be measured at RHIC. The relation depends

on the transversity distribution function h;, hence. it Would provide an alternative method of

c_rcharlking tha trancvereity dictrilantion fuinetion }1
o} \/Al\/\/l\lllb U1lL Ul dAd10 v L lWdl va dloullissua U AV VP S VEFAWVAIFL VY AT

The chiral-odd T-odd distribution function is formally the analog of the fragmentation
function that appears in the Collins effect [4], but there is no direct relation between the
functions, since they would arise from different physical origins.
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Transverse Momentum Dependent Functions

The leading twist T-even distribution functions:

D @ e (3

RO @ @ B w4

Pictorially:

No single spin asymmetries in the angular dependence of the cross
section.

Leading twist T-odd distribution functions with transverse momen-
tum dependence can lead to single spin asymmetries.
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The unpolarized Drell-Yan process

A large angular dependence which is not yet understood

NA10O Collaboration (1988): #~N — u*u~ X, where N is either
deuterium or tungsten (no apparent nuclear dependence) and using
a T~ -beam of 194 GeV.

ldo v
~ [1 1 ) encl2d G2 0 rea b 20 o)
- 5 <~ X 1L T ACUd U T olll U COS T —olll U COb LG
ocdQ -\ a L )
Perturbative QCD prediction (NLO): A~ 1, pu=0, v=0

e Al -~ - 0. lomn f r o~ / \ -~ AR D
Brandenburg, Nachtmann & Mirkes (ZPC 60 (1993) 697): large v
arises from a factorization breaking correlation between m and N

/ /

/0 A
L

lepton plane (cm)
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The unpolarized Drell-Yan process

Observation: v o< hi (7) hi (N) [D.B., hep-ph/9902255]

Guided by a model parametrization for Hi-, we fit the data.

0.4 I ! T I T
v 0.35

N\

0.3

T
—
1

0.25r 2
0.2 8

0.15 5

T

0.1 2

0.05 .

05—05 1 15 2 25 3
Qr [GeV]

Proposal: measure {(cos(2¢)) in unpolarized pp — p*p~ X and the
single spin asymmetry (sin(¢ + ¢s)), which is proportional to hih7.

B 9
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The polarized Drell-Yan process

In the case of a polarized hadron (choosing =0 and A = 1):

d
dQ—daas—l— o 14-cos? 6+sin’ 4 [g cos2¢ — p |Syp| sin(¢ + qﬁsl)]
Relation for the case of one flavor: 1 v h

2\ vmax f1

0.6 u T T u

0.5

0.4

T

0.3

0.2

T

0.1+ /] :

E s
§ -
Y L
-
o

Different angular dependence compared to the other SSA
(1 +cos®0) [S17] sin(¢ — ¢s,) fifi

+. ..

&
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Conclusions

e We have investigated possible origins of transverse spin asymme-
tries in hadron-hadron collisions

e Single transverse spin asymmetries require some nontrivial mech-

Ak £
d LIVl |U||LL|U||D
tw

wist effects:

N N

FRAl i LIS

d 7 : (no o IS
approach can give rise to a cos(2¢) asymmetry, unless 1/@2 sup-
pressed). It offers a new possibility to access iy inpp(p) — ptu~ X

) .
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Probability that a jet of energy Ky emits
n resolvable gluons with K2 > 2
Pnoc[ f Pt 22 lai, C‘a(t“)]

2 ) R

aty Y E oty q
1 dzy -t dg
[ —f(z, t) . f _ — (7, t)
79 7 V2@ mzyp T

P 1 (r)Zn{ 1'] (;{1.)2 e ¥
. n'n! \ 2 Io(r) ” n2t/ 27y

G log (E/ A) E
r=4 —log( )log(-.-]
Bo log (1/ A) B

3

28| (n) L 0.3
2 //:*,'ﬁ‘ : ;\A

1.5 . Cr 0.2
1 0.1

0.5 '

20 40 60 80 100

Quark jetof energy Fy (GeV) .

0.4

S
N

Luga o§ \\;

T3 <

?-0 -t

53
oo f9Z Y s
3 N 0 g
O X8 o V% ( 3 e
—— ]:f Q) e g.{
v q" %) (o TN
3 e 2 &=
2._’ Q- =~ N
i 1o
£ - a
—6
o sV .

