
BNL- 7 103 5- 2003 
Formal Report  

Proceedings of RIKEN BNL Research Center Workshop Volume 45 

2002 Summer F’rogram: 
Current and Future 
Directions at: RHIC 

August 5,-23, 2002 

Organizers : 

A. Deshpande, A. Dumitru, J. Jalilian-Marian, N. Saito, 
D. Teaney, R. Venugopalan, W. Vogelsang 

RIKEN BNL Research Center 
Building 51 OA, Brookhaven National Laboratory, Upton, NY 1 1973-5000, USA 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereofl nor 
any employees, nor any of their contractors, subcontractors or their employees, makes 
any warranty, express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or any third party’s use or the results of such use of any 
information, apparatus, product, or process disclosed, or represents that its use would 
not infiinge privately owned rights. Reference herein to any specijk commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof or its contractors or subcontractors. 
The views and opinions of authors expressed herein do not necessarily state or reflect 
those of the United States Government or any agency thereoJ: 

Available electronically at- 
http://www.doe.gov/bridge 

Available to U.S. Department of Energy and its contractors in paper from- 
U.S. Department of Energy 
Office of Scientific and Techniical Information 
P.O. Box 62 
Oak Ridge, TN 3783 1 
(423) 576-8401 

Available to the public from- 
U.S. Department of Commerce 
National Technical Information Service 
5285 Port Royal Road 
Springfield, VA 22 13 1 
(703) 487-4650 

@ Printed on recycled paper 



Preface to the Series 

The MKEN BNL Research Center (RBRC) was established in April 1997 
at Brookhaven National Laboratory. It is funded by the "Rikagaku 
Kenkyusho" (RIKEN, The Institute of Physical and Chemical Research) of 
Japan. The Center is dedicated to the study of strong interactions, including 
spin physics, lattice QCD, and RHIC physics through the nurturing of a new 
generation of young physicists. 

During the first year, the Center had only a Theory Group. In the second 
year, an Experimental Group was also established at the Center. At present, 
there are seven Fellows and seven R.esearch Associates in these two groups. 
During the third year, we started a new Tenure Track Strong Interaction 
Theory RHIC Physics Fellow Program, with six positions in the first academic 
year, 1999-2000. This program had increased to include ten theorists and one 
experimentalist in academic year, 2001-2002. With recent graduations, the 
program presently has eight theorists (and two experimentalists. Beginning last 
year a new RIKEN Spin Program (RSP) category was implemented at RBRC, 
presently comprising four RSP Researchers and five RSP Research Associates. 
In addition, RBRC has four RBRC Yoiung Researchers. 

The Center also has an active workshop program on strong interaction 
physics with each workshop focused on a specific physics problem. Each 
workshop speaker is encouraged tal 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 proceedings, which can therefore be available within a short 
time. To date there are forty-eight proceeding volumes available. 

The construction of a 0.6 teraflops parallel processor, dedicated to lattice 
QCD, begun at the Center on February 19,1998, was completed on August 28, 
1998. A 10 teraflops QCDOC computer in under development and expected to 
be completed in JFY 2003. 

T. D. Lee 
November 22,2002 

*Work performed under the auspices of U.SJL0.E. Contract No. DE-AC02-98CH10886. 
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Introduction 

The Relativistic Heavy Ion Collialer (RHIC) was commissioned for heavy 
ion collisions and for polarized pp collisions in 2001. All principal compe 
nents of the accelerator chain were commissioned (barring a few which will 
be operational in the 2003 RHIC run). This has indeed been a tremendous 
accelerator and machine physics achievement. The experimental collabora- 
tions are not too far behind either. Not only have they commissioned various 
components of their detectors, but they have already published more than 
20 papers related to the heavy ion physics. Furthermore, exciting new spin 
results have recently been released for the first time and analysis efforts to- 
wards their publication are on the way. While discovery and study of the 
Quark Gluon Plasma (QGP) is the primary goal of the heavy ion physics, 
understanding the spin structure of the nucleon is the primary objective of 
the RHIC Spin program. The successful start of both these programs mo- 
tivated the initial thought process for  this Workshop on "Current & Future 
Directions at RHIC" . 

The aim of this Workshop was to bring together experts at the forefront 
of theoretical and experimental communities (in both heavy ion and spin 
physics) to present and understand the already available data, and to orient 
the experimental effort appropriately to uncover the surprises that RHIC 
may offer us in near future. From the variety and depth of presentations we 
had in this Workshop we believe we have achieved that, and hope the reader 
will agree with us. Many interesting discussions ensued which challenged 
dearly held ideas of the past, while new data clearly presented opportunities 
for predictions and new proposals. 

With all the excitement around, it was also emphasized that thinking 
about not just the short term but also the long term future program at 
RHIC/BNL was necessary. Upgrades of the RHIC accelerator complex to 
enhance the luminosity of the AA and pp collisions was discussed, ideas 
about the physics program at the high luminosities and'the necessities of 
detector upgrades were also presented. A major new effort to add a 10 GeV 
electron ring to to the RHIC complex to enable polarized and unpolarized 
DIS at never before achieved high energies has been proposed as a upgrade 
of the facility. (eRHIC or the Electron Ion Collider, EIC) Not only the 
physics motivation for such a facility were discussed but also the relevance 
of such studies to the already existing heavy ion physics program at RHIC 
was debated. 
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The Workshop was three weeks long: the first one dedicated to the present 
and future plans for heavy ion physics after the RHIC luminosity upgrade, 
the second week focused on the unpolarized pp and eA physics motivation 
and expectations at RHIC; and the third week was dedicated to the polarized 
pp and ep studies at RHIC and eRHIC/EIC. 

We are grateful for the enthusiastic participation by the RHIC community. 
This Workshop was initially envisioned as part of the series of "summer 
workshops" conducted by the Nuclear Theory Division at BNL. This year it 
was combined with other efforts. The Workshop would not have been possible 
without the generous support from the RIKEN BNL Research Center. We 
also acknowledge support in part by the BSA/BNL Program Development 
Fund. We thank Brookhaven National Laboratory and the U.S. Department 
of Energy for providing the facilities for holding this Workshop. 

Finally, our sincere thanks go to the RIKEN & BNL administrative staff, 
foremost to Pamela Esposito. Without her professional and efficient work it 
would not have been possible to run this Workshop. We also acknowledge 
greatfully help from Marcy Chaloupka and Tammy Heinz. 

A. Deshpande (RBRC) 
A. Dumitru(BNL) 
J. Jalilian-Marian(BNL) 
N. Saito(RBRC/Kyoto) 
D. Teaney(BNL) 
R. Venugopalan( RBRC/BNL) 
W. Vogelsang(RBRC/BNL) 

.. 
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in Single Haldron Spectra 
and Hadron Pair Spectra 

at Fer-milab 

Bob McCarthy 
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Energy Dependence of the High-pT Tomography of d + Au and Au + Au 
at SPS, RHIC, and LHC 
Ivan Vitev" 

"Department of Physics, Columbia University, 
538 West 120-th Street, New York, NY 10027, ' U S 4  

The first systematic study of the manifestation of nuclear effects in inclusive hadron 
spectra in d+Au and Au+Au at fiNN = 17,200,5500 GeV is presented versus the leading 
order PQCD-computed baseline for elementary p + p ( p  + p )  collisions. We include the 
Eskola-Kolhinen-Slagado parameterization of nuclear shadowing, as well as initial parton 
broadening and final state medium-induced radiation evaluated in the Gyulassy-Levai- 
Vitev formalism. We find suppression/enhancement factors that are strikingly different 
in shape and magnitude at different center of mass energies. 

