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Preface to the Series 

The RIKEN BNL Research Center was established this April at Brookbaven 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 p:rogram. A 0.6 teraflop parallel processor will be completed at 
the Center by the end of this year. In addition, the Ceater 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 p:roceedings, which can therefore be available 
within a short time. 

T.D. Lee 
July 4, 1997 

-kWork performed under the auspices of U.S.iI.0.E. Contract no. DE-ACO2-98CH10886. 
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Introduction 

The RIKEN-BNL center wo:rkshop on “Hard parton physics in high energy nuclear 
collisions” was held at BNL from March lst-5th! 1999. The focus of the workshop was on 
hard probes of nucleus-nucleus collisions that will be measured at RHIC with the PHENIX 
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: 

a) energy loss and the Landau-Pomeranchuk-Migdal effect, 
b) minijet productio:n and equilibration, 
c) small x physics and initial conditions, 
d) nuclear parton distributions and shadowing, 
e) spin physics, 
f) photon, di-lepton, and charm production, 
g) hadronization, and simulations of’ high pt physics in event genera- 

tors. 

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 sessioiis. A session was set aside to discuss the 
spin program at RHIC with polarized proton beams. In addition, there were speakers 
from 08, HERA, the fixed target experiments at Fermilab, and the CERN fixed target 
Pb+Pb program, who provided additional perspective on a range of issues of relevance to 
RHIC; from jets at the Tevatron, lto 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 theory, made for a very stimulating atmosphere. The idea for such a 
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 experimlentalists, get together and thrash out the various QCD 
issues relevant to RHIC. It wa,s 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 wolrld have enjoyed, and enhanced with his 
lively spirit. The workshop and these proceedings are dedicated to the memory of Klaus 
Kinder-Geiger. 

Jim Carroll 
Charles Gale 
Mike Tannenbaum 
Raju Venugopalan 



Overview of Hard Partons for RHIC 

George Sterman 

Institute for Theoretical Physics 
State University of New Crk at Stony Brook 

Stony Brook, NY 117&-3840, USA 

Perturbative Quantum Chromodynamics (pQCD) is the appropriate tool to describe QCD 
dynamics at short distances. It allows us to treat quantities 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 to propagation through a dense, potentially 
hot, final-state medium. The basic pQCD obserl;ables are the total and jet cross section- 

s in e+e- annihilation, S(Q) = C,,,,,%(Q/p) a,(,~,). A n even richer class of observables can 
be expressed as factorized conwoZzl;!:ions of short-distance quantities with long-distance, non- 
perturbative matrix elements. Examples are hard-scattering cross sections in hadron-hadron, 

including nucleus-nucleus scattering, 

ii’ 

relevant to a large class of final states F, characterized by heavy masses (or high momentum 
transfers) M, that will be observable at RHIC, including jet, high-pr hadron, heavy-quark. 
weak vector boson and direct photon production. The sums are over parton types i and i’. 

with convolutions usually over their fractional momenta. The factorization scale p separates 
perturbative dynamics from the long-distance funct,ions 4, describing the distributions of par- 
tons in hadrons or nuclei, and/or th!e fragmetation of partons into hadrons. DGLAP evolution 
equations, of the form @$(p)/dp = P(Q,(,Q))@c$, f o 11 ow from the independence of the physica. 
cross section from ,u, assuming that h is large enough tha.t a,(,~) and &D/P are small. With 
its polarization capability, RHIC will make possible the measurement of spin-dependent distri- 
butions. Nuclear collisions will pron:lote corrections to (1) associated wit,h multiple scatterings. 
which are generally small corrections for nucleons, t-o prominence. 

Of special interest are final states characterized by a hierarchy of hard scales, such as for t,he 
production of heavy quarks or of geometrically narrow, but energetic jets. Denoting the induced 
ratios by T, corrections of the form (r:(p) ln” T can arise at each order: with n :L k 5 2n + 1. 
depending on the dynamics. Resummation techniques typically allows us to organize, a.nd often 
explicitly to sum, infinite series of s,uch logarithms. Resummation is intimately related to t.he 
sa.me factorization properties that l.ead t,o Eq. (l), and, in a wider context,, to eSfct?.ve field 
theonJ descriptions of QCD dynamics. In effective field theories, evolut,ion is mnnifcstecl in the 
renormalization of comp0sit.e operators. often pat,h--ordered exponc-:llti;lls. that, act. as sources 

of soft gluons, associated with fast-moving part,ons, Iiv, = P exp--.l!/ ,I;;” d:~~ i’l A(y,f?)]. 
Relativistic effects t,ranslat,e perturbwtive clynanlics over long tlista.nces. For pp collisions. 

the evolution is bet,wcen the scattered partons and the surrounding vacuum. In pA collisions. 
nuclear media nlodify lligh-energy final states. tyI)ically t:hrough rrlr,tl(>st c:hanges in singlcl-- 
part~icle spect.ra. or relat,ivc transverse nlomenta. Harcl p;lrtons irl t,l~(: AA c~ollisions of RHIC’ 
may be scnsit,ive probes of oi~rl~~ evollit.ioii of tlic procllicctl liot sJ31.(:1ri. ‘The c~omparisoii of liigli- 
117. pllotorls anal lladrons. st liclics of ,jct, fl-agIrient;ltio!i. spcct~r;~; K:ll (!S iI.Iltl coi-rcl;Lt,ioris eXl1 OffCl 

iiiforiiiat~ion oil t,lic clist.ril)ut ion of onerg!~ iri tlic c3l,;mtlirig lLa(lroIli(. IIliltt ('I‘. ‘I’llc cvolutioll 01‘ 
off-shell I);ut,olis t.lilotigh liot lliat.t,c:r \vill ;~lso ~(‘17’1: IO Lest t.l1c li;~~l~.c,iiiz;ltic~~~ I)roc(5s itsc>lf. 
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CONCLT_TSIONS 

Although the radiative energy losses of a high energy projectile par- 

ton dominate over the collisional energy losses, the angular distribu- 
tion of energy losses is essentially different for two mechanisms: 

l Due to coherent effects, the radiative energy loss decreases with 

increasing the angular size the jet. It becomes comparable with 

the collisional energy loss for 80 2 5’ - 10’. 

l The bulk of “thermal” particles knocked out of the dense matter 

by elastic scatterings emerges outside the narrow jet cone and 

thus cause the “jet energy loss”. 

“True” hard QCD-jets vs. “false” thermal jets: 

l The striking distinction in the properties of “false” and QCD-jets 

(energy spectrum and intrinsic structure) allows us to optimize 

jet-finding algorithrn in ultra-relativistic heavy ion collisions. 

jet + jet production: 

0 sensitive to the energy losses 

l good efficiency 

l high statistics 

l normalization on ~112 by Z(+ /l+/l-) 

l nuclear shadowing is not strong; (<I: 2 0.03) 

-, -t jc,t production: 

l direct; observation of energy losses by I3-i: -- IS+:’ distribution 

0 ilot, high statistics 

l large background from ,jc,t + ,jf,t + ~0 -3 27) 



I n 

Is it possible to observe the medium-induced 

energy losses of hard quarks and gluons 
measuring hadronic jets in ultra-relativistic 

collisions of nuclei? 

presented by I. P. Lokhtin 

Moscow St,ate LJCvwsity, Nuclear- Physics Institute, Moscow, Russia 

1. Angular struc:ture of collisional and radiative energy 

losses of hard jet in dense QCD-matter 

2. Jet recognition in heavy ion collisions at LHC (CMS) 

1.5 
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BNU1999 Xin-Nian Wang/LBNL 

Where is the Energy Loss? 

l A brief history of energy loss theory 

l How to measure dE/dx? 

l What to expect. at RHIC? 

0 What is the situation at SPS? 



BNUW99 Xin-Nian Wang /I.,BNL 

Prospects for RHIC 
l Hard processes more accessible, i.e., direct y 
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BNW1999 Xin-Nian Wang /LBNL 

What we can conclude so far? 

l Large pT >l GeV/c spectra&ard 
Scattering 

l Shape of spectra in pA (AA?) in pr<l 
GeVk: interplay between hard and soft 
(shadowing) 

a No evidence of energy loss: 
- short li.fe time of QGP? 

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

- Complete thermalization? (the A- 
scaling is just a miracle) 
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Why Leading Particles Can Be used 
to Measure Hard-Scattering at RHIC 

NT. J .Tannenbaum 
BNL/PHENIX 
IMarch 1, 1999 

l Hard Scattering in p-p collisions was discovered at the CERN 

ISR in 1972 by the method of leading particles. 

l A very large flux of Ihigh pT pions was observed with a power- 

law tail which varied systematically with fi, the c.m. energy of the 

collision. 

l The huge flux of high PT particles proved that the partons of 

DIS strongly interacted with each oth.er. 

l Scaling arguments a’llowed the form of the force law between 

‘partons’ to be determined but there was some ea’rly confusion caused 

by initial transverse momentum k~ which distorted the spectra. 

l 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:’ constituent)s of the nucleons as described 

by Quantum Chromodynarnics. 

l These measurements are illustrated on the following pages. 
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M. J. Tannenbaum, Hard Partons in High Energy Nuclear Collisions 

Util 
MY Best Bet on Discovering QGP 
izes semi-Inclusive TI-’ or TT* production 

1 
f24 

. . 

$ 
I I I I 
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P, (GeV/c) 

Invariant cross section for non-identified charged-averaged hadron production 

at 90” in the cm. system as a function of the transverse momentum pi 

tablulated by CDF for a range of C.M. energies &. There is an exponential 

tail (e-@jr) at low pr, which depends very little on fi. This is the soft 

physics region, where the ha.drons are fragments of ‘beam jets’. At’ higher 

PT there is a power-law tail \l,rhich depends very strongly on fi. This is the 

hard-scattering region! where the hadrons are fragments of the high pT QCD 

jets from constituent-scattering. Mv hopl? is that t,hv QGF (.al~scs t,he 
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M. J. Tannenbaum, Hard Partons in High Energy Nuclear Collisions 

How Everything You Want To Know about JETS 

can be done in PHENIX with leading particles 
in each arm c.f. CCOR 

0 rl2 

3. < Pt d ‘. 

7 

Two part,icle correlation in azimuth of charged particles relative to a triggering neutral with 
trans\x+rse momenfum pTt 2 7.0 &V/c which defines the zero of azimuth, q4 = 0. charged 
particles with 1~1 < 0.7 in the same ‘arm’ as the trigger art: on the left and opposite ‘arm 
to the trigger on the right. As the yr of the observed charged particle increases, t,he width 
of the a1va.y side peak (plots on the right) narrows. This effect clearly shows t,hat the jets 

are not collinear in azimuth (t,hey have a net transverse momentum kzT. If there were 
only fragment,ation t I‘N~YWP motnmt,urn, t,hen pf. :K Aq5 would remain constant which would 
equal to < j,,, >, the mean t rans\~(lrse momentum of fragmentation. [Set: PI, 0713 (1980) 163 

li)t. (I~Iwilsl 
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M. J. Tannenbaum, Hard Partons in High Energy Nuclear Collisions 

Measurement of fragmentation function 

with the same data 
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XE 

Distribution in x:I;: for a charged pion (or TTO)I observed roughly back-to-back to 

a triggering T” of ransverse momentum pan, where both pions have 1~1 < 0.5 
in the c.m. system. x/c is the ratio of the component of the PT of the second 
pion, opposite in azi .ruth to the triggering pion, divided by 13~~. Exercise 
for students: What do you have to know about the leading trigger particle 

to convert from e- J~LC to the jet fragmentation variable z [ee6’]. 
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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 

2- 

CY I I 
0 o:r 0.2 &I 0.4 5 

case - cos5 
5 

QCD Subprocess predictions normalized at 90” 
QCD angular distributions 

,L.-I 
0.0 0.1 0.2 0.3 0.4 0.5 

toll 0 

Angular distributions of pairs of nearly back-t,o-back 7r” as a function of the invariant mass 
MT, of the pair. The net Pt of the pion pair is rclstricted as indicated on the figure and 
the net rapidity of t.he di-pion system is restricted to II,,\ < 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 t,hat the di-pion angu1p.r distribution at fixed mass corresponds 
closely t,o the dist,ribution of scattered partons at fixed .<, thus the data and QCD prediction 
at the partjon level can be directly Icompared without recourse to a 1Ionte Carlo. [see Nucl 
Phys B209 ( IN) L’84]. 
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Jets at HERA 

Mieczyslaw Witold Krasny 

Paris University XL Oxford University 

RIKEN Workshop - March 1999 

e Introduction 

CG Universality of the quark fragmentation 

d Jet finding and jet properties 

a Reconstruction of pairtonic momenta using jets 

43 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 

HERA future 

Two options for 

sidered: 

0 Collisions of 
. 

0 Collisions of 

Studies of the physics potential of the eA option: 

0 1995 eA physics introduced to the DIS95 workshop held in 

Paris 

0 

a, 

8 

e 

35 

1996 DESY workshop. Rapport of the working group on 

eA scattering published in “Future Physics at HERA”, ed. 