.o Z O
— =
S Qo Q)
oS



. -8 oo €y >s ¢
@6@% ,Umdjﬁw %0 Umde/w oL m?.ﬂmsmms_ *fo, ﬁ 2 L»V N\» 2 : v / (N §.vnw

CU oy Bopswes SWrpreny woLpAIsIQ Bpoydiginyg

Cuss<et > =
- s Sy o p § a...\m,

By M Smp g T =<0

——

;ﬂﬁ,_& S:OM WO;G:*LO& c&H

x u £,
?Sfd : Tl

(g resn) PR 7Y

A

O °N e My N

UoeINOYsip m\c E‘ﬁo 0D u.jb
S “ £, ' b _ o 1
Z'0="N'Z'1'0="u ‘A9 07=""3 . / 3\v L Sﬁ. P = D w &Gé U

Q

Svapoy % +w£m S0 — A0 = o= M.L@BOr_m o L«& gom_%,«uoz S:B%MZ




um2 %Gxa..ht :?Umm /:r_.ov W~30~w H. & ﬁS,JU$®1~MJ

ol

05 0¥ ge9) id 0z
T _ T

T 7 F | R

Q

o

SNV
§ =773 z'0
90

80

||||lll‘v|1l1||l|||o

J

20

v'0

9°0

80

llllllllll]]l'llllllo

o==N

T'L'0=""N 404 'dP/*NP A®9 0G'01="3

§ Wo) \pnyomy Cﬁ w4 &34515

o = *dv.wzﬂa.LY\%oJZQ \ Na _ U+6uw2p4n:ﬁ\16 2~O.w

. [a»]
{ t o
< 7 SRR
- ( A —
01708 01FST  01FEZ =W
0,3@ ¥
9 v ¢ z I 0
U L e L L
/) e
q vo
\ 1 G0
|H zZ0
1H G20
4 g0
m 50
1 vo
Z1'0=""N Joj (u)d Ap21dninpy uoniy
Q
/S90S =734




@+ﬁ+w %0 SOL.dvp@ <SO,F%
wu__‘ssc,ﬂﬁ nwv.L,& )SS\p +5O +u0m. oL

z I o vduLCU w,:\%usﬂ/w @3*0@:00 %0
PTTtTrTTTYTT T T T T Ty 3 )
: _ 10 S NSPWa 3 ,~\ jo +s®§®u5mdwz *
3 3 500 |
= o & 5
3 3 ST0 o 13 w a
o T
H (Au)s0n ATz + | H M.Noo Wusw,ﬂsmmw% % mso.r*m ¢
.Ii._:___..__.___.a.__.___________.__._._____.__.__.” Seo0 wml_ﬁ_ :an. +SJ N\wa LW:G(SM Ww\n.)n \/“
%)
9 s vie T 1 o, Srsss Sprases vapssd man
3 4 S
: 01 .
- Sl ’ 3o_u5¢m LER
mmw s mww.wou 2 + F
~<
o€ &
1 € hdey 2%\ U nYoWwo 3bap &= olsoﬁ o
3 )

L — = S ov < Tae
SV B STETES RS AR AT R BT SR | B

S03 bog sA |pop| ‘Wy /=Y ‘Ws 8= ‘,W}/A89 ¢ | =3

mdfde\ ::._ L Eo.m. w@,,s*‘d;fm
SURID 40 spmesy ey




2=a

J=L7)

foyuy] own

v2 weighed by E_t AM
_ B
S o e
o =3 e o 2
o o 131} - o N
{ 1 ¥ T
< =
- 572
> N
wxw.m m
% T
i 3 > 5 -
% ™ 8
% >
% ~
k &
k& b
! s |
ks %
S !
NN 2
W 3 |
LW X
Len3 3 X ¥ ¥ -
35% S-PUE Q~
5% 20
o L Zﬂ ; *@ w.,w
B850 » »o 1
i £
SRy 1 - ) yw 0 H
LS o.® E X.— T z .
Beg Ofdvy: S
|T55 iy 10 5~ M
° S ] -
- 3 b Jmc
3 m 9 PR
& 3 5 B0 “
8_ n, W: 1 1) s
- 1 EE- 10 T
Wi Ea e o) 1=
* X + g % m ] W i
' m\\rww_[m ”W. 1 L W-

01

"e3EP 23 03 SIY JueBue) onjogiad i oxr ssui] pusop pur ‘vrep
OPEOSED 9% SH[0I2 PRYIL Wy ¢ wojowered pudwt M ADOY 007 = SA 1 Suoisi]od ny-ny ut

SUO13395 $5010 Jurialdeds uojred dA1OIYY JUIIIPLP 10§ JULIIYID 2 JO uonn{oAd sWLY, T 'HIJ

192

(onup)y
L 9 S 14 € 4 13 ¢]
- e, GO O~
................................................ . - o]
Buiweans ass
L qus :
S d s00
4'. \
e =
qui g hd o/ .
7 10 N\
s N
P 3 {sto
gquoL =o L]

L. o3 beA  _olpnu._ . ‘
N b ') Y 20

@M\p = & ODﬁﬁ S
. WﬁJbUMJOU IO
§o+/5unw U.wrmdiwuammmm:oa

N
_ - Ty,

.