1. SUMMARY OF RESULTS 

The magnitude and the p~ dependence of the nuclear modification factor RAA that 
compares inclusive hadron spectra to the geome1;rically scaled p + p ( p + p )  result are shown 
to be strongly correlated to the center of maw energy per nucleon. This dependence 
includes the shape of the underlying jet (quark and gluon) spectra, the initial gluon 
rapidity density which drives the non-Abelian energy loss, the x and Q2 dependence of 
the nuclear shadowing, and the magnitude of the Cronin effect. 

At SPS energies we find significant Cronin enhancement that does leave space for a 
factor N 2 suppression of high-plr hadrons due to the non-Abelian jet energy loss. At 
RHIC we demonstrate that a consistent incorporation of initial and final state nuclear 
effects in the high-pT hadron production phenomenology in Au + Au leads to a constant 
plr-independent quenching factor in the 5 5 p~ 5 20 GeV range. At LHC shadowing and 
Cronin effect in the 5 5 pT 5 LOO GeV range were found to give 5 20% correction, while 
the effect of energy loss is large and its strong p~ dependence reflects the hardening of 
the particle spectra. 

13 



Energy Dependence 
of High pT Tomography of 

from SPS to LHC 
B+A 

Ivan Vitev and Miklos Gyulassy 

I Current and future directions at RHIC, August 5-23 
BNL, 'Upton, NY 
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pA in the Color Glass Condensate Model 

Franqois Gelis 

Laboratoire de F’hysique ThCorique 
Bgt. 210, UniversitC ParisXO 
9 1405 Orsay Cedex, France 
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Abstract: 
The recently proposed Color Glass Condensate model is a framework de- 
signed to describe the universal properties of high-energy hadron or nucleus 
reactions. It is based on the fact that soft modes in the wave function of 
a high-energy hadron or nucleus have a very large occupation number, and 
can therefore be described in terms of classical color fields as first suggested 
by McLerran and Venugopalan. These soft modes are driven by the hard 
modes which act as “frozen” color sources. 

A central part of my talk is devoted to explain how to compute the 
probability of some processes in this model. Indeed, the fact that the two 
colliding objects are described in terms of (strong) classical fields has several 
implications regarding what can be calculated and how. In particular, a key 
issue is that of the so-called “vacuum diagrams”. Vacuum diagrams are 
disconnected quasi-elastic sub-diagrams that appear as a prefactor of any 
amplitude calculated in a time-dependent external field. One can readily 
see that they are not negligible in strong fields, and that they play a central 
role in ensuring that the results are compatible with unitarity. 

Then, I explain how one can compute probabilities with various degrees 
of inclusiveness in this model. The simplest case is the probability of a com- 
pletely exclusive process (where the final state is completely prescribed), 
which simply requires to keep all the vacuum diagrams. However, it is 
sometimes more relevant to compute semi-inclusive probabilities (like the 
probability to produce exactly one particle of some sort, plus any number 
of particles of other species). At leading order in the strong coupling con- 
stant: there is a very simple rule in order to do that: one must calculate the 
amplitude with the requested particle in the final state and the vacuum di- 
agrams corresponding to that particle, while all the other vacuum diagrams 
must be omitted. Note that this result can also be applied at leading order 
in order to compute the probability of events with rapidity gaps. Finally, 
an even more inclusive quantity is the average number of particles of some 
type produced in the collision: this is given at leading order by the retarded 
forward self-energy for this particle, and no vacuum diagrams are needed. 

After that, I focus on pA collisions, for which extra simplifications can be 
performed based on the fact that the classical field of the proton is weaker 
than the classical field of the nucleus. As an example, I will show how 
photon/dilepton production, or photon-jet correlations can be used to test 
saturation effects in the nucleus. 
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What's happening at high p ~ ?  New Results from PHENIX 
Barbara V. Jacak, Stony Brook University, SUNY 

In my talk I showed that the suppression of high pr particles in Au+Au collisions at RHIC 
previous reported by PHENM. continues to pr of approximately 10 GeV/c. The suppression is 
seen both in identified neutral pions and in the production of charged hadrons. Uncertainties on 
the magnitude of the suppression are now inuch smaller, as PHENIX has measured the reference 
spectrum in 200 GeV c.m. energy p+p collisions. The neutral pion spectrum from p+p is now 
known to 13 GeV/c PT, and is well described by a NLO pQCD calculation fiom Vogelsang. The 
x range reached at RHIC is approximately :I .6 x 1 0-2, but not lower. 

In central collisions, the number of neutral pions observed above p~ =5 GeV/c is a factor of 
about 4 less than expected when scaling up the measured pions fiom the p-p data by the number 
of binary nucleon-nucleon collisions. Theoretical descriptions of the data need to include some 
energy loss of the partons in the medium in order to reproduce the observed yields. 

Measurement of the charged particle spectra as a function of AuAu collision centrality shows a 
gradual increase in the suppression, rather than a sudden onset at some threshold impact 
parameter. The apparent suppression of charged particles is smaller, as they include baryons and 
anti-baryons, which do not appear to be suppressed. The charged particle yields at high PT scale 
neither with the number of participant nucleons, nor with the number of binary nucleon-nucleon 
collisions. For mid-central and central collisions, the yields come closer to participant scaling, 
but the deviations are at the 3 0  level. Possible explanations of this include surface emission of 
the hadrons, in-medium re-interactions, or perhaps a purely accidental near-scaling. 

PHENlX measures particle correlations to look for a jet signature. We select events with a 
leading photon with pr 2.5 GeV/c, and look at correlations of assocated charged particles, and 
we also look at charged-charged correlations. These studies provide an unambiguous signal of 
jets in Au + Au collisions. We expect that v2 at high pr also sensitive to jets, and have devised 
several methods to disentangle collective flow effects fi-om correlations due to jets. There is, 
however, a possible bias in the requirement of a leading particle. Systematic studies are 
underway to understand this. 