G.lngelman, A. DeRoeck, R. Klanner (DESY 1996) 

1997 Joint GSI-DESY workshop in Seeheim 

1998 Trento workshop 

1999 ” Physics with HERA as eA collider” work- 

shop at DESY Hamburg, 25-26 May (for more info: 

http://www.desy.de//heraea) 

HERA operation beyond 2005 are being con- 

electrons with nuclei 

electrons with polarized protons 



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

Selected physics highlights 

of the eA option 

0 

6 

e 

l 

l 

. 

Study of the large density partonic systems. Search for non- 

linear QCD phenomena. 

Study of partonic structure of the large distance strong in- 

teractions. How universal is the concept of Pomeron? 

Nucleus as a tool for filtering out soft from hard processes. 

Perturbative QCD studies of hard processes. 

Nucleus as a femtovertex detector to study the space-time 

structure of strong interactions. 

Physics of luminous photon-photon scattering. 

. ..rn addition: 

l Precision measurement of partonic distributions in nuclei in 

the z&j range lo-4 - 1()-‘. 

a Study of propagation of partons through the nucleus. High 

ET jets as densometer of of the medium. 

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

37 



M.W. Krasnv - Jets at HERA RIKEN WorkshoD 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.: 

l L = 6 x 1030cm- 2 A for electron - carbon collisions s 

0 L = 2 x 1o28 cm-2se-1 for electron - lead collisions 

The optimal choice of ions , required for studies of hard partonic 

processes in electron- nucleus collisions, covers uniformly the 

Ali” range (e.g 02 016, Ca40, Sn120 and Pb.207) with l/A 

scaling of the corresponding collected luminosities 

Already with luminosities of l/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 pbbj. S imultaneous 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 R:: 1 % level). Such running 

mode is considered possible by the machine experts. 
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M.W. Krasny - Jets at HERA RIKEN Workshop 1999 

Summary and outlook 

l High energy electron beam provides a precise surgery tool 

to eject, from hadronic matter, quarks with experimentally 

calibrated momenta and angles 

(contrary to “coloured tools” the radiation of QED quanta can be pre- 
. 

cisel y monitored). 

e Observables controlling universal fragmentation of quarks: 

- energy flow in the (?I,@ plane within and outside jets 

- charged particle spectra 

- particle multiplicities 

are well understood for large &” electron-proton scattering 

at HERA (Q2 > 100 GeV 2). 

o Experimental studies of these observables in electron- 

nucleus collisions using quark jets with tagged energies and 

angles could allow one to “calibrate” , with high accuracy, 

the size nuclear effects and thus significantly improve the 

precision with which hard partons can be used as medium 

densometers in AA collisions. 
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M.W. Krasny - Jets at HERA RIKEN Workshop 19% 

! 0 

_.’ 

0 

The NLO perturbative QCD describes successfully jet pro- 

duction processes observed at HERA (note small deviations 

at the highest ET values). The Monte Carlo models based 

on the perturbative QCD provide satisfactory description of 

the internal structure of jets. 

For ET > 25 GeV’ jets the detector effects and hadronisa- - 
and the jet kinematical variables ap- 

y those of the corresponding partonic 

tion effects are smal 

proximate very close 

system. 

0 Measurement of di-jets produced in electron-nucleus colli- 

sions enables one to directly measure the distribution of glu- 

on of impact param- 

This method is less 

on analysis method, 

ons in the nucleus (hopefully as a funct i 

eter using wounded nucleon tagging). 

biased with respect to structure funct i 

in particular for nuclear target). 
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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 

I. .<: t_ 

- Sh&ering 

- Response 

- 3) Event Selection (1 year) 

- 3) Resolution Unsmearing (1 year) 

QCD in excellent agreement with 
observed cross sections. 

- I 



* Hard scattering 
i 

* Parton shower 

* ~agmentatiom/lE-Hadroanizatiora. 

LO: dijet event (a N f$ ) 

II- parti.cle level 

8 J calorimeter level 

.C_ 
L _.- X-.-_._-_-_ __ ____ _ . 

b) 

CH 

FH 

EM 

F 
underlying 

:b event : ,’ 

parton level 

Parton Level Jet: composed of quarks and gluons (before 

hadronization) 

Particle Level Jet: composed of final. state particles (after 

hadronization) 

Calorimeter Level Jet: measured object1 (after calorime 

shower) 

Use algorithm for jet reconstruction 
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- 

DO Algorithm 

Iterate us.ing Snowmass algorithm. 

E,=2=l+,ETi= 

E,=XE,,, E, 

co&, = Ed(E 

(E 2 xi + E2,i)lj2 

=XE,i, E,=XE,i 

2x + E 2Y+ E 2z)1’2 

q = -ln(taned2> 

Two jets are merged if they share >50% of the 

smaller jet -Et 

Two jets are split if the share 40% of the 

smaller jet E,. Cells are assigned to the 

closest jet. 
c 
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Jet Energy Scale Correction 
_ 

No central magnetic field * data based calibration 

a ADC-to-Ge’V and Layer-to-Layer calibration done 

during RECQNSTRUCTHON based 011 Test Beam 

e and K data) 

4~ Jet Energy Scale performs second .sfq calibration 

Measured jet energy back to the 

PARTICLE LEVEL 

8 0: energy offset due to LJs noise, pileup and under- 

lying event F 

@ Rjet: energy response (ui&istrumented regions, dif- 

ferences between nuclear and EM interacting yarti- 

cles, module-to,-module inliomogeneities) o 

e 4xme~ fraction of the particle jet energy that is 

deposited inside the algorithm cone. 

uh ; 4 y v-h&- 

Far 



0 D0 Data Iq&) c 0.5 

50 

a Good 

100 150 

agreement 

200 250 300 350 400 450 500 

&. WV) 

f 

over seven orders of magnitude. 
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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 Twatron --+ Results from D@ 
The focus of this talk was to show Run 1 results from the I>0 experiment at Fermilab that may be applicable 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,ldoc/www/conf/index.html. All the results shown are either published 

or can be obtained from the D0 results pages at http : // www -- dO.fnal.gov/public/dO_physics_v2.html and then 
go to “Publications”,“Summer 98 Results” Ior 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 $ z where ;y = e21q’l and q* is 77 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 Tass 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 
A+ > 2.7 TeV and A- > 2.4 TeV. See Fig. 2. 

Jet Shapes: 
Jets have structure due to gluon radiation and fragmentation. We measure the radial ET distribution in jets 

with cone-size R = 1.0, P(T) = ~/‘N[C(ET(T)/ET(R))], as a function of the distance T 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 ET 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 
cohcrcnce is studied to determine the ‘details of hadronic final state to see if these effects can survive hadroniza- 
tion. Also the relative importance of pl:rturbativc vs. non-perturbative contributions is measured. In the multijets 
analysis (PLB 414 (1997) 419), events with 3 or more jetx are chosen and the angular distribution of the softer 
3rd jet is measured around the 2nd highest ET jet. The data show a clear enhancement of events in the event 
plant (i.e. plane defined by direction of 2nd jet and beam axis, /3 = 0,~) and a depletion in the transverse 
plane (p = 7r/2). The data differ from Isajct, which has no color coherence (CC) effects, and from Pythia when 

angular ordering (AO) is turned off. The NL.0 QCD prediction from Jetrad and Herwig (has CC) agree best 
with the data. See Fig. 5. 

In the II-+ jets analysis (preliminary), the leading ET jel opposite in 4 to the 1%’ is selected in the event. The 
multiplicity of calorimeter mwcrs above 250 >IcV in a ring around the jet and II’ from .7 < R < 1.5 is 
mcasurcd. Around the II‘ the angular distribution of soft gluons is expected to to be uniform, whcrcas around 
the jet there is expected to bc structure. This cnhanccnlcnt of multiplicity around the jet compared to the T1. 
is seen in the data. Monte Carlo motlcls which include CC effects and QCD predictions (hcpph/9G12351) in 

which the parton cascade is cvolvccl much further than traditional QCD (MLLA calculation) agree well with the 
&~a. SCL’ Fig. 6. 

Direct Photons: 

Dil-cct photons can bc used as pi-ohcx for hard purron in[cractions w/o fragmentation cfl’ccts. Used as ;I teat of 
NLO QCD. rhcy give inl~rlnation OII the contribution from higllcr order corrections, cspccially rnultiplc SO(I 

gluon cnlission (i.c. k,,, cfl’ccts) 

gluon pdl‘s and also matrix clcmcnts. The analysis hnscd on Run I A datn sample is publibAx1 (I’RL 77 ( 1996) 

5001 ) and the Run I B rc.sults are preliminary. The inclu!,ivc cross s<xtion is consistent with QCD predictions 

(PRD -I_! ( IWO) 6 I ). 1x11 ilala from all cupcri~ncnls shon 2 trend away from predictions - cspcci3lly aI low 1)~‘. 

‘I‘hc -.-.jcI arisular distrihurion a:~-cc5 \vcII with the s;~ni~ VIA0 prcdicIions. The di-photon IPI‘ b.pcctrum shows 

dc\~i;ltlc~n 1‘1~~111 NIX) (PI<11 46 (1’197) .?()I S J at low ,,I.. l’l-c~lrction\ which xltl 111 rnultiplc ~luc~rl C‘IIIIS\IOII. f’ythia 

01. ~-~\tlrlr~n~tl-(_)C‘I) (~icppI1/!)70 lL’.>il. ;II-c ccln\islcnt \vill~ d;11;1. See 1.12. 7 :,lnd X. 
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Dijet Angular Distributions 
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t 

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 
scale, A,. 

l D@ Data 
20.6 - 
z - - CTEQ3M, I_I = I.0 t$- 

G 
‘, 0.4 - 

....... CTEQ3M, p = 2.0 f$?” 

,x 
--- CTEQ4HJ, p =O.SEt.““‘” 

s 
g 0.2 - 

-0.2 _ 
I 

JETRAD: CTEQ3M, 1 = O.S~;!‘=, Z,,,,= I .3?? 
, 0 

200 400 600 ' 
I 

800 
M (GcV/& 

-..- Af=2.0TeV . . . . ./ 

200 400 600 800 
M (GeV/& 

Figure 2: (A) The differcnoc bctwcen the dijet mass distributiotl data and theory arc shown vs. the dijct mass. Also 

shown arc rhc diffcrcnces bctwccn the nominal pdf and p-scale and other settings (lines). The shndcd region indicated 

the errors on the data. (B) The raGo of the dijct mass spectra for ]TI~,,( < 0.5 and 0.5 < 1711j,t < 1.0 and the NLO 

prcdictiorl at the nominul settings and scnlcti to dil‘l~crcnt composilcncss values. 
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Figure 3: The measured integrated jet ET as a function of distance from jet axis, corrected for detector effects, is 
shown in the central region for 4 values of jet ET. 
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l Select events with three or more jets 

l Measure the angular distribution of “softer” 31 

jet around the 2nd highest &jet in the event 

c;, :a E,, ; E, , 

-__--__---_*___________ ____________I____________ 
i’rrm, tu,J 

.:/:I., ;: 4 , ,., .,” !’ ‘: G 

i-: .: .::l;:;r_:-, R, 

I 

JCl I $1 : (I l i  NW, Rr.,,n 

0 - r ‘! ,‘cr Bra,:, 

l Compare data to several event generators with 

different color cohcrcncc implementations 

S-jet Data/Monte Carlo -. 

IQ1 < 0.7 0.7 < IQ1 < 1.5 

DJWPYTHIA (A0 Dsa/PiTHIA (A0 Om 

0.5 

I .:I 

I 
Figure 5: (A) Explanation of coordinate system used in analysis. (B) Ratio of observed ,O distributions relative to the 
MC predictions for two 77 regions. MC models that don’t have color coherence effects are seen to disagree with the 
data. 
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Figure 7: (A) The direct-y cross section from D0 and CDF, compared to NLO QCD (Baer et al). (B) The y+jet 
angular distribution (Run IA). 