Gluows of Jow

Sl Lovner ( 9« /wo/)

T discuss the ovolutiin % X/wua'c o bservablen
i @ hadeon W«
The W lson remomalvzation e 4201\411‘,«1 A
deiscssd  wwd e wollivar oroldion oy
s daved. e woulicaction i He erolihon,
oo comsed by cecombinakion "ffehs of gk
oot duasiky
e doully logacthuce Lk of Ha eooluwbion -,
discunsed 1 ore M««'(; wd o shown dhof
e duon becoues ,,ﬂu}ive% wmarne o fha
I sugant that tlo emlubon o, frequomcy  ratlar
Mow X will be o dega \.;a%o([ u,tycu-cv‘vkg
;\W—L«Lakw amd w&,@.—lu\owkw offechs

193



G/uau@ w/ /OLJX

o\n// Jﬁ/l//a—h— /,Qf‘/é«, J/eouw&(j
(. felerras, / A Ma?u/f

Low x shuchere .?/Acw/nﬂm (078)

fb,- IILWZ 10wy - fk,’A&// cow/r'ébw.s a,/ A'f[ e«%
#“g,l\ /‘“’/'0“""" 0&/«5"% d,//»e(yzﬁ eu-v/u/fébt—.
0'[ X/u,omc oég_ert/avé/m;

DAY

b{uo(ﬂ.r {00034‘. { {OA"’ g‘uo(u&/ﬂv"a«a j(ru/;{
2, Zawj 5/0of 7/a/£’/> j/r-ow———

ﬁ»c?w}c worf 2«%
&ou« C,ow,?ou,“/‘—ﬁ Ezww& WS ‘P{a,g,u—s

L SC&#%;«% .

194



How does Hon struckare spolve o x 7

e L 6 - Gt o+
2 fu A

b et

A A AAAA

Whoo faldy ane lacge the arolikion & woulivear -
e onisin probabilihy of ou scha ghion s ichibibed
N e [restues o(( lu? kai?«-oww(.
Je ek o deccbe e m\\WLA oA &(-nou,g
M‘L’ Y C»O‘Aa?l‘.h-%.
Romad: T foab (luvhaakions are horel al pochuchodi
Slow talen o, so&{ and ro dnd!ij W},uleok{
ol kion o Xalomw/x arete o
(r«%u wrolwhion vy~ @ ?)
Possible wray ok - soft w,oolea are a?]/((w#w/
by wodivarhon wort and seburade | He,
wt shodd be OV

195



Double | g ofprox« b@u%
aLfLQ,o( J HJ SOC“- \AUOO(M

l B> | -\\

\\?\
' : =

@KY!:\'\AA’:MVG. Q Kl
EIMI'SS«:OV\ tv‘L \Q 'S AM-Q LO a LQ—"L%’O%A
w\‘u\ \0\4‘ U5

gO wt I‘QJ'J. \D (Y‘L) "-‘)l' - C,OM\‘LW(‘ l}acl.%rm,«.u!,
£ - / z> 0 A ]

24 257

Evolahon ,SVLLP A(f;%

k}2
Ji Chetid by = vds <] ey

Foumer trawsform  beips o b He
q]orm o/ double  erolutfron
9L b (@) bl-ay> ~ 7;?2 G (@)
IE> ~ oy B (9)

196



e pluuin lare Y of dyaieal

Masin
bk, D LQ v Lo

/
b}’ﬁ*‘?‘z‘/g
Ewisson of ae exba glhiou iy de Tape.
pfvlmgw‘w‘« o({ angn &nov\ carcade ‘H«M“X/{‘
J’L!Z LQJPOM /w\ r—%:L W
5375.0««5(/[6\/ vaqu /%wu« .SQ,Aona/v{ou /(-A

(> G = ¥ ol fuy,
7
areq ,/ﬂ( hadrou,

197



DIA o au overZ'//— Het & wore
’.u/u(é«/é'vg /[74%

TLQ ca,ﬁwlakov\ stw({ X,Ju% a va(_ bow
Jo saj;a,m/(( Ibe,—Af_Aa//«'/e /é/;/«as

S S (x’)

PR

o~ S
S) ;ﬁ

ek o doiaid s (u o)

by font fluchakon, tnod  loge

inilicglh o

198
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Small-z I, Structure Function of a Nucleus