The hadronic composition at high pr is somewhat mysterious, compared to the known jet 
fiagmentation functions, and the Composition changes with centrality. The proton and antiproton 
yields equal the pion yields above 2 Ge:V/c pr. The p/n+ and pbar/n- ratios in peripheral 
collisions are lower; the peripheral collision baryodmeson ratios agree with those observed in 
p+p collisions at the ISR, and more close1:y approach the hadronic composition of gluon jets at 
LEP. We study the ratio of neutral pions to charged hadrons as a function of pr in central 
collisions, and find that the large baryon contribution continues out to 9 GeV/c pr. 
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212 from Classical Yang-Mills 
Alex Krasnitzl , Yasushi I\Jara2 , Raju Venugopalan2j3 

1. CENTRA, Universidade do Algarve, Campus de Gambelas, P-8000 Faro, 
Portugal 

2. RIKEN BNL Research Center, Brookhaven National Laboratory, 
Upton, N.Y. 11973, U.S.A. 

3. Physics Department, Brookhaven National Laboratory, Upton, N.Y. 11973, 
U.S.A. 

We extend previous work on high energy nuclear collisions in the Color Glass 
Condensate model to study collisions of finite ultrarelativistic nuclei. The changes 
implemented include a) open boundary conditions to treat the expansion of gluon 
fields into the vacuum, b) imposition of color neutrality at the nucleon level and 
c) realistic nuclear matter distributions. The saturation scale characterizing the 
fields of color charge is explicitly position dependent, A, = R,(zt). We compute 
gluon distributions both before and aftler the collisions. The gluon distribution 
in the nuclear wavefunction before the collision is signiiicantly suppressed below 
the saturation scale when compared to the simple McLerran-Venugopalan model 
prediction, while the behavior at large momentum kt >> A, remains unchanged. We 
study the centrality dependence of produced gluons and compare it to the centrality 
dependence of charged hadrons exhibited by the RHIC data. We find that the 
classical Yang-Mills results for kt < A, can be simply matched to a perturbative 
QCD computation for kt > A,. The resulting energy per particle is significantly 
lower than our previous estimates. Our results can be used as initial conditions for 
quantitative studies of the further evolution and possible equilibration the hot and 
dense gluonic matter produced in heavy :ion collisions. 

We compute the elliptic flow generated by classical gluon fields in a high energy 
nuclear collision with the extended modlel. A significant elliptic flow is generated 
only over time scales on the order of the system size R. The flow is dominated by 
soft modes p~ N A,/4 which linearize a,t very late times T N R >> l/&. Field 
description should be invalid due to the strong expansion of the system. Therefore, 
at late times, our simulations do not inclede the interactions between soft modes and 
hard modes. This is the main reason why the flow is dominated by only soft modes.' 
However, we have shown that Boltzmann solution in which only collision term among 
particle is included, is not able to reproduce elliptic flow. In order to treat correctly 
the interaction involving the hard modes, we need to solve Boltzmann- Vlasov type 
equation for the hard modes and YM equation for the soft modes. 
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C ~ ~ t ~ ~ l i ~ y  and Transverse rnornentum dependence of v2 

------ E ' i i  CG v.s.cooling 

6 >" 

4t- h.\l * 6 
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0 8.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

Weak dependence on A,R. 

e Dominant component of the 112 is soft modes of the gluon field. 

Totally different shape compared to experimental data. 

Need time evolution of gluons according to the Boltzrnann type calculations using YM as 
a initial ~ o n d j ~ i o ~ ?  
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Elliptic Flow from Minijet Production in 
Heavy Ion Collisions 

Kirill Tuchin 

Institute for Nuclear Theiory, University of Washington 

in collaboration with Yuri Kovchegov 

We propose a model of non-flow particle correlations in the initial stages of heavy ion col- 
lisions. The model is based on particle production mechanism in the high energy regime when 
gluon and quark distribution functions of the colliding nuclei reach saturation. As was suggested 
by McLerran and Venugopalan the dominant gluon production mechanism in the early stages of 
the collision is given by the classical field of the nuclei. At the high energies achieved by RHIC 
experiments the classical field alone can not account for particle production; thus quantum cor- 
rections become important:The essence of OXY model is the following: to estimate the non-flow 
contribution to v 2 b )  one has to calculate the single and double inclusive gluon production cross 
sections first in the framework of the simple McLerran-Venugopalan model and then include the 
nonlinear evolution effects in them. Two produced gluons in the double inclusive cross section 
are of course azimuthally correlated with each other. This correlation can contribute to 212 after 
being averaged over all particle pairs, which is proportional to the total particle multiplicity 
squared. The latter was related to the single inclusive gluon production cross section. Two 
comments are in order here. First of all double gluon production cross section of course can 
not be given by the classical field and is therefore not a classical quantity. Calculating it thus 
corresponds to the f i s t  (order a,) correction to McLerran-Venugopalan model. Secondly when 
the momenta of the produced two gluons are not extremely large the correlations are not only 
back-to-back since in the saturation regime it is not required anymore by transverse momentum 
conservation as some of the momentum can be carried away by other soft particles. So, in 
addition to back-to-back (A4 = T )  there are also collinear (A4 = 0) correlations. 

Since the exact double inclusive gluon production cross section is not known we constructed 
a simple model of single- and double- gluon production in the spirit of kT-factorization approach. 
The model successfully describes the saturation of v z ( p ~ )  at high p~ as well as centrality de- 
pendence of 2rz(B) at & = 130 GeV. We also show that two-particle correlation functions in 
our model are consistent with the data reportlsd by PHENIX if NLO corrections are taken into 
account. 

We demonstrate that even in the case of a d y  non-flow correlations the distribution of par- 
ticles with respect to experimentally determined reaction plane averaged over many events is 
proportional to cos 2(4  - 9 ~ )  in agreement with STAR data. (4  and 9~ are azimuthal angles 
of the particle and reaction plane correspondingly.) This distribution is due to  the fact that 
the reaction plane is also determined from the second harmonic of the multiplicity distribution. 
Therefore the cos 24 shape of the distribution with respect to reaction plane does not reflect any 
physics. At the same time the amplitude of t.he distribution is given by physical correlations, 
that is by 2 v2. 
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Elliptic Flow at High PT 

Kirill Filimonov, LBNL, for the STAR Collaboration 

The monotonic rise of elliptic flow measured in Au+Au collisions at FSUC at transverse 
momenta PT <2 GeVlc is consistent with hydrodynamic behaviour of bulk matter 
developed early in the collision. The measurements of azimuthal anisotropy v2 of charged 
particles with p~=3-6 GeVlc reveal a saturation pattern of v2 with values that decrease 
systematically with increasing centrality. vz(pT)-dependence measured in collisions at 
130 GeV and 200 GeV is compared. Larger values of v2 are found at low ( ~ 6 1 - 2  GeV/c) 
transverse momenta at higher energy. In the saturation region, however, the azimuthal 
anisotropies are very similarat both energies, indicating, perhaps, the geometric origin of 
the observed saturation. The large a symme~es  measured in the transverse momentum 
range where hard processes are expected to contribute significantly, combined with the 
observation of the suppression of charged particle yields at high transverse momenta 
relative to the binary collision scaling, maybe consistent with dissipative dynamics with 
finite parton energy loss. 

The prdependence of elliptic flow for identified particles (pions, kaons, protons) is 
consistent with hydrodynamical calculations for transverse momenta pT<lGeV/c. 
The elliptic flow of mesons (charged pions, kaons, and KO,) and baryons (protons, 
antiprotons, and A) is compared for PT up to 3.5 GeV/c. At pr<2 GeV/c baryon flow is 
smaller than that of mesons, but for pT>2 GeVlc baryons exhibit larger values of vz than 
mesons. 
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Centrality dependence of v,(p,) 

130 GcV 30-80 'Z 200 CeV, preliminary 
0.31- fa 10-30 'Z 
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0 v2 saturates for pT>3 GeVk for all centralities at both energies 

Indication of geometric origin? 
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v., of KO and A 
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Scaling of Particle Production in High Energy Collisions 

Gunther Roland 
MIT 



Scaling of Particle Production in 
High Energy Collisions 

Extensive data set 
Yields in Au+Au vs 
- Collision Energy 
- Collision Centrality 
- Pseudo-rapidity 
- Reaction plane 
- Transverse 

Momentum 

‘Simple’ scaling behavior 
observed 

- Limiting fragmentation 
- N,, ‘Universality’ 
- dNldp, vs Npart 

Gunther Roland 
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SATURATION and RHIC DATA 

( KLN point of view ) 

E. Levin 
Tel Aviv University / DESY 
e-mail: leving@post.tau.ac.il 

In this talk the KLN point of view is discussed that RHIC data give a clear evidence for a 
saturation in the quark - gluon system produced at the initial stage of heavy ion collisons. If 
it is true it would be a first experimental support for our (theorists) belief that saturation and 
thermalization will lead to quark-gluon plasma production. 