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 par-tons 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 I have for smarter people 

4. Conclusions 
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Inclusive Photons into PHENIX EMCal 
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W in Au+Au Decaying Into e 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: - 

UP(X) = dyx), un(x) = S(x) 

ii”(x) = dyx), ii”(x) = dqx) 

Though known to be broken in static limit, mn # mp, 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. cx, 40Ca, etc.) 

then CSV would manifest an imbalance between the processess 

u + d + W+ and ti + d -+ WY 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 0+0 at a-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: 

(1) We believe that medium effects will distinguish medium from 

vacuum; but will they ever distinguish QGP from HG from Other? 

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

(2) My picture of “fkorizing” production, medium effecti and 

fragmentation is certainly naive. How am I to picture a string 

with it’s tail in the QGP? what does it attach to? Do I 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 S1‘AR Collaboration 

To first discover, then study the properties of the QGP requires a probe 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 transverse 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 ptdistributions depend on many other factors, e.g. the currently unknown gluon distributions in Au, it is 

important to find complentary experimental prol:m of energy-loss physics. An alternative probe of energy-loss may be how two- 

particle correlations in angle change as a functio:n of pt and centrality. 

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

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 Au+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 distribution of emitted hadrons 

In this talk correlation functions in two different relative angles are explored: the relative angle a between two tracks, and the 

difference in azimuthal angle, A@. To begin to develop our algorithms for these observables in STAR we have simulated Au-t-Au 

reactions with the HIJJNG 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 a 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 Acb is weaker 

and may be difficult to observe above the combinatorical background. Hoth 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 HIDING 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 fictions 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 react ions provide a baseline behavior for the correlation functions. The effects of energy- 

loss should k- largest in the most central reactions. These correlation functions will be measured for different transverse momenta of 

the pair of particles. 

Measuring tno-particle correlation functions at FlIlIC 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. Ihe angular distribution of the hadrons can be characterized by two-particle angular correlation functions. These 

measurements are complement<ary 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 effects such as acceptance and tracking efticienies will cancel. 

Angular correlations may therefore provide robust, early information orI the propagation of a fast parton through a possible QGP. 
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Angular Correlations at High-p, 

+ Basic idea 

- 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 

D 2-particle angular correlation function in Au+Au 
+ X.N Wang Phys. Rev. Dg, 2754 (93) 

)) sensitive to energy-loss of fast parton within QGP? 

D not sensitive to shadowing of structure functions? 

D complementary to change in high-pt spectra 

+ Preliminary simulations for STAR 

+ Next steps 

3m99 Craig Ogilvie 1 

Angular Correlations Between Two Final Hadrons 

a = cos-1(p1’j!?2) 
‘w=I&--42 I 

Wngle, ptl, P2) = N 
%dq& Ptl, Pt2) 

mmedever,ts(angle, i%Pt2) 

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

2) Use both angles, a frame dependence, $I worse combinatorics 

3) Instrumental effects cancel, e.g. acceptance, track efficiency 

(apply 2-track acceptance-cut) 
=> early, robust measurement in year 1 @ RHIC 
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Do Correlations Probe Energy-loss ? 

hard-scattered 
parton during Au+Au 

increased gluon-radiation 
within plasma 

correlated hadrons 

+ How does the redistribution of energy change the 
correlation of hadrons? 
- nearly-collinear bremstrahlung gluons 

D maintain but broaden angular correlation ? 

- energy given to nearby “string” (HIJING) 

B little angular correlation between string, fast par-ton ? 

3m99 Craip. Oailvie 3 

Pythia: p+p s l’* 200 GeV/c in STAR’s Acceptance 

pt, ,pt2 > 1 GeV IWl.7 

C = offset + lambda x e-dfit-ang’e 

c‘ := offset + lambda x e-A@fit-ang’e 

Correlation in a much tighter than A$ 

2 



Correlations Can be Measured in Au+Au 

Correlation in a much tighter than A0 
Correlation in A$ very weak in central reactions 

3/z/99 Craig Ogllvte 5 

HIJING : Au+Au s 1’2=200 AGeV, central 

c = ofj+t + 2 x ,-@Ww31f32 

l ‘jet quenching’ off 

0 ‘jet quenching’ on 

+ HIJING high-pt pat-tons lose 
energy to nearby strings 

l => broadens and weakens 
angular correlation 

pt (:GeV,‘c) 
+ How to search for this at RHIC? 

l study correlations vs centralitv 
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Centrality Dependence of Angular Correlations 

Angular correlations in peripheral 
reactions - p+p 

I 
Steadily increase centrality 

Steadily increase the average 
length hard par-tons travel through 

312199 Craig Ogilvie 

HIJING : Au+Au s 1’2=200 AGeV: Quenching ON 

OcMc250 

750cM4250 

1750cMc2250 

1250<M-=1750 

M= event multiplicity 
correlation function 

tracks in TPC 
pt,,pt, > ? GeVlc, )?-+I .7 

4 
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HIJING: Jet-Quenching ON 

Correlation functions 
tracks in TPC 

pt,,pt, > 1 GeWc, h-+1.7 

Decrease in h due to 
increasing combinatorics 

but why does alpha-fit 
decrease with multiplicity? 

3oJ99 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 a or A$ 

Explore 

- tighten q-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 

312199 Craia Oailvie 10 
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Data Sets for High P, Physics with the STAR Detector 

W.B. Christie, BNL 

Presented at the R/KEN-BNL Workshop on 

Hard parton physics in high energy nuclear collisions 

March 2, 1999. 

Outline 

l Brief Physics Introduction 

l Measurements necessary 

l Brief Intro. to STAR Detector 

l Schedule Considerations 

l Summary 

Brookhaven 
National Laboratory 
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Measurements to be made * R 

l Inclusive particle spectra 

- pp, pA (various A), and AA 

l Quark and gluon distributions (structure functions) in the proton 

- pp data set at 6 = 200 GeV, select y-jet final state 

8 Nuclear Shadowing (modification of structure ftns for bound nucleons) 

- pA data set, select ‘y-jet final state 

l Jet Fragmentation functions 

- pp data set at vl? = 200 GeV, select y-jet final state 

- pA data set, select y-jet final state 

- AA data sets, select events with “tagged” photon (tough) 



STAR from the Inside - Out $h? R 

Veto 
Cal 

m 
m 

Magnet - 

Coils - 

TPC 
Endcap & 
MWPC 

Endcap 
Calorimeter 

Barrel EM 
Calorimeter 

Time 
t Projection 
Chamber 

Silicon 
Vertex 
Tracker 

FTPCs 
Veto 
Cal 

Vertex 
Position 
Detectors 

Central 
Trigger 
Barrel or 
TOF 



Schedule considerations 

STAR Barrel Electromagnetic Calorimeter (BEMC) Construction and Installation 
Year 1999 2000 1 2002 2003 

Module 12 30 32 32 14 

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? 

- - IO weeks of polarized pp at 4?= 200 GeV 

- - 10 weeks of polarized pp at JS = 500 GeV 

--IOweeksofpA 



Summary 

l The use of hard probes to study the matter produced at RHIC 
looks promising 

l The data sets that one needs to persue this analysis includes: 

- pp, pA, and AA. 

l The measurements one needs to make are the gluon structure 
functions and the fragmentation functions 

l The STAR detector will have the capability to make these 
measurements 

l The time scale to have the Barrel and Endcap Calorimeters 
instrumented is the summer of 2002. 

fully 

l 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 i’on 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 iltteresting 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 >-ang-Mills Equation. Using the classical 

glue field generated by a single nucleus obtained in the MV forrnalism 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 orcler. 

Through explicit calculation of soft gluon I)roduction in partonic process qq -+ qqg, 
I show that at the leading order, Mclerran-Venugopalan formalism is consistent with QCD 

perturbation t,heory. I also demonstrate that the key logarit,hm in KMW’s result represents 

the logarithm in DGLAP evolution equations. 
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a unit central rapidity window for pp collisions at LHC energy fi = 5500 GeV 
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Studying Parton Propagation Dynamics in STAR: High PT no’s in Year-l 

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 
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 me;rsurements of jet E-r distributions with acceptable energy 
resolution at any reasonable E,. 

In AA collisions, the observable si,gnatures 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 present discussion, I ignore charmonium and open charm production. ) 
These correlations, compared directly to the corresponding measurements for pp reactions, may 
provide more direct insight into the jet attenuation mechanism. 

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 PT no or direct photon (or electron). As an illustration, this talk 
focuses on the observation of the inclusive high P, 7~’ spectrum, with some emphasis on the year- 
1 capability as a first window on jet quenching phenomena at RHIC. The ultimate prospects for 
leading particle-correlations and direct photons will also be discussed. 

Figure 1 shows the di-photon invariant mass spectrum of x0 ’ s and 77’s at various P, thresholds 
illustrating the capability of the ISTAR 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. Figure 2 shows the corresponding mass spectrum 
for the P, range of 5 to 6 GeV/c iassuming the year-l configuration of the calorimeter and an 
integrated luminosity corresponding to approximately 1 month at nominal RHIC luminosity (i.e. 
an optimistic year-l scenario). B,eginning in this P, 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: 

0 

0 

Z. 

Studying semihard processes which play an important role in 

ultrarelativistic heavy-ion collisions at Js > 2OOGeV, such as - 

SC Minijet production 

SC Charm production 

* Dilepton production 

sr Direct photon production 

* J :‘\I, suppression 

For determining the initial condition for possible formation of 

QGP 

Huang. H.J. Lu and I. Sarcevic, Nucl. Phys. _:i.~tiil:? 
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Partonic Picture of Nuclear Shadowing Effect: 

the Glauber-Gribov Multiple Scattering Model 

0 If 7-T* (or I,:)< RA~7L~f, ---+ o(Y*A) = Aa(y”fVj large-x region 

(no shadowing) 

l If R~QT < 7+ < I&l, vector meson (/), Ix: or 4) or @-pair interacts 

with the fraction of nuc:leons coherently (shadowing effect) 

. I f T.~ * > RA..l , vector meson or qq-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 

a(hA) = /d2b 2(1 - ,y”‘1”TA(b)12) 

Assuming Gaussian form for the nucleus thickness function, T’(b), 

impact-parameter integration can be done analytically, 

where 

is the effective number of h - N scatterings (averaged over the 

impact parameter) 

l For tqL << 1, OhA --+ 2rR;&h = Aahn;. 

i.e. the destructive interference between multiple scattering am- 

plitudes reduces the cross section and it approaches the geometric 

limit 271-R;, a surface term which varies roughly as A213. 
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Predictions for Gluon Shadowing 

l Similarly to the quark case, 

where the wave function squared for a gg pair is 

W(v>l” = -q y_ x) [(a2K2(ar) - aKl(ar)/r)2 

+a2 K1 (ar)2/r2] ar<<,l L 
zr4 ’ 

and the cross section in the DLA. is 

l Gluon distribution in a nucleon is given by 

In the small-x limit splitting function in the DLA can be easily 

identified: P&z) N 6/‘x where z = x/x’. Due to the different 

splitting function, the gluon density increases as Q2 increases by 

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

to a much stronger scaling violation. 
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l The nuclear gluon distribution in the Glauber-Gribov model is 

given by the evolution equation 

where 

9 37rA 
Kg = -pq = ;j, L RiQ,2d?2)~S:‘L”(~, Q’2> .I 

l In the region of small-x and for Q2 > 3 GeV2, ~SJ~ is large and - 

gluon distribution is driven by the perturbative part: 
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Conclusions 

l Nuclear shadowing effect is due to the coherent scatterings of the 

color-singlet 44 fluctuations of the virtual photon off the nucleons 

inside the nucleus. 

l 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, gN(x, &2>, at small x. 

l Quark shadowing at semi-hard scale, Cj2 N 3GeV”, has a large 

contribution from non-perturbative effects. 

l However, gluon shadowing at small x and for c)’ > 3GeV” is - 

perturbative in nature and it does not depend on the initial, non- 

perturbative input at cl%. 

l Gluon shadowing at small x and at semi-hard scale, CJ2 - 3GeV2, 

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

exhibit saturation at small x. 

e Impact parameter dependence of &or! distribution in a nucleus 

is not factorizable. 