Including Multiple Pomeron Exchanges

Yuri V. Kovchegov

School of Physics and Astronomy, University of Minnesota,

Minneapolis, MN 55455

We derive an equation determining the small-z evolution of the F; structure
function of a nucleus or a hadron which includes all raultiple pomeron exchanges
in the leading logarithmic approximation using Mueller’s dipole model. In the
linear limit the equation reproduces the BFKL evolution. In the non-linear
regime the equation sums up the so—called “fan” diagrams. We show that in
the double leading logarithmic limit this evolution equation reduces to the GLR
equation. We discuss the cancelation of pomeron loop diagrams, which employs
an analogue of the AGK cutting rules in dipole model. Finally, we urge people

to try fitting recent HERA data employing the proposed evolution equation.
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II. Large N, limit of BFKL: the dipole model

of A.H. Mueller. NPB YIs, 2F3 (1934,
NPB %425 Y%l (1959

2 NPB 437 JozE (]95)

S "

. 2
(0 o (g 0(2; 0{{ Xo) (e
R — - _ X - . . § (x, 2
i Y O/
Law}e_ Mo & ( = 1, Aipole

c S\ Hocee ceolow

Mex shep Oy =~ —
F l ~em -1 t___j olipoles
ZI’\\ f\\t\‘:\’j fk___ =~ four colov
' ‘/ Alpo leg

At esely gfep iu rq/,‘o(h’J e preoddice @ glean | T-e

cweafe an exfra o‘&/oo'ee

<o( A/}/)“' —> &.a.n‘—&.? &aa,am\ﬁ».l
LY ~ o4t

X

AJ AKVAJ

206



W X’. 2

’ T X (h)

1 ‘ = 5 (‘)S') L2, o) Luer) 2y, 2“*1)
MR nﬂ, 2

ntl

n - O(A:FJ(Q - n ";/&w"' et {%d(‘oh

Deflve the }ch(écy functional SLow p(«:/ao/es Z(,?_(ol)

Su(x, 2,) S ulxs 23) SUlXyn, 2,4
U=o
w (Z, ) ~ ¢owve woé—i'fbﬂara fFunet o [dé,ae{{ s S- “kodMK)

For Z  ote con Wle dasy e ‘.(o”owhy Qz_uq)(c‘m-“.

—ixCe f’«( y AH Meeller
Z b = Wb, ) e d |
( = ,-\Ol; } ) - =% =ot *
- I f (Kol (yy) Xor™
+ "(({-‘ jd " [Fj / | d¥ X, E(b 7-5(«;on rff/"’“

on Xll
5 2(b-Lx0, 244,49

The nest Loporetant e.zzvucd‘u\ﬂ—\ of T o%/?o-(g woolc dnd
P"ﬂéw(f%) all W!/%:VC@ poreTon fﬁ«;&v:%«/-/./

-

ES = o sencony 1+ K® 2 2
Y P

~ i‘i’&(ﬁﬂ y
e ’* f ~ Mu_a.e MMACXCCM
e oW e U
L_,r “L‘__I L
\(—_________—J

7 (1) ~ Riger 9“_3"’

vl o7

w [ s S S
I I«F[ Z (X, utx, 2)| 3°

y):

(o)
(%o



III. Summation of the multiple pomeron

exchanges.
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Effects of Shadowing on Initial Conditions and Hard Probes in
Nuclear Collisions*
R. Vogt

The modification of nucleon structure func-
tions in nuclei, a depletion at small and medium
z and an enhancement at intermediate z, is
well established in nuclear deep-inelastic scatter-
ing. However, the source of the modification, or
shadowing, is not completely understood. Two
primary models are (1) recombination of long
wavelength partons; and (2) multiple interac-
tions of the incoming parton along the path
length through the nucleus. In case (2), when
z < 0.016, the coherence length I, is larger than
any nuclear radius.

Shadowing should depend on the location of
the parton in the nucleus since partons in nucle-
ons closer to the nuclear surface should be less
shadowed because there is a lower probability
to either recombine with partons in neighboring
nucleons or to be part of a multiple interaction
chain. However, the exact spatial dependence is
a function of the origin of the shadowing. In case
(2) above and at small z, since [, > R 4, the shad-
owing should be proportional to the path length
through the nucleus. For I, < R4 and in case (1),
the shadowing should be proportional to the lo-
cal nuclear density. The spatial dependence over
the entire z range is difficult to parameterize in
case (2) since the crossover between the relevant
formulation is A dependent and occurs at z val-
ues typical for pr ~ 2 GeV at RHIC.

Because no model of shadowing can explain
the effect over all z, we use three parameteri-
zations of nuclear shadowing to explore the its
effects on the initial conditions at RHIC and
LHC. Unfortunately, the nuclear gluon distribu-
tion is least constrained by data and most im-
portant for particle production in hard interac-
tions. The behavior of the gluon distribution
is significantly different in the three parameter-
izations. We have also studied two spatial pa-

rameterizations of shadowing, one proportional
to the local nuclear density and the other to the
path length through the nucleus. Both are nor-
malized so that an integration over the nuclear
volume reproduces the spatial average results re-
ported in nuclear deep-inelastic scattering. The
impact parameter dependence is stronger than
the average in central collisions and disappears
as b — oo.