We cannot expect that only our approach is able to describe RHIC data, due to a duality between 
parton and hadron degrees of freedom. Therefore, we believe that a plenty of different approaches 
will be work out. However, we firmly believe $hat (i) our approach follows directly from QCD; 
(ii) it gives the most economic description since we have to  take from non-perturbative QCD 
(phenomenology) only a small number of para.meters; and (ii) it has a predictive power which 
manifest itself in suggesting new experimental observables at RHIC (especially correlations of 
different types). 
This talk demonstrates that 

0 

0 

The saturation scale at RHIC (W = 130GeV) Q:(Gold) = 2 GeV2; 

We can describe the RHIC data on multiplicity (transparency 1) and on the pt distribution 
of the produced hadrons (transparency 3); 

0 Everything, that we used, agrees with the hadronic data on DIS (at HERA) or on “hard 
” processes at Tevatron; 

Our approach leads to predictions at higher energies (see transparency 2 which shows the 
multiplicity distributions for LHC energies) ; 

0 Our approach gives a rich spectrum of different prediction for correlations: transparen- 
cies 1 and 5 show the predictions for asiniuthal correlation which demonstrate the simple 
intuitive expectation that the jet with suAiciently high pt could be compensated by several 
particles with average parton transverse momentum (Qs); transparency 6 shows that the 
ratio of two p ,  distributions for different c:entrality cuts has a maximum at the saturation 
scale for less central events. 

More detailed and selfconsistent presentation of: the KLN approach you can find in the original 
papers: D. Kharzeev and M. Nardi, Phys. Lett. B507 (2001) 121;D. Khmzeev and E. Levin, 
Phys. Lett. B523 (2001) 79; D. Kharzeev, E. Levin and M. Nardi, hep-ph/0111315; D. Kharzeev 
and E. Levin, (in preparation). 
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Predict ions for ra pirdity distribution for 
the LHC energy using Golec-Biernat 
and Wusthoff model for Qs.  

-8 -6 -4 2 4 6 8 

d N ( y = O ; W )  

dY 

dN(y=O;W*) dY - - (3 ( 1  + 
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where: 
do d ln- 
d P: 

A is the size of the nucleus: 

hs 
d h g !  - nucleon density in ion-ion collision while rv 

O.16fm -3 ; 

-3 

lo " : " " " " " " " " " " ' ' " ' "  4 6 8 10 12 14 

1 /4 I K= 1.5GeV 

p/p 25 1.4 
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Factorization: 

Strong correlation ! ! ! 

Pjet1,t 5 Q s  
Pt -f. ohard  the production of two jet comes 

from two parton shower event. 

No correlations ! ! ! 

W= 130 GeV 
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one + two parton showers) 

1 GeV: 
2 GeVf W= 130 Ge't 

0.1 

WU Q 

= glt* q2t P 
jet2 t 

Pjetil t = ql te  q2t 

one parton shower 
two parton showers Ratio = 

3 
2 
1 

4, 
-7T 0 n 

5 

2 
Pjet2t 

GeV 
2 

GeV2 
GeV2 
GeV2 
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dN/dp* (0=50%)/dN/dp f (0=6%) t 
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HADRONS 

D from KKP-paper 
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dNCh/dq - Comparison t o  Model Predictions 
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re-scattering) - (bj 5-10% 

PLB523 (2001) 79 

Strong enhancement 
relative t o  ppbar for 
central collisions 
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Anti- particle/particle ratios vs rapidity at  I&= 200 GeV 

0 I 2 3 4 
Y 

A t  y=O (20% central) 
pbar/p = 0.75 s0.04 
K-/K+ = 0.95 s0.05 
r/n+ = 1.01 20.04 
Highest pbar/p ratio but still 
incomplete transparency (-17% 
increase fro@ 130 GeV) 
Ratios -identical over +-1 unit 
around mid-rapidity. 
Weak centrality and pr 
dependence 
No Hyperon feed down applied: 
less then 5% correction 
assuming Larnbda/p - 0.5 and 
pbar/p - Lambda-Bar/Larnbda 
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All fits are in pr: 
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Inverse slope decreases as y 
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Flow at all covered rapidities 
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(B R AH M$! Summary : I -  4 
~ 4' 

BRAHMS Measurements of Au+Au a t  200 GeV 
Highest particle multiplicity in nuclear collisions (21% increase from 130 GeV) 
A t  forward q: consistent with "limiting fragmentation" picture 
Partonic models: good general agreement with data 

Universal correlation: K-/K'=(pbar/p)1/4 

K-/K+, pbar/p: approximately constant over +-1 unit of rapidity and fall o f f  with 
. Y  

* 

Inverse slope decreases with rapidity 
Measured dN/dy over 3 units of rapidity 
near f lat net-proton yield in y<+-2 
Significant increase in net protons a t  y=3 
Good aggreement with AMPT: re-scattering sti l l  significant a t  RHIC 
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Particle Production in AA Collisions from Saturation P<hysics 

Yuri V. Kovchegov' 
Department of Physics, Uniwrsity of Washington, Box 351560 

Seattle, WA 98195 

We discuss the problem of particle production in nuclear collisions in the framework of 
parton saturation approach. We propose an zmsatz for the analytical solution of the problem 
in the quasi-classical (multiple rescattering) approximation and conjecture a generalization 
of the resulting expression to include quantum evolution in energy. 

Calculating the cross section of inclusive particle production at  mid-rapidity in the regime when the wave 
functions of both colliding hadrons or nuclei have reached saturation is very important for understanding 
initial conditions for quark-gluon plasma (QGP) formation in AA collisions at RHIC and LHC, as well 
as for creating a unified framework for describing 111s (HEM) and pp (Tevatron) data. Therefore it is 
probably the most important still open problem of saturation physics today. Traditionally particle production 
in nuclear collisions is described employing collinear factorization framework for pairwise nucleon-nucleon 
interactions. This approach is valid only for production of particles with sufficiently high momentum so that 
one could neglect the higher-twist multiple rescatterings corrections. At the same time the resulting particle 
pr spectrum is infrared divergent scaling as l/&, m.&ing the total number of produced gluons depend on 
the unknown infrared cutoff as 1/A2. Saturation physics resums all twists and therefore is applicable over a 
much wider p~ interval than collinear factorization approach. The total number of gluons in the saturation 
framework should become cutoff-independent, thus resolving many problems of collinear factorization. 