DILEPTON PRODUCTION AT FERMILAB AND RHIC 

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 ,liued-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 [l]. Over the years, 
hadron-induced dilepton production experiments have 
led to the discoveries of various vector bosons (J/Q’, 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) h ave 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 

cross section, m3d2a/dxpdm, has an expresjsion showing 
its scaling property as follows: 

@d20= 81ra~ 21x2 

dMdxF 
--x 

9 x1 +x2 

C, e9kahkL(x2) + 4ah)4a(~2).l. (1) 

The right-hand side of Eq. (1) is only a function of zi,52 
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 890 GeV. The 
solid curve in Figure 1 corresponds to NLC calculation 
for 800 GeV p + d (6 = 38.9 GeV) and it (describes the 
NA3/E605/E772 data well. No evidence for scaling vio- 
lation is seen. As discussed in a recent revi.ew [5], there 
are mainly two reasons for this. First, unlike the DIS, 
the DY cross section is a convolution of two structure 
functions. Scaling violation implies that -the structure 
functions rise for x 5 0.1 and drop for 2 2 0.1 as Q2 
increases. For proton-induced DY, one often involves a 
beam quark with xi > 0.1 and a target antiquark with 
22 < 0.1. Hence the effects of scaling violation are par- 
tially cancclled. Second, unlike the DIS, th.e DY experi- 
ment can only probe relatively large Q2, namely, Q* > 16 

GeV2 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 NAlO [7] at CERN. E326 col- 
laboration compared their 225 GeV K- + 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 H’ target. The NAlO 
collaboration measured rr- + 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, NAlO largely avoids the uncertainty of the pion 
structure functions. However, the relatively small span 
in fi, together with the complication of nuclear effects, 

make the NAlO result less than conclusive. 
RHIC provides an interesting opportunity for unam- 

biguously establishing scaling violation in the DY pro- 
cess. Figure 1 shows the predictions for p + d at fi = 

500 GeV. The scaling-violation accounts for a factor of 
two drop in the DY cross sections when 4 is increased 
from 38.9 GeV to 500 GeV. It appears quite feasible to 
establish scaling violation in DY with future dilepton pro- 
duction experiments at RHIC. 

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 ii and a! quarks in the proton were identical. 
While the equality of G and 2 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- 
fiiiement scale, nearly equal number of up and down sea 
qllarks should result. 

The assumption of 21(x) = d(x) can be tested by mea- 
surements of the Gottfried integral [8], defined as 
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FIG. 1. Comparison of DY cross section data with NLO 
calculations using MRST [15] structure functions. Note that 
T = 2122. 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 fi = 500 
GeV. 

IG = J o1 [F;(z, Q2) - F;(z, Q2)] /x tdx = 

5 + ; sd_ [q)(x) -(t,(z)] dx, (2) 
where Fl and F,” are the proton and neutron structure 

functions measured in DIS experiments. The second step 

in Eq. 2 follows from the assumption of charge symmetry. 
Under the assumption of a symmetric sea, $, = dP, the 
Gottfried Sum Rule (GSR) [8], IG = l/3, is obtained. 

The most accurate test of the GSR was reported by the 

New Muon Collaboration (NMC) [9], which measured Fl 
and F2n over the region 0.004 5 x 5 0.8. They deter- 
mined the Gottfried integral to be 0.235 f 0.026, signif- 
icantly below l/3. This result implies that, the integral 
of d - U. is nonzero. However, the x-dependmence of d - ii 
remained unspecified. 

The proton-induced DY process provides an indepen- 
dent means to probe the flavor asymmetry of the nucleon 
sea [lo]. An important advantage of the Drell-Yan pro- 
cess is that the x-dependence of d/c can be determined. 
The NA51 [ll] and the ES66 [la] collaborations have 
compared the proton-induced DY dimuon yields from hy- 
drogen and deuterium targets, and they deduced the ra- 
tios of a/ti as shown in Figure 2. For x < 0.15, d/ti 
increases linearly with 5 and is in good agreement with 
the CTEQ4M [13] and hJRS(R2) (141 pararneterizations. 
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FIG. 2. The ratio of J/fi 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- 
certainty of f0.032 is not shown. Also shown is the result 
from NA51, plotted as an open box. The open circles cor- 
relpond to d/ii values extracted with the assumption of the 
CSV effect reported in ref. [19]. 

However, a distinct feature of the dat,a, not seen in either 
parameterization, is the rapid decrease towards unity of 
(t/‘c beyond 22 = 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- 
cluded the E866 data in its global fit and its parametriza- 
tion of d/‘l~ is shown in Figure 2. 

Many papers have considered virtual mesons as the ori- 
gin for the observed It/u asymmetry (see recent review of 
Kumano [IS]). Here the T+(&L) cloud, dominant in the 
process, p -+ r+n, leads to an excess of d sea. Compari- 
son of the E866 data with various theoretical models has 
also been made [17]. 

It should be emphasized that the extraction of d/ti 
values from the NA51 and E866 DY experiments re- 
quired the assumption of charge symmetry, namely, &, = 

- Ul,, 21, - - d,, etc. Evidence for a surprisingly large charge- 
symmetry-violation (CSV) effect was recently reported 
b>. Boros et al. [18,19] based on an analysis of F2 struc- 
ture functions determined from muon and neutrino DIS 
experiments. A large asymmetry, &(x) M 1.25$,(x) for 
0.008 < x < 0.1, is apparently needed to bring the muon 
and neutrino DIS data into agreement. How would this 
fillding, if confirmed by further studies, affect the E866 
analysis of the flavor asymmetry? First, CSV alone could 
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FIG. 3. Predictions of o(p + p + W+z)/u(p + p -+ W-z) 
as a function of XF at fi = 500 GeV. The dashed curve cor- 
responds to the d/C symmetric MRS SO’ structure functions, 
while the solid and dotted curves are for the J/ii asymmetric 
structure function MRST and MRS(RZ), respectively. 

not account for the E866 data. In fact, art even larger 
amount of flavor asymmetry is required to1 compensate 
the possible CSV effect [19]. This is illustrated in Figure 

2, where the open circles correspond to the d,lii 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/e asymmetry from 
E866 for z > 0.1 is not affected. 

To disentangle the J/ti 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++a:andp+p-+W-+zcrosssections[20]. 
It can be shown that this ratio is very sensitive to lfi~. 
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 sllows the pre- 
dictions for p + p collision at fi = 500 GeV. The dashed 
curve corresponds to the J/U. symmetric MRS SO’ [21] 
structure functions, while the solid and dotted curves are 
for the d/?i 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 ~/IL 

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/$, $,‘, 
T(lS), and T(2S + 3s) states [5]. The short dash and long 
dash curves represent the approximate nuclear dependences 
for the bb and CC states, Ao.g6 and A”.g2, respectively. 

From a high-statistics measurement of dilepton produc- 

tion in 800 GeV proton-nucleus interaction, the target- 
mass dependence of DY, J/Xl!, Q’, and Y productions 
ha.ve been determined in E772 [22-241. 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/q and W have similar nuclear 

dependence. The nuclear dependences for Y’, ‘I? and T” 

are less than that observed for the J/9 and @I’. Within 
statistics, the various ‘Y resonances also have very similar 
nuclear dependences. 

Although the integrated DY yields in E772 show lit- 
tic 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 (1~ are shown in Figure 5 as a 
function of XT(Q), n/J, ZF, and pt. Several features are 
01 jserved: 

1. A suppression of the DY yields from heavy nuclear 
targets is seen at small x2. 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 x2 
in E772 is limited by the mass cut (A{ > 4 GeV) 
and by the relatively small center-of-mass energy 
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FIG. 5. Nuclear dependence coefficient cx for El00 GeV p+A 
Drell-Yan process versus various kinematic variables [22]. 

(recall that 2122 = M2/s). p-A collisbr>ns at RHIC 
clearly offer the exciting opportunity tlo extend the 
study of shadowing to much smaller 2. 

2. a shows an interesting trend, namely, it de- 
creases as XF incremes. It is tempting to at- 
tribute this behavior to initial-state energy-loss ef- 
fect. However, there is a strong correlation between 
XF and 22 (XF = x1 -x2), and it is essential to sep- 
arate the XF energy-loss effect from the 52 shadow- 

ing effect. Figure 6 shows a versus XF for two bins 
of 22, one in the shadowing region (,2x 5 0.075) 
and one outside of it (x2 2 0.075). There is no dis- 
cernible XF dependence for (Y once one stays out- 
side of the shadowing region. Therefore, the ap- 
parent suppression at large XF in Figure 5 reflects 
the shadowing effect at small z2 rather than the 
energy-loss effect. 

3. cr(pt) shows an enhancement at large pt. This is 
reminiscent of the Cronin Effect [25] where the 
broadening in pt distribution is attributed to mul- 
tiple parton-nucleon scatterings. It i,3 instructive 

to compare the pt broadening for DY process and 
quarkonium production. Figure 7 shows A($), the 
difference of mean pz between p-A and p-D inter- 
actions, as a function of A for DY, J/8, and T(lS) 
productions at 800 GeV. The DY and T data are 
from E772 [26], while the J/q results are from 
E789 [27], E771 [28], and preliminary E866 anal- 

ysis [29]. More details on this analysis will be pre- 
sented elsewhere [26]. Figure 7 shows that (pf) is 
well described by the simple expression a + bA1i3. 

It also shows that the pt broadening for J/Q is sim- 

ilar to T, but significantly larger (by a factor of 3 
to 4) than the DY. A factor of 914 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 pf broadening accumu- 
lated via multiple parton-nucleon scattering: 

-dE/dz = z a, 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 M 0.5 GeV. Such an energy-loss is too 
small to cause any discernible effect in the XF (or x1) 
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 * 
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ABSTRACT 

We discuss parton distributions in nuclei. First, F2 structure functions are explained in 
a resealing model with a recombination mechanism [l]. 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 Q2 evolution is Ilot 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 interesting to study the flavor asymmetric distribution ii - d in nuclei because it is expected 
t’o be modified due to the nuclear interactions [5]. Furthermore, we point out that it is important 
t,o st.udy the spin structure of spin-l nuclei such as the deuteron in order to shed light on a new 
aspect of spin physics [6] 
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Gluons in nuclei 
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Nuclear dependence 
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f 

dx b f(x) = 2 [To,0 - $1~ + r-1,-1)] + $ (SQ+SQ)s,, 

macroscopically t+O 

r +l,+l = , r -1-1 = ;yo F,(t) + 
I 

t F (0 

6M2 Q 1 

dx b f)(x) = lim. - 2 t- F 
t--d) 12 M2 Q 

(t) + 6 (6Q+6&a 
” 

* lin 
t-+ j 

_ 5 t_ F 
12M2 Q 

(t) 

s + [F;(x) - F;(x)] = +- s d.x [uv - d,j + 5 s dx 

Experimental possibilities 

HERA, ELFE ?, RHIC ? 
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Summary on p’ + ii -+ p+py + X 

l Hermiticity, Parity, Time-reversal + 108 (48) 

structure functions exit in the pd (pp) Drell-Yan. 

l 22 (11) structure functions by the & integration 

or by the Ql~ -+ 0 limit. 

l New spin dependent structure functions 

--+ associated with tensor structure. 

l Structure functions for the intermediate 

polarization (~=n/4). They do not contribute 

to the cross section in the longitudinally (p=o> 
and transversely (p = r/a> polarized reactions. 

l Quadrupole polarizations: Qo, Ql, &a 

and the spin asymmetries. 

e Only 4 structure functions are finite 

in the naive parton model. 

0 The tensor distributions 6y and 64 

can be nleasured by A~/Q~ measurements. 

l The pd Ekell-k'a;n is suitable for measuring dq. 



High-pT Direct Photon and r” Production from E706 

Michael Begel 

FOFI. 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) [l]. The quark-gluon 
Compton scattering subprocess (gq + eyq) provides a large contribution to inclusive 7 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 0rigi.n of the disagreements is the effects of initial-state soft-gluon 
radiation, referred to here as kT 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 dirnuon, 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-m [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 7r- beam incident 

upon Be, Cu, and H2 targets. Event selection triggers, sensitive to high-m showers, were employed 
to accumulate data over a broad pi range. 