We have calculated minijet production and the
corresponding Er moments at RHIC and LHC
energies assuming hard production for pr > pg =
2 GeV. We use these moments, along with the
expected soft component to estimate the effect
of shadowing on the initial conditions for further
evolution of the hot system created in Au+Au
collisions at \/syy = 200 GeV and Pb+Pb col-
lisions at \/syn = 5.5 TeV. As expected, at the
higher energy, the semihard minijets dominate
particle production. The energy and number
densities calculated at 5.5 TeV without shad-
owing result in a ratio €;/n; close to that ex-
pected for an ideal gas with a temperature of
~ 1.1 GeV. One can then imagine fast thermal-
ization at 7; ~ 1/pg, even if the system is not
yet isotropic. However, when shadowing is in-
cluded, this ‘temperature’ is reduced by ~ 10%
so that €/n; > en/myn ~ 2.7Ty. At RHIC,
minijet production is on the level of the soft par-
ticle production so that the hard component is
responsible for only =~ 40% of the particle pro-
duction. Thus the system is even further from
equilibrium.

Finally, we note that shadowing effects can
smear the Er — b correlation, particularly at
RHIC, making the determination of b from Er
less precise.

*from V. Emel’yanov, A. Khodinov, S.R. Klein and R.
Vogt, LBNL-42900, in preparation for Phys. Rev. C.
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- Version4.1-
Simulation of high-energy particle collisions in
QCD: |
- Space-time evolution of collision dynamics with
- parton-.cascades -

- cluster-hadronization -
- final-state hadron cascades-

Klaus Ceiger - Ron Longacre - Dinesh Srivastava
Physics Department, Brookhaven National Laboratory, Upton, N.Y. 11973, U.SA.
Variable Energy Cyclotron Centre, 1/AF Bidhan Négar, Calcutta 700 064, India
e-mail: klaus@bnl.gov, longacre@bnl.gov, dks@vecdec.veccal.emet.in '

phone: (516) 344-3791
fax: (516) 344-2918
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~Cluster lormation, hacl onization, hadron cascade development
central
® lzadrons
central . | -

"I\h o

e /2N ==
r— :

-..... beam
— . hadrons

\I

beam cluster B

parton clusters
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cluster-hadron

parton-cluster

coalescence decay
&N k o L k’
~ * ~ o
+ #H,_ -
e . . ~ o

cluster-cluster scattering

[ X 2x

cluster-hadron scattering
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NN — NN
NN — NA
NN — AA

AN — AN
AN — NN
AN — AA

AN — AN
AN — IN

AN — EKN
IN — EKN

xN - N°
Ax - N
pN = N’

N'N — NN

N'N - AN
YN - AN
YN-—- IN

KN—-Y
A=Y
Ix—Y

KA—-Y
Ap—=Y
Lp—=Y

NN - N'N
AN - N'N
AN — Y'N
IN - Y'N

px — Q,
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Nx— Nr Anr — Nr Np — Nn
Nre— A Ax — An Np — Np
Nrx— An Ax — Np Np —- AK
Nr— Np Ar — AK Np — IK
Nr— Nn - Ar - IK
Nr—+ AK
Nr—- XK
KN — KN EN - kN
KN — KA EN — Ax
KN — KN~n EN — Anr
KA —» KN EN - Ix
KA —+ KA EN — Xnr

EN — ENr

EN — KA

EA—~ KN

EA— kA

EA — An

EA — EN

EN — EK
mn =na'n| |- | [l =a'n | |r =
' — 1n : 5 5
Tn — K
TR — nn

7p— n'nn(OPE);
np »K'K'n (OPE);
n p - KK n (OPE);
7 p — nnn (GPE);

231




K'p — K'x'n (OPE)
Kp— K,a'nn (OPE)
Kp —= Kn'nn'n (OPE)

KX form fo(975), ag(980), $¢(1020), £2(1270)

ax(1320), £2(1525)

pr form h,(1170), a,(1260), a,(1320)

form K"(1420)

- =

A

a;t form p(1700), f2(1800)

wnr form b,(1235)

nn_ form a,(980), a,(1320)
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Interplay between hard and soft physics in AA
collisions at RHIC

H. Sorge
Department of Physics and Astronomy , SUNY at Stony Brook

Abstract

I discuss uncertainties of the initial entropy production in central
nucleus-nucleus collisions at collider energies. Independent whether
one considers dominance of soft or semi-hard production of particles
estimates may vary in a wide range, between ~ A up to A%3. Dy-
namics depends strongly on this number, because it determines how
deep in the quark-gluon phase initial state at RHIC is produced. Non-
central collisions and a novel “jettiness” observable may provide clues
about hard versus soft reaction mechanisms, e.g. jet (non-)quenching
versus hydrodynamic flow and amount of equilibration achieved in the
reactions.
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. Measuring centrality in p-A collisions
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Hard Scattering Rates