The goal of the saturation physics approach could be illustrated using the example of total cross section 
of deep inelastic scattering (DIS). The first step is to include multiple rescatterings without any evolution 
in energy, restricting each gluon-nucleon interaction to a two-gluon exchange (see Transparency #l). The 
relevant resummation parameter is a2A1/3 [l]. This resummation has been accomplished by Mueller in 1990 
resulting in the Glauber-Mueller formula for the qg dipole-nucleus cross section shown in Transparency #l .  
The second step of the saturation program for a::: is: to include quantum evolution in energy (in the BFKL 
sense) into it. This corresponds to resummation of powers of as Ins, with s the center of mass energy of the 
system. The resummation has been performed in the large-l\r, limit in [2] resulting in nonlinear evolution 
equation shown in Transparency #2. Our goal is to apply these techniques to inclusive cross sections in AA. 

To resum multiple rescatterings in the single gluon production cross section for AA one has to employ the 
solution of the same problem for PA [l]. There in the light cone gauge of the nucleus all gluon mergers in the 
final state cancel and the gluon production is given b,y initial state interactions only [3,1] (see Transparency 
#3). While the physical cancellation mechanism is not clear the fact of cancellation has been rigorously 
established 131. Assuming that cancellation of final state mergers persists in AA we derive the formula for 
the gluon's multiplicity distribution in AA shown in 'Transparency #4 [3]. This distribution is infrared safe 
and gives the value of the liberation coefficient cAA =: 2 ln2. 

Note that distribution in Transparency #4 expresses inclusive gluon production cross section in terms of 
forward amplitudes of a scattering of a gluon dipole on a nucleus. The same was true in PA case [l] and in 
DE [4]. In [5] it was shown for single gluon inclusive cross section in DE (and PA) that in order to include 
quantum evolution in it one has to substitute the Glauber-Mueller expression for gluon dipole cross section 
on a nucleus by the cross section which is fully evolved using nonlinear evolution equation of [2]. This is 
discussed in Transparency #5. This observation allows one to conjecture the formula for produced gluon 
distribution in AA presented in Transparency #5 which includes the effects of nonlinear evolution in it. 

[l] Yu. V. Kovchegov, A.H. Mueller, Nucl. Phys. B 529, 451 (1998). 
[2] 1.1. Balitsky, Nucl. Phys. B463,99 (1996); Phys. Rev. D 60, 014020 (1999); Yu. V. Kovchegov, Phys. Rev. D 60, 

[3] Yu. V. Kovchegov, Nucl. Phys. A692, 557 (2001). 
[4] Yu. V. Kovchegov, Phys. Rev. D 64, 114016 (2001). 
[5] Yu. V. Kovchegov, K. Tuchin, Phys. Rev. D 65, 074026 (2002). 

034008 (1999); D 61, 074018 (2000). 

'This work is supported in part by the U. S. Department of Energy under Grant No. DEFG-97ER41014. 
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Same pA process in A+ = 0 light cone gauge 

A 
nucleus nucleoq 

-/-- .* -. -_ . &-- rl ---__ + 
non-Abelian WeMcker-Wdl i i  

field 

. .  

B 

Figure 11: Gluon production in proton-nucleus collisions in A+ = 0 light 
cone gauge; 

Yu. K., hep-ph/0011252 

Let us adopt a different strategy: we know the 
answer. 'Let us guess which -diagrams give the same 
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. Nucleus-Nucleus Collisions (AA) 

+ 
. .  

+ 

nncleus #2 

Figure 15: Diagrams contributing to the gluon production in nucleus-nucleus 
collisions in the A+ = 0 light cone gaulge. 

ma;b r e s d f :  

( I - e  -z2 - Q:1/4) 

Yu.K., hep-pl, 

I 
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ln.cluding. Evolution in Energy 

In the large-N, limit the rule is very simple: 
substitute 

where N ~ ( g , b ,  y) is the forward amplitude of a gluon 
dipole on a nucleus obtained from solving non-linear 
evolution equation. 

Yu. K., K. Tuchin, '01 4 p f o v ~ h  +or O ( S )  

One obtains the following simple formula for 
iczclcrs;fe g-se C*C* 

particle production in pp and AA 

which can be used to describe both Fermilab and 
RHlC data. 
F o r  P A :  
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The event by event average p~ for charged particles, denoted .%$&: WELS 

discussed and results were presented €or the PE-IEXX 200 GeV data. 

"MPT is notf 8 Gaussianl itx's i% Gairriiia distribution" became the semi- 
inclusive p~ distribution is a Gamm distribution and particle emission in 
Au+ Au collision is very close to being a statistical incfepeiideiit sample from 
the semi-inclusive distribution. 

To see deviaGions from random emission, the measured MPr dist,ributions 
as a function of centrality are compared to t.hc 'random baseline' of mixed 
events which imtch. the i ~ i ~ ~ ~ t i ~ ~ i c i ~ ~ -  and ( 1 9 ~ )  of the data to high precision, 
much better. than 1 5%. 

A i i o ~ i - r a ~ ~ l o i ~ ~  fiuctua.tion & on the order of a few percent of the stmdard 
deviation is obscrved which increases as the PT range of the measurement is 
ineremed. (And may increase wit.11 solid angle according to STAR), 

ET imd riiukiplicit~y distd)utioa.s ~iieasurecl by PHENIX at 200 GeV for 
A u t  Au tiaxre a. similar cent;.raliby dependence to the 130 GeV nieasurenients 
with aii overall increase by a constaxit factor of - 1.15. 

ET and r n ~ l ~ ~ i p l ~ ~ i ~ > ~  d i s ~ r i ~ ~ ~ ~ ~ o n ~  from p-p collisions when they become 
wailable will provide the basis for Wounded Nucleon style ardyses of the 
emtire Au-kA4u ET distributi.on: iiiclu!diug Buc.t!ua.t.ions of the upper edge, arid 
may add additional enligkitnriierrtc 0x1 a.11>7 p~ comlzxt,ions as possibly indicazed 

e Event.-by-evcnt net, charge fiuc.euations at 130 and 200 GeV are con- 
sistent with random emission of hasikons with conserved total charge, with 
some cvidenc.e for sXight (-5%) sliiorts-razigc c h g e  cori:ela~ion due to resoiiance 
production. 

by ;If 
LI PT* 
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X.N.Wang and MGyulassy, 
PRL 86,3498 (2001) 

in 
S.Li and X.N,Warig 
Phys.Lett.B527: 85-9 1 (2002) 2 

K.J.Eskola et al, 
Nucl Pliys. B570, 379 and 
Phys.Lett. B 497,39 (2001) 

DKharzeev and M. Nardi, 
Phys.Lett. B503, 121 (2001) 
D.Kharzeev and E.Levin, 
Phys.Lett. B523,79 (2001) 
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uzzle 
a 

Most “reasonable” models still do not U0 
reproduce W I C  dSNN = 130GeV HBT radii 

&2=13.500, s2= 0,006, T= 0.110, rlao0- 0,950, rlaoa- 0,000, tnu= 1,500 

L 

0 0.1 0.2 0.3 0.4 0.5 Oi.8 0.7 

k, ~ ~ ~ V / ~ ~  
PIiENIX PRL 88 102302 (2002) 

“Blast wave” parameterization (Sollfrank model) 
caii approximately describe data at 130 CeV 