Several kinematic distributions of direct-photon pairs are shown in Fig. 1 for 515 GeV/c T-Be 
interactions. Overlayed on the data are the results from both NLO [7] and resummed [S] 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 77 distributions 

from PYTHIA which approximates kT eflects by a Gaussian smearing technique. Analyses of To 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 kT, as do our comparisons of the 
measured high-pT charged-D cross section to NLO pQCD [6]. All these results suggest a supplemental 

(kT) of order 1 GeV/c. S’ imilar 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 7r” 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 [lo]. In the 
meantime, we employed a phenomenological model to incorporate kT effects in p&CD calculations 
of direct-photon and 7r” production [4, 31. We use leading-order (LO) pQCD calculations [ll] which 
include kT smearing to create K-factor,s; we then apply these K-factors to the NLO calculations. 

The experimental consequences of k-r smearing are expected to depend on & At the Tevatron 
collider [12], where pT is large c6mpared to kT, only the lowest end of the pr spectrum is modified 

(Fig. 5). For the E706 data, the kT-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 no 
cross sections (Figs. 2-4). Comparisons are also shown for the lower energy WA70 [13] and UA6 [14] 

data (Fig. 5). The kT-enhanced theory compares well with the 7r” cross sections and with the CDF, 

DO, E706, UA6, and X- beam WA70 direct-photon cross sections. 

[I] 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, (!174007 (1999). A. P. Contogouris, Phys. Rev. D32, 1134 (1985). 

[4] L. Apanasevich et al., Phys. Rev. Lett. 81, 2642 (1998). 
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[13] M. Bonesini et al., Z. Phys. C38, 371 (1988); 

ibid. 37, 535 (1988); ibid. 37, 39 (1987). 
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HARD PHOTON & PION PRODUCTION 
AT RHIC ENERGIES 

G. PAPP, P. LEVAI, G. FAI 
KSU/ELTE/RMKI 

High-pT particle production at RHIC: 

e.g. A+A-+y+X 
A + A -+ r” + X 

Systematic studies of 

P+A --+ y + x 
p + A --+ r” + X are needed in pQCD 

Nuclear effects 
initi.al state multiple collisions; 
final state radiation; 
shadowing; 
jet-quenching; 
. . . 

One of the basic questions is 

P+P --+ y + x 

P+P -3 7r” + x in p&CD 

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

d@’ 
E”--& = c Jdxldx2 fa/p(w Q”) h/&z, Q”) 

abai 

da 
x =&zb + cd) 

Q&C, m 
K-G 

TWO METHODS: 

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

(k;): 2D width of the kT distribution 

(k?) = 4(h+2/r 

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 (opt#imized) scale parameters 

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

P. Aurenche, these Proceedings 
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Basic elements of our pQCD calculation with (k~): 

a, Parton Disribution Function: MRST-98 - NLO 

Q = p~/2, ha&f = 4) = 300 MeV 

A.D. Martin, et al., Eur. Phys. J. C4 (1998) 463. 

b, Fragmentation. Functions: BKK - NLO 

G = PT/Z, J. Binnewies, et al., Phys. Rev. D52 (1995) 4947. 

c, Parthic Cross Sections: Field-Feynman - LO 

K = 2 C.Y. Wong, H. Wang, Phys. Rev. C58 (1998) 376. 
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Figure 1: The best fit values of (kg) in pp + n”X and pp + yX reactions 

(upper panel), and a calculated (/CT) (lower panel). 
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-> 7-P-kX MRST98, best fit in <kt> 

i 

4 

2 0 

1.5 

c:p. a--1 8.4 G& 

tc704. s-118.4 csv 

WA70. s-=-22.9 Cc&’ 

NA24. ~‘~‘-23.7 GeV 

CP; d-‘-23.6 GeV 

0 CP. ~“-27.4 CeV 

0 E605, s--27.4 C&J 

v RllO, do-31.0 GeV 

I E605, ~‘~-36.6 GeV 

0 R607. ~~-63.0 GaV 

.15 0.2 0.25. 0.3 0.35 0.4 0.45 0.5 0.55 I 
> 

Figure 2: Data to theory 
for (k$), ZT = 2pr/fi. 

5 
(1 

ratios for pp -+ n”X reactions applying the best fit 

MRST98, best fit in <k,*> 

0 WA70. ~“‘-22.9 GeV A Rl 10. ~““-63.0 GeV 

0 R606. ~“‘-63.0 CeV 

I UA6. ~‘~-24.3 GeV 0 R60 . ~‘“-63.0 GeV 

R106. ~“‘-62.4 GeV I 

Figure 3: Data to themory 
for (kg), XT = 2ti/&. 

XT 

ratios for pp + yX reactions applying the best fit 
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PION PRODUCTION IN pA COLLISION BY pQCD: 

NUCLEAR EFFECT: (k > ; pA = (@pp + c ’ hpA(b) 

1. All possible collisions 

h;;(b) = VA(b) - 1 

VA(b) = ONN tA(b) 

Ci& = 0.8 f 0.2GeV2 

C’;& = 0.4 It 0.2GeV2 

C$ = 0.3 5 0.2GeV2 

2. Saturation: 

h$(b) = 
0 if VA(b) < 1 

k/A(b) - 1 if 1 < VA(b) < 2 
:I. if 2 5 VA(b) 

XI: +- Csat = 0.8 GeV2 
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p+w -7 7P+x 

g 1.5 
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pr(Gev> 

Figure 4: Cross section per nucleon in pill -+ #X reactions (A = Be, Ti, W), 
data from D. Antreasyan et al. (PRD19,764,1979). We show Csat = 0.8 G&V2 
(full lines) and Csat = 0 (dashed lines). 

I LLLLL_L 
~“~=38.8 GeV 

3 4 5 6 7 8 9 10 11 

Figure 5: Cross section per nucleon 
GeV (dots) and at fi = 31.6 GeV 
lines indicate Csat = 0.8 GeV2. 

pT (GeV) 

in the pBe + yX reaction at fi = 38.8 
(full up triangles) from E706 Coll. Solid 
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Pion and Direct Photon Production 

in Nuclear Collisions 

._ Terry Awes 

Oak Ridge National Laboratory 

for the WA98 Collaboration 

Outline: 

l Motivation 

l Scaling of Particle Production 

(Energy Density - Thermalization). 

l Direct. Photon Analysis Method 

l Preliminary Pb + Pb Direct Photon Result 

0 Summary 

Acknowledge: Christoph Blume, Damian Bucher, Thonias 

Peitzmann, Sergei Fokin, Sasha Lebedev, Pa,ul Stankus. 

“Hard Parton Physics in High-Energy Nuclear Collisions” 

BNL 

March 1-5, 1999 

u. \ 
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Ckntmlity Dependence of NT: 

!-I 

w ’ 
cl . Pb+Pb 

*v n Pb+Nb 
c A Pb+Ni 

Am •I Venus(Pb+Pb) 
@ _I I I?? I I I I I I I I .IIIIIIIIIIIIIL- 

J 
-0 50 100 1.50 200 250 300 350 400 450 

N part. 

l IV;*’ and pnzarr(~ dN,Jdr$,,.& increase like z N&yt 

l Width o of dN,/dv distribution remains constant. 

\\. ./ 
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T 
--.._.. WA98 no Central Pb+Pb 

cu^ 
IO4 

2 
0 IO3 

m‘ 
0 

- IO2 c9 

e 

t 10 cl 
Tl 

W 
1 

-1 
10 

-2 
10 

-3 
10 

4 
10 

-5 
10 

-6 
10 

mT-m. (GeVh?) 

E l Pb+Pb central(lO%~ 

Venus 4.. 12 

Fritiof 7.02 

- pQCD (X.-N. Wang) 

0 1 2 3 4 

mT-m. (Geh2) 

l Models give good/poor/ 1 ousy description of data. 

l Study Centrality Dependence to investigate Nuclear 

Effects. 

l Use Model Independent Analysis. 



.&.-Centrality Dependence of Mean PT: b 

WA8O/WA98 no Results 

Truncated Mean pT: 

(?‘T by in)) = 

1....,....l....l....l....l....l....l....l~ 

0 50 100 150 200 250 300 350 400 

WA98, PRL 81 (1998) 4087. 

Mean pT satUrateS for systems larger t 
Np(-Jrt = 50. . 

\. ./ 
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pT Dependence of ~&t-scaling 

8 2 
1.8 

1.6 

1.4 

1.2 

1 

0.8 

0.6 

.WA!X3 r” Results 

WA98, PRL 81 (1998) 4087. 

l no yield scales as :Z IV:;:, 

+ Shape does not change. 

at al 1 P)T for NpaTt. > 30 

3 3.5 

PT tGeVic) 

l But, shape is different from p - p at all PT. 

Evidence of Therrnalization 

fi. .- 
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At SPS energies: 

l Soft particle production scales E Nbi,_t (or 121 Ngfll ) . 

- Naive Wounded Nucleon Model not valid 

- Secondary rescattering contributes to net particle 

production 

l Mean < pi >,o (cx ET/N~~) saturates for 

centralities with N’pa,+ > 50. 

- In thermal picture --+ T=constant 

0 no spectral 

centralities \ 
\ 

shape is invariant and scales E Nbzrt for 

with NP~~~ > 50 (PT > 0.5 GeV/c). 

- Thermalization. would explain naturall> 

l Thermal direct photon production is small! 

(Observable?!). 

- Initial Temperature is “low” 

- LLLarge” number of degrees of freedom 

l Preliminary indication for observation of “hard” 

direct photons. 

- Nuclear k~ effects 

- Improved Tin itinl 1imit.s 

ti. 
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G.J.Kunde 

for the Y ale/Cern/B ari 

RICH-Collaboration 



Ring Imaging Cherenkov 
Detector I 

PID for 
Kaon/Pion/Proton 

Momentum from TPC 

Located at y=O 

Time Projecti on C hnmber 

.” 

a 

._ 

., 

.‘, 

PID-Ranges: 

l-3 GeV/c for K/pi 

1.5-5 GeV/c for p/anti -P 

RIKEN-BNL Hard Partons in NN 3 
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.- 

0 
I: 
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RICH: small phi act. 

Pt ,, 
(Ce\‘/c ) +” 

2.0 

Ring Imagin herenkov 

3-4- 1999 

1.5 

0 

Detector III 
sketch of p’pbar acceptances (year 1) 

PHEN IS 

-4 -2 -1 

1.0 

0.5 

BR-tHkIS 

(luminosity limited: 

0 1 2 3 

rapidity 

l Tagging of Spectra 
RIKEN-BNL Hard Partons in NN 6 

Courtesy 
P.Jacobs 

.; 

4 

of 



Partonic Energy Loss VII 

58 

l Tagging of Spectra 
- Hard photon 

- Fast particle 

l Hard photon 

- Very small cross section 

- Possible with EMC 

l Fast Particle 

- Possible with TPUEMC 

EMC Configuration 1st Year 

3-b 1999 RIKEN-BNL Hard Partons in NN 19 



3-4- 1999 RIKEN-BNL Hard Partons in NN 

Partonic Energy Loss VIII 
- 

& 1 

l Fast Particle Tagging z 
- Require that there is 2 OJ 

one particle with high t 
Pt in 10 degree cone on& ‘A I-- 
opposite side 

l Small Effect for 3 
GeV/c. Study in 
Progress . . . 

HIJING AuAu 200 AGeV Central 

l dE,/dx=O GeV 
t 

i l dE,/dx=l GeV 
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Hard scattering in polarized JJJJ 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 @’ 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 JJJJ collision at PHENIX 

Fuji Goto, RIKEiV 

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 1180’ azimuthal angle (PbSc 135’ + PbGl 45’). The most 
important point is its fine granularity a’bout 0.01 radian per tower in both rapidity and azimuthal 
direction. It gives us good r” + 27 identification up to about 25GeV/c. 

What can we do at PHENIX with photons ? We have photons directly produced (direct photon) 
and photons from 7r” decays. To study t,he direct photon, photons from rr” decays are backgrounds. 
We have good x0 background reduction capability by the fine granularity of the EMCal. From 
another viewpoint, it means we have good identification capability of R’. The x0 itself is an important 
probe which is alternative to jet in the small acceptance. 

By using these probes, we will 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 directly measure the gluon polarization. For the direct photon production, gluon 
Compton process is a dominant process. We have clear interpretation of the production mechanism 
of the direct photon. That’s why we can directly probe the gluon structure of the proton, and the 
gluon polarization, AG, in the proton when we perform asymmetry measurement in the polarized 
hadron collision. 