Calculation

e Calculate an “unnormalized” rate: R= j J dxdyT,(x, y) T (x,y)
—Independent of process, multiply by o to get actual rate

.

e Plot vs b for various A

102? A‘x‘—\_\ﬂ—‘l — Au
T, ) ~ Ni
0 F T ~ Si

Observations

« Rates relatively flat
—for Au up to 10 fm

~for Siup to 5 fm

« Feasible to study
centrality dependence ¢
out to large b o

e Factor ~ 10 difference
between Au, Siatb=0 £

—more than x A

| S W lllll |
4 6 8

b (fm)

Riken-BNL Hard Scattering Workshop Brian A. Cole March 5, 1999
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Hard Scattering Rates vs # §pectat0rs

Study vs experimental centrality measure: E°

At point (x,y) in transverse plan, a projectile nucleon has
probability to be spectator p4 0T (%)

spec

~e ' =e
* So, the total number of projectile spectators 1s
_ N2 = ”dxdyTA (x, y)e Imis(x))

spec

103

T l?llll T TTIT
«

2 )
10 LIPS ° .
®e
vy °
v o.
10 ?\5‘ vv °
e \ 4 °
o v
L A v [ ]
A
A v [
Q o | F A v L
8, S P4 v .
Zw o 1: 4 v ]
10 E A v °
E A v °
N : v o
107k A v e Au °
A v . °
v
; A v Ni ®
- A .
- °
. A v L4
1 l 1 _4' ‘ .
10 10 1 I._.Lv ) I . | _@:4 A 1 | 1 1 1 1
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b (fm) N

spec

Riken-BNL Hard Scattering Workshop Brian A. Cole

March 5, 1999
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Geometry of Jets and Quenching (2)

Study paths of Quarks out of System

y (fm)

X (fm)

unnormalized AE

40»—
35:
© |
25:

20

« Study only propagation in the transverse plane
 Use simplest possible set of physically sensible assumptions

— Assume all hard processes including mini-jets occur instantaneously
—dE/dx o€ - energy density , €(X, y) o< (T,*Tp)(X,y)
* So, for a quark leaving system AE oc J dsT,T,(s)

A
/| ‘a\\\ ~ Xp=10 fm
4\ = x=5fm
N X-2fm
1 \\\\ — X,=0fm

15

Riken-BNL Hard Scattering Workshop Brian A. Cole

March 5, 1999
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Geometry of Jets and Quenching (3) '

Now look at AE distribution vs b

» Use T, Ty weighting for production points

Observations 7 b0 fm
e Results consistent with - — b=2fm
intuition E — b=51fm

------ b=10 fm

» Get large AE’s even at b=5

* Quenching should disappear
by b=10 fm

 BUT, there’s a problem

— From previous slide a quark
starting at r = 0 has AE=20

— where do the larger values
come from ?

df/dAE

10 F

— Quarks going “back” into 0 ﬁ_ ~ B
system i
» Need to include time 0 5 10 15 20 25 30 35 40
dependence of € unnormalized AE

Riken-BNL Hard Scattering Workshop Brian A. Cole March 5, 1999
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RIKEN-BNL Research Center,
Brookhaven National Laboratory,
Upton, New York 11973, USA

I discuss some aspects of the physics of hidden and open charm at RHIC.
Polarization and spin asymmetries in charmonium production can be used to de-
termine both the production mechanism and the polarized gluon distributions in
the nucleon. In particular, the study of angular dlst11but1ons in the X2 = JY+y
decays of charmonium produced in pp collisions provides a unique possibility to
distinguish clearly between the color singlet and color octet production mecha-
nisms [1]. Once the production mechanism is known, the angular distribution in

the polarized case can be used to measure the polarized gluon distribution in the

proton, AG [1].

Recent theoretical studies [2 of charmonium interaction with low—energy pi-
ons show that the elastic and inelastic cross sections of 7.J/1 interaction are
extremely small, on the order of 0.01 mb. This is important for the interpreta-
tions of charmonium suppression in nuclear collisions. New additional arguments
are given to support the idea that heavy quarkomum Is a sensmve probe of
gliuon fields, and the low-energy quarkonium scatterin
explicitly with the help of QCD theorems [2]. The study of heavy quarkonlum
production in nuclear collisions will constitute a very important part of the RHIC
progran.

UQ
ety

to saturation effects.

~

References
1] R.L. Jaffe and D. Kharzeev. HEP-PH 9903280: Phys.Lett.B, in press.