* * e  

(po) == 0.6 (radial flow) 
T== 110MeV 
R = 13.5 zt7 1 fm (hard-sphere) 
’emission = 1.5 -t 1 f d c  (Gaussian) 

Sergey Panitkin 
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R, varies similar t o  R,, R, with 
centrality - 

HBT radii decrease with mT 
(flow) 

Rouahly parallel mT 
dipendence for different 
centra I it ies 

(short: emission time) 
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& 

(s,)=0.037, T=lOO MeV 

$7 

Data corrected for 
both event plane 
resolution and 
merging systematic 

A +  

- t  T O  -1 

Minbias events @ ILOCeV 
Bolstered statistics by 
summing results of TE- and n;+ 
analyses 

Blast wave calculation (lines) 
indicates 
extended source 

4, e, Sergey Panitkin 
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Strangeness Production at RHIC - Helen Caines, Yale University 

I discuss here only those strangeness measurements made by STAR in Au-Au collisions 
at u'Sb!=130 and 200 GeV, those measurements made by the other RHIC experiments 
have been presented elsewhere at this worlcshop. 

those at the SPS, but are stdl not unity indicating a finite net baryon number in the 
collisions. These ratios are flat as a function of pE, rapidity and centrality. The anti-=&- 
ratio increases from SPS to RHIC due to the increased excitation energy from the 
collision. However the enhancement caused by this increase in energy is, coincidentally, 
almost exactly canceled by the drop in net-baryon number in the case of the E resulting in 
the E/h- ratio staying constant. The Wn is constant as a function of centrality and equal 
to that at the top SPS energy and centrality indicating 'chat strangeness production per 
particle has reached saturation, a concept also suggested by the constancy in the $/K- as a 
function of centrality at RNTC and that the mti-E/anti-A ratio at W I C  equals that of the 
SPS d S ~ ~ = 2 0  GeV collisions. 

out temperature of - I75MeV. &- lOMeV, ps=OMeV and ys=l at 130 GeV. Surprisingly 
the K*/h- ratio is also described by statisticd models. As the K" lifetime is close to that of 
the fireball it commonly decays inside the .volume and hence does not get reconstructed 
due to the re-scattering of its daughters. A icloser look at the K* shows that the K*/K ratio 
drops by only a factor of 2 from the ratio in pp collisions at the same energy. This can be 
taken as an indication that the rescattering phase of the collision is short. 

Although the hadronic re-scattering phase appears short the mr spectra indicate the 
fireball lives long enough to thermalise. The m, spectra show an increase in inverse slope 
as a function of both particIe mass and centrality suggesting transverse flow develops in 
the collisions. However many different models currently appear to be able to describe the 
particle spectra. Among the possible models are 1) Multi-strange (and heavier) particles 
freeze-out completely at T c h  while the lighter particles rescatter and freeze-out thermally 
only at a laier time and with a significantly fower temperature (Tfi). 2) All particles 
freeze-out at T,h. 3) All particles freeze-out with a common T& but Tth< Tch. 4) There is 
no fixed Tfi all particles freeze-out with different Tfi but Tth < Tch. While the 130 GeV 
SZ spectra cannot distinguish between the a3ove scenarios they do rule out some 
possibilities. Fits show that if the SZs freeze-out at Tth=Tch there is already si,pificant flow 
in the system. This would indicate that a significant fraction of the transverse flow 
develops in the partonic phase of the collisjon. However the current spectra are equally 
well described by a smaller temperamre and a higher flow velocity, which could be due 
solely to rescattering in the hadronic phase. A more detailed study is needed including all 
the measured particles. 

In conclusion, the STAR detector his already provided a wealth of information on 
strange particle production in Au-Au collis.ions. The data seem to indicate a saturation of 
strangeness production per particle and this production is well described by thermal 
models. The resonance data indicate that the rescattering phase of the collision is short 
but that the fireball lives long enough to thexmalise the system. The current data is unable 
to distinguish between several different kincmatic scenarios and we are eagerly awaiting 
further running to aid our understanding of the collision dyxanzics. 

The anti-baryon to baryon ratios, p, A, Z and $2, are all substantially higher than 

All ratios are well described by the:rmal models and suggest a chemical freeze- 
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similar quark content and 
d i ~ @ r ~ ~ ~  spin 

4sNN = 200 EeV at RHIC 5 
K*OK by a factor of 2! 

9 

errors added quadratic 
4s" =: 130 GeV 3 statistical and systematic 

= 200 GeV =+ statistical error only 

75 RIKEN Workshop Aug 2002 
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Jets and Dijets in p+p and Au+Au collisions at RHIC 
David Hardtke for the STAR collaboration 

Lawrence Berkeley National Laboratory 
Berkeley, CA 94720 

The origin of high p~ of particles in heavy-ion collisions at RHIC is of considerable interest due to the 
observation of a suppression of single inclusive high p r  hadron yields relative the binary scaling expectation. 
In addition, the proton-to-pion ratio has been observed to be rather large (x 1) above p~ = 2 GeV/c. The 
suppression of the inclusive yields is what would be exected in the case of parton energy loss, while the p/7r 
ratio would suggest that some other mechanism besides hard scattering and fra,mentation contributes to  
the particle production at moderate to large p ~ .  

To verify the existence of a hard scattering and fragnentation component at  high p ~ ,  STAR uses two- 
particle azimuthal correlations among high p~ hadrons. At small relative azimuth, an enhancement is seen in 
both the central Au+Au and minimum bias p+p data. This enhancement has been measured independently 
for same sign and opposite sign hadron pairs, and th14 enhancement x 2.5 times larger for the opposite sign 
hadron pairs. This is consistent with known properties of jet fragmentation. 

To compare the azimuthal correlations in p+p and AufAu, STAR assumes that the only correlations 
between independent hard scatterings are due to elliptic flow. Making this assumptions, and using indepen- 
dently measured 212 values, STAR shows that the small relative azimuth correlations are similar in p+p and 
all centralities of AufAu collisions. In striking contrast, back-to-back azimuthal correlations disappear with 
increasing collision centrality, and there is a near complete suppression of back-to-back azimuthal correlations 
in the most central Au+Au collisions. 

A simple'picture that can explain the suppression of the inclusive hadron yields, the large and saturated 
at high p r  and the disappearence of back-to-back azimuthal correlations is a system that is opaque to the 

propogation of partons. In this picture, only partons produced near the surface of the system are observed. 
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STAR Preliminary @ 200 GeVlc 
0-1096 most central Aui-Au 

correlations in pi-p minimum bias 
4<p,( ti+ig)<6 GeVlc 

2<pT( assocJ<pT(trig) 

dynarnical 

~ ~ ~ t a t i ~ n  --j 

Compare ++ and -- 
charged a~imutl~al  
~ ~ ~ ~ ~ a t i o ~ ~  to +- 
nvirnt1th.,tl P n n m l . ( . l r t ; n n o  - U & 9 I I I I L c b l L i U L  W V i  i 'L/IcCCIWllr> 
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August 8,2002 David Hardtke - LBNL 

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



c
 

I
t

 

Li 
a. 

I
.