The measurement of the direct photon is experimentally challenging, because we have many 
background photons from mainly two-photon decay of copious ~“s. We have some methods to 
distinguish the backgrounds. One is invariant mass reconstruction to identify R’, and another is 
isolation cut method. The Monte Carlo simulation study using PYTHIA event generator shows 

accessible pi range of the direct photon measurement at PHENIX is lOGeV/c < pT <SOGeV/c 
for 4 =200GeV and lOGeV/c < pT <40GeV/c for fi =500GeV. Estimation of the asymme- 
try measurement was also done using polarized parton distribution functions by Soffer-Virey and 
Gehmann-Stirling which have different .hG. Statistically, we have enough sensitivity to distinguish 
these models with full luminosity and ,,‘5 =200GeV by considering year-3 (2001~) measurement. 

The K’ data is interpreted by gluom-gluon, gluon-quark and quark-quark reactions with jet 
fragmentation. Advantage of this measurement is its high statistics and clear particle identification 

of R’ by detecting two photons. We can perform the measurement in year-2 (2000~). On the 
other hand, there are uncertainties in the jet fragmentation process and the fraction of contributing 
processes. The Monte Carlo simulation :shows we can compare the asymmetry of the R’ production 
between above models and distinguish them well statistically in year-2 with 10% luminosity and 
fi =200GeV. 

Next, we have to understand our results as a parton reaction. Using PYTHIA, we can estimate 
Bjorken’s 2 value of the gluon in the direct photon producbion corresponding to its pT region. But, 
the result of relation between direct photon pi and gluon 2 is very different from naive formula, 
x = 2pT/&. We need to know why. 
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Simulation study - 76’ 

l Asymmetry measurement 
- year-2 (2000-) 

- sqrt(s)=200GeV, 32pb-1 

A, of inclusive x0 - b,P;E 
0.1 

0.075 
- A, of parton 0.05 

0.025 
- fragmentation - pT vs 2 0 

-0.025 
l z - splitting fraction of 7[;O -0.05 

0 2 4 6 8 10 12 

TT' Asymmetry 
p,=(GeV/cJ 

7r" pT vs z pr (Gev/c) Ort@‘( GeV/c) 
Porton Asymrnet; 

Parton kinematics 

l Uncertainies in x estimation 
- PYTHIA prompt photon 

- pr vs gluon’s x 

l naiive formula 

- -+Pr/WW> 

l evaluation with simulation 

so.4 
x 

5 10 15 20 25 30 35 '40 

pr (GeV/'c) 

.JS-2OOGeV photon p, lo- I SGcV/c ./FSOOGCV photon p, IO- I SGeV/c 

.,s=200Gc”photon p, 1%20GeV;c 
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Simulation study - Prompt photon 

l Background photon 
- 2y decay of no 

h=POOGeV fraction=0.05 

l ly escape from detector 

l 2ymerge into 1 cluster 

- other decays 

l Background reduction 
- Mass reconstruction 

- Isolation cut 
l R=0.7, fraction=5% 

l Accessible pT range 
- 10GeVlcc p+30GeV/c for 

sqrt(s)=200GeV 

- lOGeV/c< p,c40GeVlc for 
sqrt(s)=SOOGeV 

+ 
I . I L,.-I . . . I . . . . I . . . . 

0 10 15 20 25 30hc&c~o 

before isolation cut 

0 5 10 15 20 25 Jo 35 
w(Ge"/c 4" 

after isolation cut R=0.7 

‘$ 10 -W-Z”““““““‘““““““” 
E T -)-- 

background y/prompt 7 

Simulation study - Prompt photon ” 

l Asymmetry measurement 
- year-3 (2001-) 

- sqrt(s)=200GeV, 320pb’ 

- polarized PDF 
. 

. 

Soffer-Virey 

GS95 

- (A) A G=1.71 

- (B) A G=l.63 

- (C) A G=1.02 

d 0.4 

0.3 

0.2 

IO 5 10 15 20 25 30 35 40 

P; &v/c) 
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What at PHENIX ? 

l Photon 
- good background reduction 

l 76 

- alternative to jet in the small acceptance 

l Photon+n;O 7c”+n;0 , 

- ??? 

l Spin physics 
- spin structure of the proton 

- polarized DIS experiments - quark polarization - AZ =0.3 

- polarized hadron collision -, gluon polarization - AG =? 
l direct measurement 

l Parton kinematics 
- uncertainties in the data interpretation 
- study for QCD reaction itself 

Spin physics _ Prompt photon 

g 9 

l Gluon Compton process dominant 
- clear interpretation q Y 

- AG - gluon polarization measurement in the polarized proton 
collision 

l Asymmetry measurement 

A 

LL 

= do++ -do+- 

dc++ + do+- 
a Au:. = 

AG 
-+Y %,m + Yd 

G 

l Experimentally chal1engin.g 
- measure background - 2y decay of TLO i=u,ii,d,~,s,F ,... 

- background subtraction 

l mass reconstruction 

l isolation cut 
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Spin physics - ti 

l gg, gq and qq reactions and jet production 

l A, measurement 
- polarized parton distribution function - AG 
- au of parton reaction 

- jet - fragmentation function 

l Advantage 
- high statistics - lst-year physics 

- clear particle-ID 

l Uncertainties 
- fragmentation function 

- contributing processes - gg -t= gq + qq 

-. 

Simulation study 

l Simulation study 
- PYTHIA5.7lJETSET7.4 

- PDF’LIB GRV94LO 

- prompt photon prodution and QCD jet production for x0 

- luminosity (full luminosity for 1 year) 

l 320pb-1 for sqrt(s)=200Ge’V 

l 800pb-’ for sqrt(s)=SOOGe’V 

~=2@meV J;=soOont 

Phuonh_ Yield krcam 
.%I. AtJ/G 

y$&, y-.m 
&I. ” AcJ/cJ 

lo - 15 oSV/c l.OxlY I a0062 0.046 B.OXI~! I a9922 .:'a045 

3 - 4 Gevjc 4.3x107 3.1x10-4 

4 -5 Gevjc 8.8~10’ 6.9x10-’ 

5 - 6 C&W/c 2.3x106 1.3x10-3 

6 - i CRV/C 7.4x10s 2.4 x lo-’ 

i - 8 G&/c 3.5x105 3.4x10-3 
8 - 9 GeV/c 1.3~10’ 5.6~10~ 
9 - 10 Gev/c 6.8~10 7.8~10~ 
10 - 11 G.&‘/c 3.1~10’ 1.2~10-~ 
11 - 12 G&‘/c 1 2.1~10’ 1 1.4x10-’ -. 
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A Direct Extraction of AG with STAR 

J. Sowinski* 

f Of 

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 t,he nucleon spin assumes that 

AG=O. Thus the next importa,nt step in understanding the structure of the nucleon is to 

determine AG. 

The spin content of the glulons 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 + y + q seems to have many 

advantages. It is readily identified as a photon-jet coincidence in a near 47r detector such 

as STAR. The reaction mechanism is expected t,o be clean and the only competing process 

has a much smaller cross section in the kinematics of interest. Moreover the polarization of 

the quarks is large at momentum fraction x10.2 and determined in previous measurements. 

Thus the polarization of the struck nucleons can be extracted from measured spin dependent 

asymmetries, the p&CD determiued spin dependence and the known quark polarizations. 

Star will be able to directly extract AG(x) f rom the kinematics of the detected photon 

and jet. Assuming that the partons a.re co-linear the energy and angle of the photon and 

the angle of the jet are sufficient to ext#ract the initial momentum fractions of the quark and 

gluon, xg and xg, 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 calculations of the fundamental spin asymmetries. 

Simulations have been ca.rried out with Pythia and they demonstrate that STAR with an 

endcap electromagnetic calorimet#er can measure AG(x) for 0.01 < x 5 0.3 with sufficient 

precision that, the integral for 0 <:: x 5 1 is determined to 5 f0.5. This requires 10 week runs 

at each of two energies, 200 GeV and 500 GeV. ‘I’he above assumptions are fomld to require 

only small corrections to t,he integral from simulations. It is expected that these measurements 

will begin shortly after the endcap calorimeter is installed in 2002. 

*The aut,hor greatfully acknowledges the help of his IUCF collaborators L.C. Bland, W.W. 

Jacobs, E.J. Stephenson, S.E. Vig,dor a.nd S.W. Wissink in preparing the materials for this talk. 

Research supported in part, by NSF award 9602872. 
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Partonic Collisions at a $- j2 Collider 

I) High c.m. energy & + hard collisions (pT 2 IO Ge V/c ) 
ArT- 6/p,< 0.02 fm) 3 pQCD validity for individual parton- 
pat-ton collisions. 

-3-G+ 
2) i&earn can be viewed as incoherent ensemble of q, g, g : 

colliding parton luminosity = f, (x, , Q2) f9 (x9, Q2) * (pp luminosity) 

parton polarization = Af cx,d2) 
L L 

f (x, Q2) ’ (proton polarization) 

3) Measure p’ - p spin correlation a 
polarized protons: 

Pbl PbZ ALL = N++ - N+-.. 
N++ + N+-.. 

symmetry with longitudinally 

P bl(2) - beam pol’n (-70%) 

N++ - equal helicity yield 

N+..- - opposite helicity yield 

4) interpret ALL via pQCD -- e.g., single LO process =3 

p” 

p” 
--I 

“2_ 
direct 

photon 

In collider frame, p beams have 
momentum = &/2; colliding 
par;ton momenta are then 

x,&/2 and x2&/2 

Quark-Gluon Cbn@on scattering 

5;‘+& y (+ jet) +X 



_ 

Kinematic Extraction of AG(x) 
l event-by-event kinematic determination of x1 2, 0 * 

(without reliance on poor resolution p,(jet)): ’ 

PT(Y) 

x1= t’ 
[ exP (Y cy ) + exP (V jet >I 

P&Y) 
neglecting 

x2= 4-q 
[ exP (-I1 y > + exP C-q jet >I 

kT 

r* -Ty 
1 cot 8* 1 = 1 sinh ( --let2 ) 1 

l 2 ( 8* ), pat-ton distribution functions both favor assignment: 

xg=min{x,,x2}; xq = max ( x, , x2 } 

q removes ambiguity re sign of cot 0” (preference strongest 
when 1 x1- x21 > 0.1, I cos 8* 1 >I 0.5 ), allows approx. 
LO direct extraction: 

c N,,o$$ - N+-o(g) 1 . 

'b, 'b2'/y 
N+++ N+- [AyS(xq ., QLf ) aCLO;lPton (cos e;)/G(x, ,QF )] 

L i 

l perform simulations to test effects of neglecting: 

q q -+ g y ; xg +-+ x9 misidentification; 
8” reconstruction errors; kT - smearing + g radiation; 
eventually, NLO contributions 
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# + q” Background Suppression for &$+ y + jet + X 

(PYTHIA 5.7 simulations) 

p +p 4s =200GeV 
L I, I I , , 1 II-I I I I , I I I I , I I I I _ 

12 +=i=-+.-+-+___._--+---_ 

+ 

-If 

8’ 

O’I ” ” ” 
-1 -0.5 0 

1.2y1 ’ ’ ’ / ’ 1 .II”“T-“lTl 

-1 -0.5 0 0.5 1 1.5 2 

Pseudorapidity -q 

emaining backgrou 
A,, for samples CXlt 

- increased errors on AG(x) by factor 1.5 - 2.0 
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p’p’ -+ y + jet + X with STAR + EEMC 

25000 

E 

20000- 

15000- 
dN 
dx 

10000- 

5000- 

16 = 200 GeV 
320 pb-1 

0.1 

Reconstructed xgluon 

; t 

++ + 

111111111 l i-i 

+$_A 
d--bob_______-_____ -- --_-_--- +d 
I I II 
0.01 0.1 1 

Reconstructed 

By combining measure- 
ments at 4s = 200 GeV 
and 4s = 500 GeV, STAR 
y + jet data will allow a 
direct determination of 
jAG(x,G?*) dx to a 
precision better than 
kO.5. 

Addition of the -\ls = 500 
GeV results should 
reduce the xs -+ 0 
extrapolation uncertainty 
by a factor = 6. 