2] H. Fujii and D. Kharzeev, HEP-PH 990: 495' HEP-PH 9807383; Proc of
the 3rd Workshop ~Continuous Advances in QCD™. Mlnuu..ruhs; 1998.
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- Understanding Global features — 1

e Cross-section for high mass Drell-Yan pairs scale like A
in pA collision

* Q: How do you get
X X
O-pA — AUPN ?

That is, count the target nucleons?

* A: The number of X produced in a single pA
collision is always the same as the number of X

produced in p/N regardless of where it is made.

* How can that be?

o The production cross-section for X is a constant
and is not a function of \/s. — Not true for DY.
Or

o The projectile loses no or very little energy until
1t produces X — Coherence time.

Or

o Multiple collision — Rescattering = 0 — Remote

possibility at best

252



Coherence Time — 3

e A daughter particle needs at least
At ~ E/k3

to be separated from the mother —
Landau-Pomeranchuck-Migdal effect.

e For a typical pion in N-N CMS frame with
E ~ k| ~ 500 MeV,

Atems ~ 1/500 MeV ~ 0.4 fm

In the nucleus rest frame with p,p = 800 GeV,

AtA rest ~ Atcms \/’%a,b/2 ~ 9 X lfree

where lgee = (1/onnpn) = 1.6 fm.

e For small nucleus where 2R /lgee < 5 or A < 50,
opa X A% with a=1

For larger nucleus with A > 50, o < 1 due to energy
loss.
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LEXUS Results with 4 < ngpigy < 6
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sonclusions

Implemented an approximation to adding QM
amplitudes for multiple scattering within LEXUS

pA Drell-Yan cross-section very well reproduced with

the coherence time of tcoherence = T4/ Viab/2 with
T~ 04 fm

pA J/1 cross-section well reproduced with the same 7

and a small absorption cross-section of 3.6 mb.

AB J/v cross-section calculation on the way.

Preliminary result suggests NA50 Pb — Pb data is not -

inconsistent with energy loss + absorption.
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RIKEN BNL Research Center
Workshop on Hard Parton Physics
in High-Energy Nuclear Collisions

March 1-5, 1999

VA A wEd A Ve ALUUU

Physics Department - Large Seminar Room
Organizers:
Jim Carroll, Charles Gale, Mike Tannenbaum and Raju Venugopalan

AGENDA

Monday 1 March

Morning
8:30 Registration - Seminar Lounge

Chairman: Raju Venugopalan

9:00 M. Murtagh Welcome and Introduction

9:15 G. Sterman Querview of Hard Parton Physics for RHIC

10:15 K. Lokhtin In-medium Energy Loss and Jet Characteristics in Nuclear
Collisions

10:55 Coffee Break

11:25 X.-N. Wang FEnergy Loss at the SPS

12:15 B. Kopeliovich Phenomenology of Energy Loss and Light Cone Formalism for
Bremsstrahlung in Multiple Scattering

13:05 Lunch

Afternoon

Chairman: Jim Carroll

14:30 M. Tannenbaum Using Leading Particles to Measure Hard Scattering at RHIC

15:10 M.W. Krasny Jets at HERA

16:00 Coffee

16:30 G. Blazey Jets at the Tevairon

17:10 K. Turner Jets and Photon Results from the Tevatron (30min)

Tuesday 2 March

Morning

Chairman: Dima Kharzeev

9:00 P. Stankus Partons in AA Collisions at RHIC with PHENIX

9:50 C. Ogilvie Angular Correlations Among High p; Particles in STAR

10:40 Coffee

11:10 A. H. Mueller Parton Equilibration in Nuclear Collistons
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12:00

W. Christie STAR Data Sets and Analyses Required to Search for QGP
12:30 X. Guo Gluon Mini-Jet Production in High Energy Nuclear Collisions
13:00 Lunch
Afternoon

Chairman: Mike Tannenbaum

14:30 U. Weidemann Transverse momentum dependence of the Landeu-Pomeranchuk-
Migdal Effect

15:00 A. Leonidov New Results on Mini-Jet Production in Hadron and Nuclear
Collisions

15:30 Coffee

16:00 T. Cormier High p; 7%’ in the First Year at STAR

16:40 1. Sarcevic Partonic Picture of Nuclear Shadowing at Small z (30min)

Wednesday 3 March

9:00 J. Peng Dilepton Production at Fermilab and at RHIC

9:50 S. Kumano Parton Distributions in Nucle:

10:40 Coffee

11:10 M. Begel Direct Photons from E706

11:50 P. Aurenche Critical Phenomenological Study of Inclusive Photon Production
in Hadronic Collisions