 

lli 
O

I 
0
 

0
 

O
I 

oc” 

d 





I 

I I I? 
I I I 

Q
 

m T 





112 



':-*- 

Charm and UPS1 measurement at RHIC 

U. Altiba (KEK) 

Riken Suimner study 2002 
August 9,2002 
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Craig Woody 
~ r ~ ~ k ~ a v ~ r ~  National Lab 

August 9,2002 

The ~ H ~ ~ ~ X  experiment at RHiC is a large mu~tjpurpose c&ec,dr designed to 
discover and explore new states  of matter produced in relativistic heavy ion 
collisions in a new energy regime, and to st y the spin structure of the nucleon 
in polarized proton interactions. It has 21 wid 
make detstiled measurements of the pr~)duet~on of leptons, photons, jets, high PT 
particles, transverse energy, flow, and i ~ ~ m e r o u s  other quantities of physics 
interest in these types of collisions. The: RHIC coilider has now had two 
successful physics runs, ineluding the rnost recent run in which the design 
iurninosity was  reached for Au+Aw coltisions, dong with the first polarized proton 
run. During these first two runs, the PHENIX detector was oniy p a ~ ~ a ~ l y  complete. 
However, many new and interesting results have already been produced w*th the 
data  obtained thus far. The final major components of the detector will be 
installed ~ ~ ~ n g  the 2002 RHIC s ~ u t ~ o ~ ~ n  period, whic 
baseline c ~ ~ ~ ~ u r a t ~ o n  of the detector irr time for the t 
starting in the fall of 2002. 

nge of capabilities that allows it to 

hysics run at RHIC 

With the  successful startup of RHIC and its four ~ x ~ e r ~ ~ e n t s ~  there a re  now 
plans to increase the luminosity of the machine, possibly by a factor of 40 above 
the design value t h r o ~ g h  its proposed ~ i p g r a ~ e  to MBC i l .  This wit! open up 
many new p o s s ~ ~ ~ ~ i ~ i e s  for e ~ ~ o r ~ n ~  new physics, r t ~ c ~ ~ a r ~ y  those ~ n ~ o ~ v i n ~  rare 
processes in both heavy ion and p o ~ a r ~ ~ ~ e d   roto on c o ~ ~ ~ s i ~ n s .  The ~ ~ E ~ ~ X  
e x p e r i ~ e n t  has  also begun to make plans to enhance the physics c a p a ~ ~ ~ ~ ~ i e s  
and exlend the physics reach of its present ~ a s e ~ ~ ~ ~  defector to e new 
chaifenges as the e x p e ~ ~ e n t ~ ~  ~rograflq moves from t h e  initial 'I phase 
to o n e  of a detajled study of matter a t  extreme te ~ ~ ~ a t ~ r ~ s  and densities, an 
of the  spin s t ru~ture  of the  ~ u c i e o ~ .  This talk disctisses the present status of 
these  plans along with some of the new physics topics that couid be studied with 
a n  ~ ~ g r ~ ~ e $  detector. 
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Current and h t u r e  Physics 

Dinitri 14harzee.v 

Phgsics Department; 
Bsookhaven National Laboratory 

@ton, MY 21973, USA 

In this kdk, I retriew the physics goals of the RHIC program and the results obtained so 
fa.r. The highlights include the da.ta on had:con multiplicity and its centrality, energy, and 
rapidity dependences; particle composition: the azimuthal aziisotropy of particle production; 
suppression of high pt particles; uiiusually Izage baryon component at; high transverse mo- 
mentum; and charm production inferred from the single electron spectrum. I discuss the 
significance of these results a,nd their theoretical interpretations. The future directions for 
the RHIC program are discussed as well. 

1!27 



D. Kharzeev 

1. Why study t 

2. What do we ex 

3. Looking a t  t 

4. What do we 

5. The future  

D. Kharaeev 
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F. Karsch, hep-latfOl06019 
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Heavy Quark Production at RHIC 
Jorg .kufeisen 

Los Alamos National Laboratory, hBS H846, Los Marnos, NM 57545, USA 

Talk presented ut the RlKEN-3NL Research Center Workshop “Current and Future 
Directions ut RHIC“, Altgzlst 5-23, 200.2 

At high center of mass energies, heavy quark production can be expressed in t e r m  of 
the same color dipole cross section as IOE- Bjorkcn-z DIS. This dipole €ormulation has firs% 
been introduced in 1995 by FIikolaev, Piller and Zakharov with the intention of developing 
a theoretical framework €or the description of nuclear effects. In fact, nuclear shadowing 
and saturation effects, which will be important at RHIC (and at LHC) are very naturally 
described in the dipole approach. 

Before caiculating n d e a r  effects: one slzould however first establish the validity of the 
dipole approach in proton-proton (pp) collisions. The basic formula is given on transparency 
one: the cross section for heavy quark pair production can be tvritten as convolution of a 
light-cone wavefunction %c,Qo describing the transition G -+ QQ and the cross section 
C,,G for scattering a color neutral quark-mtiquark-gluon system on a nucleon. The latter 
can be expressed in terms of the same dipole cross section as low 5 DIS, for which we 
employ the phenomenological parameteriza;ion of Golec-Biernat and Wiisthoff. The light- 
cone wavefunction is cafcdable in perturbative QCD. 

Since the heavy quark cross section varies K l / m i  {modulo logs); most of the theoretical 
uncertainties arise from the choice of the hea\-y quark mass RZQ, This is shou-n for the case 
of open charm pair production on the second transparency. Of course. the same uncertainty 
is also present in the NLO parton model. Once free parameters are k e d  to describe ex- 
isting total cross section data, dipole apprcrach and NLQ parton model calcuIations agree 
numerically  ell for all energies of practical importance, even though the saturation scale is 
of order of the charm quark mass, see slide three. 

Higher twist effects arising from saturation will only be important for nuclear targets. 
Since the heavy quark pair is small, p N l ,’m~, a double scattering like the one shown in 
r;he upper figure on the fourth transparency gives a higher twist contribution to shadowing. 
However, in the case of charm, this higher twist is not small, because it will be enhanced 
by a potver of the saturation scale Q$ For a nucleus -4, @(A) 3; The leading tx%t 
contribution to shadowing €or heavy quarks ctriginates from rescattering of higher Fock states; 
containing gluons. 

Numerical results for shadowing of open charm, obtained by Kopeliovich and Tarasov: 
are shown on the fifth slide. The dashed curves single out the contribution of leading twist . 
gluon shadowing. The solid curves include higher twists as well. For comparison, we also 
show a yarcon model calculation using EKS9S parameterization. It will be interesting to see: 
if such higher twists can be identified in experiment. In any case, one should be cautious to 
identify shadowing for open cliarm production at MIC! with gluon shadowing. 

135 



136 



137 



138 



139 



. .  

140 



... i 

Violations of Parton-Hadron Duality in DIS Scattering 

S. Liuti 

University of Virginia 

Charlo tt esvilk . 5% 22904, USA 

E-mail: .sl4y@vi~yinia. edii< 

We discuss the limits of validity of parton-hadron duality in ep scattering, in the large 

2 region. The uncovered paktern of violattions of duality can be explained by introducing a 

dist-ribution of color neutra.1 clusters in the intial stage of evolution, whose mass spectrhm 

is predicted ivithin the preconfiment property of QCD. 



1.3 Why is it interesting? 

: t o  study the interface between 
perturbative (quarks and gluons d.0.f.) and 
non-perturbative (hadronic d.0.f). 