, ,, , ,I 
‘t 

, , , (,,, y 
lo* 

I I 

l Fit uncorrected AG(x) reconstructed from 200 + 500 GeV 
simulations with Gehrmann-Stirling functional form 3 
1 

!A&,,, (X) dX = 1.62 IL 0.23 
0 ‘-v-J 

-+ ::= kO.4 when other sysl; errcm included 
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STUDY OF SPIN-FLAVOR STRUCTURE OF THE 
NUCLEON WITH PHENIX 

NAOHITO SAITO 
Radiation Laboratory 

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

and 
RIKEN BNL Research Center 

Brookhaven National Laboratory 
5.20~ Physics De,partment Upton, NY 11973-5000, USA 

The structure of the nucleon has been investigated in lepton scattering 
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? 

Production of W in proton-proton collision is very suitable to these stud- 
ies because W is produced through V - A interaction and the helicity of the 
initial state quark and anti-quark are fixed, and the flavor contribution is 

almost fixed, i.e. ud + W’+, and dti + W--. 
The Relativistic Heavy Ion Collider (RHIC) ff 0 ers very unique oppor- 

tunity to pursue these studies especially because of its capability to collide 
polarized proton beams at high energy of 500 GeV at their center-of mass sys- 
tem, high polarization of 70%, and at high luminosity of 2x 1032cm-2sec-1 
or more. In addition, the PHENIX detector at RHIC is designed to de- 
tect muons at 1.25 q 5 2.4 and electrons at 1~1 5 0.35 with high momen- 
tum/energy resolution and sufficient particle identification. 

We can expect about 5,000 signals with PHENIX Muon Arms for each 
of W+ and W- with integrated luminosity of 800 pb-I, which corresponds 
to 10 weeks with 70% efficiency at the designed luminosity. The estimated 
statistical errors of 2% for both Ay’ and Ar- 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, 
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5pin Structure of the Nucleon 

. 5tudicd with Deep lnclaetic Bcattering 
of polarized lcpton from polarlzcd 

AX = 0.3 As=-0.10 

l Pal-DI5 
- well-defined kinematics 

- 6ensltlve to only eq2 

l analyde aex5umc flavor W(3) 

rk Spin: & 
valence uark: Au,,Ad, 

1 sea quar : &Ad AF 

Quark Orbital Motlon:fip 
Gluon 5pln:m 
Gluon Orbftal Motion:& 

Naohito Saito, RIKE!N I RIKBN BNL Research Center 

Flavor Structure d the Nucleon 
. Charge 5ymmetty Is a 

good 6ymmctty to 

describe hadron 
properUee:(u In p and d in 
n arc different?? : C. 
Bores, J.T. Londergan, A. 
Thomas:PRL 81(1990) 

4075) 
l It la not trivial to a66ume: 

d/E=1 

FNAL-E066 results 
PRL 00 (1990) 37% 

1.8 y- 

1.6 T 

II 1.4 = 

;;i 1.2 1 

l- 

0.8 

0.6 

Naohito Saito, RIKEN / RIKEN BNL Research Center 



VV Production in Polarized pp 

Collisions 
W ICY produced through V-A process 
- hcllcfty 16 fixed *ideal for spin etructurc 6tudle6 

W couples to weak charge N flavor 
- flavor 16 almo& fIxed +ideal for flavor structure 

&udlee 

Parity violating a~ymmetty in 

A,: cram eectlon aqmmtty 

W produtiion 

Naohito Satito. RIKEN I RMEN BNL Research Center 

W yield with 800 pbol 

PYTl-lIA w/ GiWS4LO checked aaaitwt CDF data 
W- W+ 

acceptance for muon w/ pr > 2O’GeV/c lb% 4% 
yield (both muon WI-B) 5100 5600 
AAL (statistical only) 2% % 

rapidity average 
background from Z-decay 

0.78kO.34 0.71f0.41 
1095(21.5%) 584(17.6%) 

Changes with 
choke of PDF by 
20~30’/, 

AGGepbUIGe difference between w and W+ + 

Naohito Saito, RIKEN I RIKBN BNL Research Center 
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Prediction and Projected Error 
l C. Bourreiy, J. stier published in ~~~l.~h@445m1-379,1995 

0.8 

Predfctfonforthe r 
, , , r 

Js - 500 0.2" / 
parity violating 
aqmmwtty A,as a 
function ofyw 

-Y 

eolld Ilnt: &t gluon 
daehcd line: hard gluon 

Naohito S,tito, RIKBN / RIIWN BNL Research Center 

Flavor of 5ea Quark in the Proton 

l Ratio of Cross 
6. Kamal : PRD 57 (1997) 6663 

0.5, , , / , * 

5ectione for IV+/ IV- 
production 1s 0.4 - 

sensit;fve $0: d/u - Rw 0.3 

- R, = o(w-)I 

0(w+::1 
.________. J/j 

NHJ fqi+w) 

0.0 I I j 1 , 
200 300 400 500 600 700 

JS (CeY) 

Naohito Saito, RIKEN / RIKEN BNL Research Center 

72 



Parton Level Kinematics 
Decay v cannot be detected: x-determination hard 

but good correlation x vs Ek V-A requires (l+co~O)~ 

_$ 

pp 4 
=~[(l+cos~)xu +(l-cose)XJMW =&i- 

0.6 
w 

0.5 pp region z-average IV+ 

0.4 34< p < 50 GeVfc 0.22f0.08 
OS SO< p” < 60 GeV/c 0.27fO.08 

0.2 60< @ < 70 GeV/c 0.33f0.09 
0.1 70< p” < 80 GeV/c 0.44Iko.11 
0 SO< JP < 95 GeV/c 0.49f0.10 

20 40 60 80 100 

E’(GeV) 
95< pP < 120 GeV/c 0.56f0.11 

Naohito Saito, RIWN / RMEN BNL Research Center 

t- 

Sensitivity Goal - statistical limit 

Anti-quark 
polarization 
rneaeured with ALW 

More sy&ematic 
studies are underway 

- background fbm ‘IG/K 
decay6 

- background from P 
decays 

Naohito Saito, RMEN 

.- GS95LO(A) 

..- 
~~z_~~zr. BS 

RIKEN BNL Research Center 



Constraints on Unpolarized PDF 

l Ratio of Crow 5ections for W-/W+ 

RW (+x2> = 
a”-(x;,,q) 
a”‘(x:,,q) 

F 03 

0.275 

0.20 

0.22a 

01 

0,175 

0.10 

0,125 

0.1 

0.075 

Naohito Mto, RKBN / RIKEIN BNL Research Center 

5ummary 

l RHIC 5pin project provides uniqueopportunityto 
investigate spin-flavor structure ofthe nucleon 

l 5pln Structure 5tudies 

AT(x) mea6urcment: 2% error forALW 

- flavor decompo6itlon i6 pO66ibbthrU ALW 

- unpolarized PDF can be con6trained with RW 

- further 6y6tematic studies arc underway.. . 

l RHlCPhysiceRun will start November,19991 

Naohito Saito, RIKEN / RIKEN BNL Research Center 



Polarization Studies with W’s in STAR 

OGAWA, Akio for the STAR Collaboration 
Pennsylvania State University / Brookhaven National Laboratory 

Upton, NY, 11973-5000, 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 AL in j?p + W* + X -+ e* + u + 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 77 region, where we planning to install 
Endcap EMC, we will. have very clean measurement of d and a quark 
polarizations in the ca’se 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 .fi = 500GeV, 800/p& The asymmetries which 
is calculated using models of polarized parton distributions functions 
are large(5 to 50%). 0 ur measurement will give much more accurate 
information about sea, quark polarization compare to the one from po- 
larized DIS experiment. Backgrounds from high pT hadrons, 2’ and 
heavy quark decay had been studied and found to be very small. ~,j 
ranges of quarks we will measure are from 0.05 to 0.6. The measured 
energy of election has a good correlation with ~,j of quarks, especially 
at Endcap EMC region(1 < 7 < 2) and we will be able to measure xbj 
dependence of quark polarizations. 
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W* measurement 

3 p -+ W*+X + e'+u+X 

Single spin parity violating asymmetry 

Beam “a” polarized 

Beam “b” polarized 

AL(W+) = U(xa)Ad(xb)-;t(xa)AzL(~I,) 

U(Xa)d(Xh)+d(Xa)u(Xb) 

~ @:r,) + gr,,)h(:r,,) 
4 .“(I ) II ( J’,, )7(x,,) 

AL(W-) = d(xa)A~(x~)-~(xa)Ad(~~ 

d(Xn)~(Xb)+~(za)d(zl,) 

~ _J-ii( ./‘,, ) TT(J,, pd( .lj,j 
/I (./‘,, ! ~-- + lli .I’, 1rii.q ) , 
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Electron Asymmetry for liv- 

fi = 500GeV 800/pb Pb=O.7 

A, 
Unpol. beam -+ +-- Polarized beam 

0.1 _ 
W 

0 r ,I/” : 

-0.1 r I 1 . t T 1 t i t, 
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e- asymmetry 
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n 
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0 
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Fraction of W- with d and < from pol. beam 

1.5 

e- emitted preferentially along I@- momentum 
Looking at high 7 at Endcap gives clean measurement 
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Background -. 

l High PT jets 

P+-P 4s -5OOGeV 
106 -__ 

-__ 

104 --_ 

i 

--_ 

102 --_ -__ 
1 L --_ 

0 20 40 60 80 

e 

0 20 40 60 80 0 20 40 60 80 

‘-2 ’ --_---_-_-- _------- ----__ 

h: 

; ’ ’ ’ j ’ ’ ’ ; ’ ’ ’ 
I 0 
I I 
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pT (GeV/c) 

within acceptance C-1 < q < 2) 

include isozation cut 
R=IjA++AQ2 = ~2s 

/ x.7, 

I,/// incZude missing pT cut 

pje%pe + rr + 1) -= 5 Geld/c 
T 

l 2’ decay and one missing electron 

l b - quark decay and one missing electron 
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xbi range of quarks 

%t 
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Investigating the origins of transverse spin asymmetries at RHIC 

Daniel Boer 

RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973 

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

pp? -+ TX and many theoretical istudies have been devoted to explain the possible origin(s) 
of such asymmetries. However, one experiment cannot reveal the origin(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 I will mainly focus on the Drell-Yan process, both on polarized and unpolarized 
cross sections and investigate what can be learned from studying 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 dependence of the asymmetries. 

I will argue that “conventional.” mechanisms which could produce single transverse spin 
asymmetries are expected to fall shlort 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, I will discuss possible origins of transverse spin asymrnetries in hadron-hadron col- 
lisions and propose an explanation in terms of a chiral-odd T-odd distribution function with 
intrinsic transverse momentum dependence [2], which would signal 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, ppf -+ TX, and at the same time it can account for the large cos24 
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 hl, hence. it would provide an alternative method of 
measuring or cross-checking the trrtnsversity distribution function hl. 

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

[1] E.g. FnTAL E704 Collab.. Al. Bravar et al.: Phys. Rev. Lett. 77. 2626 (1996). 
[2] D. Boer, hep-ph/9902255. 
[3] x.410 C o a oration, S. Falciano et al., Z. Phys. C 31, 513 (1986); 11 b 

XAlO Collaboration, M. GuarAroli et ~1.: Z. Phgs. C 37) 545 (1988); 
.J.S. Conwa>. et al., Ph\-s. Rev. ID 39. 92 (1989). 

[4] .J.C’. Collins. Sucl. Ph>-s. B 396, 161 (1993). 
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Transverse Momentum Dependent Functions 

The leading twist T-even distribution functions: 
I 

Pictorially: 

f, = 
glL= %T = 

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. 

c3 0 
6 
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The unpolarized Drell-Yan process 

A large angular dependence which is not yet understood 

NAlO Collaboration (1988): x-N + ,x$-X, where N is either 

deuterium or tungsten (no apparent nuclear dependence) and using 

a n--beam of 194 GeV. 

1 da -- 
o di-2 

0( 1 + X cos2 8 + p sin2 8 cos q5 + y sin2 8 cos 2~5 
2 > 

Perturbative QCD prediction (NLO): X = 1, p = 0, v = 0 

Brandenburg, Nachtmann & Mirkes (ZPC 60 (1993) 697): large v 

arises from a factorization breaking correlation between 7-r and N. 

/ 
lepton plane (cm) 

Q 0 
8 
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The unpolarized Drell-Yan process 

Observation: v oc /L:(T) h,:_(N) [D.B., hep-ph/9902255] 

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

0.4 

v 0.35 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

I’I 

Proposal: measure (c:os(‘L~)) in unpolarized 1q.1 --3 $/r-X and the 
single spin asymmetry (sin@ + c$,&, which is proportional to kl II+. 