12:30 P. Levai Hard Photon vs Neutral Pion Production at RHIC

13:00 Lunch

Afternoon

Chairman: Rob Pisarski

14:30 T. Awes Pion and Direct Photon Production in Pb+Pb Collisions

15:20 G.J. Kunde High p; Physics with the STAR Ring Imaging Cerenkov Detector

15:50 Coffee

16:20 L. Frankfurt Nuclear Shadowing of Gluon Distribution and Related QCD
Phenomena

17:10 J. Jaliian~Marian ~ Nuclear Gluon Shadowing at RHIC and LHC Energies (30min)

18:30 Conference Dinner

Thursday 4 March

P

NN
AVIUL L1111

Chairman: Gerry Bunce

9:00
9:50

W. Vogelsang
Y. Goto

Hard Scattering in Polarized pp at RHIC

Photons in Polarized pp Collisions at PHENIX
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10:20 J. Sowinski A Direct Extraction of AG at STAR

10:50 Coflee

11:20 N. Saito Study of the Spin-Flavor Structure of the Nucleon with PHENIX

11:50 A. Ogawa Polarization Studies with W’s in STAR

12:20 D. Boer Investigating the Origins of Transverse Spin Asymmetries
at RHIC

12:50 Lunch

Afternoon

Chairman: Dirk Rischke

14:30 Miklos Gyulassy Jet Quenching in Thin Plasmas

15:20 A. Kovner Gluons at Small

15:50 Coffee

16:10 I. Balitsky Scattering of Two Shock Waves and High Energy Effective
Action

1640 Y. Kovchegov Multiple Pomeron Exchanges in Nuclear Structure Functions

17:10 R. Vogt Effect of Shadowing on Initial Conditions and Hard Probe
Nuclear Collisions (30min)

Friday 5 March

Morning

Chairman: Charles Gale

9:00 G. Gustafson Multiple Hard Sub-Collisions in Small x Events and Correlations
in the Hadronization Process

9:50 X-N. Wang Predictions from HIJING for RHIC

10:30 Coffee

11:00 R. Longacre VNI: Status Update

11:30 H. Sorge Interplay Between Hard and Soft Physics in AA Collisions at
RHIC

12:00 B. Cole Impact Parameter Dependence tn Hard Scattering

12:50 Lunch

Afternoon

Chairman: Larry Trueman

14:30 D. Kharzeev Hidden and Open Charm at RHIC
15:20 S. Jeon Coherence Time in High Energy Proton-Nucleus Collisions
16:00 L. McLerran Summary talk

17:00 Wine and Cheese Party
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Forthcoming RIKEN BNL Center Workshops

Title: Event Generator for RHIC Spin Physics

Organizers:  N. Saito/A. Schaefer

Dates: Mar. 15-19, 1999

Title: Numerical Algorithms at Non-Zero Chemical Potential
Organizers:  T. Blum/M. Creutz

Dates: Apr. 27-May 1, 1999

Title: Gauge Invariant Observables in Gauge Theories
Organizers:  P. Orland/P. van Baal

Dates: May 25-29, 1999

Title: OSCAR II: Predictions for RHIC

Organizers: Y. Pang/M. Gyulassy

Dates: July 8-16, 1999

Title: Coulomb and Pion-Asymmetry Polarimetry and Hadronic

Spin Dependence at RHIC Energies
Organizer: E. Leader

Date: August 18, 1999
Title: RHIC Spin
Organizer: G. Bunce
Dates: Oct. 6-8, 1999

For information please contact:

Ms. Pamela Esposito

RIKEN BNL Research Center

Building 510A, Brookhaven National Laboratory
Upton, NY 11973, USA

Phone: (516)344-3097 Fax: (516)344-4067

E-Mail: rikenbnl@bnl.gov

Homepage: http://penguin.phy.bnl.gov/www /riken.html



@ RIKEN BNL RESEARCH CENTER

HARD PARTON PYSICS IN HIGH-ENERGY
NUCLEAR COLLISIONS

MARCH 1-5, 1999
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Generate new states of matter.

Speakers: T.D Lee

P. Aurenche T. Awes |. Balitsky M. Begel G. Blazey D. Boer

W. Christie B. Cole T. Cormier L. Frankfurt Y. Goto X. Guo

G. Gustafson M. Gyulassy J. Jalilian-Marian S. Jeon D. Kharzeev B. Kopeliovich
Y. Kovchegov  A. Kovner M.W. Krasny S. Kumano G.J. Kunde A. Leonidov
P. Levai K. Lokhtin R. Longacre L. McLerran A. Ogawa C. Ogilvie

J. Peng N. Saito |. Sarcevic H. Sorge J. Sowinski P. Stankus

G. Sterman M. Tannenbaum K. Turner W. Vogelsang  R. Vogt X.-N. Wang

U. Weidemann
Organizers: Jim Carroll, Charles Gale, Mike Tannenbaum and Raju Venugopalan