QT [GeVl 

Q 0 
9 
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The polarized Drell-Yan process 

In the case of a polarized hadron (choosing p = 0. and X = 1): 

d0 
d-2 d&3, 

o( l+cos2 B+sin2 8 [i cos 24 - f, IS,,I sin@ + ni,J] +. . . 

Relation for the case of one flavor: 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

C 

1 u hl 
p = - 

2 d--- l’max fi 

-_I I I I 

_..* 
. . . . . . . . . . . . . . . . *... 

. ..* . . . . 
*.** 

*... 
x.,_ P 

-.-.-.-.-.-.-.-.-.-.-.-.-.-, -..,,_, _,_,_,_,_,_,_,_,_,_,_,_,_,_,_,_, 

i i 6 -8 10 12 

QT [@VI 

Different angular dependence compared to the other SSA 

(1 + cos2 0) ISIT 1 sir@ - C’_JS, ) f‘+fl 

Q 0 10 
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Conclusions 

l We have investigated possible origins of transverse spin asymme- 

tries in hadron-hadron collisions 

l Single transverse spin asymmetries require some nontrivial mech- 

anism 

l Perturbative QCD corrections and higher twist effects are presum- 

ably too small 

l Time reversal odd distribution and/or fragmentation functions 

with transverse momenturn dependence are leading twist effects: 

l The ‘1 ‘. ‘,’ I_, .J‘;+;,-;. appears to be six&; [e+e- += n-kX data] 

*The Sivers effect can fit the p +~p -+ K + X data, but might lead 

to single spin asymmetries in simple DIS-like processes 

l The distribution function hf , the analog of the Collins effect, can 

fit unpolarized n-N --+ ,x$-X data (no other function in this 

approach can give rise to a cos(24) asymmetry, unless l/Q2 sup- 

pressed). It offers a new possibility to access h;l in pp(p> + &L-X 

Q 0 
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Small-z F2 Structure Function of a Nucleus 

Including Multiple Pomeron Exchanges 

Yuri V. Kovchegov 

School of Physic:; and Astronomy, University of Minnesota, 

Minneapolis, MN 55455 

We derive an equation determining the small-s evolution of the F2 structure 

function of a nucleus or a hadron which includes all multiple 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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Effects of Shadowing on Initial Conditions and Hard Probes in 
Nuclear Collisions* 

R. 

The modification of nucleon structure func- 
tions in nuclei, a depletion at small and medium 
z and an enhancement at intermediate x, is 
well established in nuclear deep-inelastic scatter- 
ing. However, the source of the mod.ification, or 
shadowing, is not completely understood. Two 
primary models are (1) recombinat,ion of long 
wavelength partons; and (2) multiple interac- 
tions of the incoming parton along the path 
length through the nucleus. In case (2), when 
x < 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 x, since I, > J?.,4, the shad- 
owing should be proportional to the path length 
through the nucleus. For 1, < RA and in case (l), 
the shadowing should be proportiond to the lo- 
cal nuclear density. The spatial dependence over 
the entire x range is difficult to parameterize in 
case (2) since the crossover between the relevant 
formulation is A dependent and occurs at x val- 
ues typical for pT - 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- 

vogt 

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 
asb+oo. 

We have calculated minijet production and the 
corresponding & moments at RHIC and LHC 
energies assuming hard production for pT 2 ps = 
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 Jslvlv = 200 GeV and Pb+Pb col- 
lisions at JSNN = 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 ei/n; close to that ex- 
pected for an ideal gas with a temperature of 
z 1.1 GeV. One can then imagine fast thermal- 
ization at pi - l/pe, even if the system is not 
yet isotropic. However, when shadowing is in- 
cluded, this ‘temperature’ is reduced by z 10% 
SO that ei/ni > e,,h/nu, N 2.7Tth. At RHIC, 
minijet production is on the level of the soft par- 
ticle production so that the hard component is 
responsible for only M 40% of the particle pro- 
duction. Thus the system is even further from 
equilibrium. 

Finally, we note that shadowing effects can 
smf?ar the ET - b correlation, particularly at 
RHlC, making the determination of b from ET 
less precise. 

*from V. Emel’yanov, A. Khodinov, S.R. Klein and R. 

Vogt, LBNL-42900, in preparation for Phys. Rev. C. 

210 



































. . 
: . parton-cluster formation, ha&onization, ha&on cascade &\le]opment 

- 

h 

beam 
hadrona 

beam cluster A 



RI - 

cluster-hadron 
d-Y 

+[ -+@@(_ 
hadron-cluster 

k 

hadron-hadron 

scattering 

k _ 

I 

I 

I 
hadron-hadron scattering 

k 

hadron-resonance formation 

+ . . . . . . . . . . . . 

228 



parton-clust& 
cixdescence 

cluster-cluster 

cluster-hadron 
d-Y 

scattering 

k 

cluster-hadron scattering 

-I- ..*......... 

229 



NN+NN 
NN-*NA 
NN+AA 

. 

. 

. 

230 



? I .__ __ ~_ ..___ __.._-..--.. . ---~~~ - .~.. .--- --_.. -_. - ._~_._._ _..._...~ - ~.~~ . --. --- -----. -.-.--.------ -- . . ____._.___._ 
“\, t 

. 

. 

. 

. 

231 

-a-i 



pn-*pn l-l pn- Idf 

aln --) 7m I ap --, aln 

K-p + K-n+n (OPE) 
K-p + IQc+n’n (OPE) 
K-p -+ K-X+IC-X+~ (OPE) 

@J form fo(975), ao(980), @(1020), fi(1270) 
a2(1320), fd1525) ’ 

gg form hl(l170), a,(1260), az(1320) 

K*n form K-(1420) 

I!$! form P(l7W, f2mm 

pi form b1(1235) 

E form 4,(980), %( 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 A413. Dy- 
namics depends stron,gly 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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A Low-brow Look at the Centrality Dependence of 
Hard Scattering Rates and Quenching in A-A and 

p-A Collisions 

Brian 
Columbia University 

Riken Hard-Scattering Workshop 
March 5,1999 

Outline 
1. Introduction 
2. A+A Hard scattering rates 
3. Quenching & Geometry 
4. Measuring centrality in p-A collisions 



Hard Scattering Rates 
Calculation 

l Calculate an “unnormalized” rate: ~=p~YT4kYv.&Y) 

-Independent of process, multiply by 0 to get actual rate 

l Plot vs b for various A 

lO”b- 
g - Au 

‘i, lok-\ i, bservations 
Rates relatively flat 

-for Au up to 10 fm 

-for Si up to 5 fm 

Feasible to study 
centrality dependence 
out to large b 

Factor - 10 difference 
between Au, Si at b=O 

-more than x A 
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Riken-BNL Hard Scattering Workshop Brian A. Cole March 5,1999 



Hard Scattering Rates vs # spectators 

Study vs exaerimental centrality measure: E” 
l At point (x,y) in transverse plan, 

probability to be spectator p A 
spec 

a projectile nucleon has 

l So, the total number of projectile spectators is 
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P 
N 10 

% 

2 
10 

1 

2 

1 

t 

0 

N A 
z 

spec 
&dyT, (x, y)e-QNTB W) 

- Au 

b m-0 

l 0 
l 0 

00 .o 
.@. 

l 
0 

0 
0 

0 

0 

0 

l Au 

v Ni 

A Si 

N spec 

Riken-BNL Hard Scattering Workshop Brian A. Cole March 5,1999 



p” 
W 

Geometry of .Jets and Ouenching (2) 

Study paths of Ouarks out of Svstem 
l Study only propagation in the transverse plane 

l Use simplest possible set of physically sensible assumptions 
-Assume all hard processes including mini-jets occur instantaneously 

-dE/dx EE - energy density , E(X, y) 0~ (TA*TB)(x,y) 

l So, for a quark leaving system AE = dsT’T,(s) 
40 

35 - 

I...L..~...L..l..I._~__~__~~__,. _IL_-J_l-L-l_L._L 
0 1 2 3 4 5 6 

-10 -8 -6 -4 -2 0 2 4 6 8 10 

x (frnj 
8 (rad) 
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Geometrv of Jets and Ouenching (3) 

Now look at AE distribution vs b 
l Use TAT, weighting for production points 

bservations 

0 

Results consistent with 
intuition 

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=ZO 

- where do the larger values 
come from ? 

- Quarks going “back” into 
system 

Need to include time 
dependence of E 

- b=O fm 
- b=2 fm 
- b=5 fm 

0 5 10 15 20 25 30 35 40 

unnormalized AE 
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Geometrv of *Jets & Ouenching (4) 
Put in simr>llest time dwendence 

l Assume I = E&V, y)(z, / z), for z > z, 

l Now comes the fun . . . Tr&= 0.3,0.5, 1.0,2.0 fm 
- 1 fm is “standard”, 2 fm mostly just cuts off very late contributions 

l Look at distributions of AE for different rcO 
b=O fm b=5 fin b=lO fm 

t 

IL-- 
0 

- To=1 fm 

- *co = 2 fm 
- b=no tau 

I-. 

.7-J- 
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L 

20 
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40 
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Hidden and Open Charm at RHIC 

lX)mitri Kharzeev 

RIKEAi-BNL Research Center, 

Brookhaven National La.boratory, 

Upton, New York 11973, USA 

I discuss some aspects of the physics of hiclden 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 distributions in the x2 + J$ + 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 [l]. Once the production mechanism is known, the angular distribution in 
the polarized case can be used ti:) measure the polarized gluon distribution in the 
proton, AG [l]. 

Recent theoretical studies [2:] of charmoniunt interaction with low-energy pi- 
011s show that the elastic and inelastic cross sections of rJJll$ 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 t,he idea that heavy quarkoniurll is a sensitive probe of 
gluon fields, and the low~cncrgy quarkonium scattering amplitudes are evaluated 
explicitly with the help of QCD theorems [‘2]. ‘The study of heavy quarkonium 
production in nuclear collisions -will constitute a very important part of the RHIC 
program. 

Acoplanarit,y in the producti’on of open char111 in nllclear collisions can be used 
t,o st.udy the growt,h of “intJrinsic~” transverse momenta of gluons in the nuclei due 
to saturation effcct.s. 

References 

[I] R.L. Jaffe and D. Eiharzc~~. HEP-PH 9903280; Phys.Lett.B, in press. 

:2] H. F\?jii and D. lYharzccv, HEP-PH 900~5495: HEP-PH 9SO7383; Proc of 
t,l1c 3lYl worl~sllop “Coutitlllous Atlvances in QCD” . Minneapolis. 1998. 
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Understandhg Global features - 1 

l Cross-section for high mass Drell-Yan pairs scale like A 

in pA collision 

JI: Q: How do you get 

X 
OpA = pN - AaX 3 

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 pN regardless of where it is made. 

* How can that be? 

0 The production cross-section for X is a constant 

and is not a function of &. - Not true for DY. 

0 r 

o The projectile loses no or very little energy until 

it produces X - Coherence time. 

0 r 

o Multiple collision - Rescattering = 0 - Remote 

possibility at best, 
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Coherence Time - 3 

l A daughter particle needs at least 

to be separated frorn the mother - 

Landau-Pomeranchuck-Migdal effect. 

l For a typical pion in N-N CMS frame with 

E N k~_ N 500 MeV, 

At ems - l/500 MeV - 0.4 fm 

In the nucleus rest frame with jqab = 800 GeV, 

At A rest E Atoms &Lb/2 - 5 X lfree 

where lfree = (l/q~~p~) = 1.6 fm. 

l For small nucleus where 2R/lfree < 5 or A < 50, 

+,A cc ACY with (2 = 1 

For larger nucleus with A 2 50, a < 1 due to energy 

loss. 
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LEXUS Results with 4 < ?Ishift < 6 - - 
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l With oabs = 3.6 mb, 
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Conclusions - 

l Implemented an approximation to adding QM 

amplitudes for muhiple scattering within LEXUS 

l pA Drell-Y an cross-section very well reproduced with 

the coherence time of tCOherenCe = rj/G with 
r z 0.4 fm 

l pA J/T) cross-section well reproduced with the same r 

and a small absorption cross-section of 3.6 mb. 

l AB J/$ cross-section calculation on the way. 

Preliminary result suggests NA50 Pb - Pb data is not .,:* 

inconsistent with energy loss + absorption. 
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