* pQCD phase - parton showers from primary 
quarks - is well separated from production of sec- 
ondary gluons and qf pairs - so-ft radiation - even- 
tually responsible for hadron formation. 

* Study mechanism by which this radiation is re- 
sponsible for hadron jets formation, while not af- 
fecting the  t o t a l  cross section. 

3c How fa r  down in Q2 does pQCD work? What  is 
the meaning of the initial scale? 

sc What  are the  consequences of putting all this in 
a nucleus (e-RHIC)? 
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S.L., R.Ent, C. Keppel and I. Niculescu, hep- 
ph/0111063. 
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Workinci Formula 

1 Initial Cluster Mass Dist. + serni-hard evolution I 

r evolves as a color connected distribution + Sudakov 
type dampening a t  large k? 
Amati  & Veneziano, Bassetto, Ciafaloni & M archesi n i 

I f i  + DGLAP Evolution I 

Initial condition: fj(y, Q:, QZ) = 6( 1 

+ all structure in P.  
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Limitinq cases 

sc LOW w2 (resonances): P FZ P ( k  2 2  , p  ) 

1 -  

0.8 - 

2 2  * F2 oc P ( k  , p  )) E 0 . C  

0.6 - 

c.2 - 

1.2 , 

0 
0 1 2 3 5 

k2 (GeV’) 

* Larae w2: P = - 
d 

+ F2 f i ( ~  

b et te r d ef i n 

Q27 (k2)> 

tion of  initial evolution parameter. 

* “In between” - convolution - expand P in 
powers of k -2 + effective way of obtaining 
H T  contributions. 
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Leading and Higher Twist in e + A and p + A 

Rainer Fries 

Department of Physics, Duke University, P. O.Box 90305, 
Durham, NC 27708 

1.49 



In the era of RHIC and LHC hard processes attract more and more attention in in 
heavy ion physics. The application of perturbative quantum chromodynamics (pQCD) 
in heavy nuclei must therefore be on firm ground to meet the challenge. 

pQCD is very successful in explaining scattering reactions involving hadrons at large 
momentum transfer. pQCD calculations are based on factorization theorems that allow 
a rigorous separation of short range (perturbative) and long range (non-perturbative) 
properties. The well known leading twist factorization theorem tells us that the cross 
section, e.g. for for deep inelastic lepton nucleon scattering or Drell Yan production 
can be written as a convolution of a parton cross section and parton distributions that 
encode the non-perturbative part of the cross section. This factorization formula is 
valid at leading twist accuracy, i.e. modulo corrections of order X2/Q2 where Q is the 
perturbative scale and X a non-perturbative hadronic scale. 

For scattering off large nuclei certain new problems arise in perturbative QCD since 
the non-perturbative part of the cross section is sensitive to the size of the nucleus. 
This can invalidate the argument about the suppression of higher twist corrections. In 
fact there are higher twist contributions that scale like A1/3X2/&2, where A is the mass 
number of the nucleus. The interpretation of these contributions is in terms of multiple 
scattering on the parton level [2] .  

Higher twist corrections of this kind can give sizable contributions to cross sections in 
p+A or d+A at RHIC and LHC [3]. Furhtermore they enter the evolution equations for 
parton distributions or fragmentation functions. For the parton distributions this could 
be the key to an understanding of shadowing in a strict pQCD setting. For fragmentation 
functions these considerations were already used in the literature to derive the energy 
loss in nuclear matter [4]. 

References 

[l] M. Luo, J. Qiu and G. Sterman, Phys. Lett. B 279, 377 (1992); Phys. Rev. D 49, 
4493 (1994); Phys. Rev. D 50, 1951 (1994). 

[2] X. Guo, Phys. Rev. D 58, 036001 (1998). R. J. Fries, B. Muller, A. Schafer and 
E. Stein, Phys. Rev. Lett. 83 (1999) 4261; Nucl. Phys. B582 (2000) 537. 

[3] X. Guo and X. Wang, Phys. Rev. Lett. 85, 3591 (2000); Nucl. Phys. A 696, 788 
(2001). E. Wang and X. N. Wang, arXiv:hep-ph/0202105. 
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pQCD and Nuclear C 

e So do we know everything about perturbative QCD in heavy nuclei? 
We should be fine in the asymptotic limit. 

What about the non-perturbative scales? 

Af30 

0 The non-perturbative part of the cross section will know about the 
long-range structure of the nucleus. 
Geometric enhancement: A Q ~ D  -+ A"A.QC~ 

e We have to  expect a modification of the higher twist suppression: 

Nuclear Enhancement of Higher Twist. 

o Interpretation: Higher Twist = contributions from new matrix 
elements, beyond simple parton distributions. 
Which of them are sensitive to the nuclear size? +- ~ u l t i p l ~  scattering. 

61 Rearrange the twist expansion with nuclear enhancement: 
I 1 I Nuclear enhanced expansion parameter 1 

Luo, QiLi, and Sterman 
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Single scat. 
(Twist-2) 

O(.  . .) 1 

Double 
scat. 
(Twist-4) 

O(.  . .) CYSX 2 A 1J3 

Q2 

. . .  . . .  . . .  
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Different Tylpes of Corrections I 

8 Corrections to the hard scattering cross 
section. 

8 Modifications internai to the nucleus due 
to interactions between partons from different 
nuclei. 

GLR type modification to the evolution 
equations nuclear modified PDFs. 

Q Corrections to the evolution of 
fragmentation functions. These irr-medium 
modifications are not process ~ n ~ e ~ e n d e n ~ .  
(X. Guo, X. Wang, E. Wang) 
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Lepton pair production a t  high transverse r n ~ ~ e n t ~ r n ,  

Generic feature: interplay between hard and soft poles (double hard and 
soft hard scattering). 
Nuclear enhancement provides a natural explanation for the Cronin effect. 

sffa -2- Why is it absent a t  small transverse momentum? =+ g$:Leyj-E;e?-ce _ * l  -*l, 

o Transverse momentum broadening. (X. GUO) 

Comparison with Drell Yan 
data from Ferrniiab E772 
[McGaughey, Moss, Peng]) 
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RIKEN-BNL Workshop and Summer Program 

Current and Future Directions at RHIC 
Brookhaven National Laboratory, August 2002 

F. Haut mann (Universit at Regensburg) 

Diffract ive deep-inelast ic scattering 

The proposed Electron-Ion Collider (EIC) will explore hadron structure by measuring the 
hard scattering of virtual photons from the quarks and gluons in the nucleon and nuclear 
beams with unprecedented precision in the region low4 < 2 < 1, 1 < Q2/GeV2 < lo4. It will 
continue and deepen the physics program thzt has been pursued in electron-proton collisions 
at HERA, starting in 1992. 

Perhaps the most striking experimental results on deep inelastic lepton scattering in the 
last decade have come from observations of diffraction hard scattering. Experiments at HERA 
have measured for the first time the diffractive structure functions of the nucleon, and per- 
formed the first determinations of diffractive parton distributions. The EIC will be able to 
measure diffractive parton distributions in nuclei for the first time, and thus provide us with 
important tests of the QCD conceptual framework for diffractive DIS. Since, as discussed in 
this contribution, diffractive final states are highly sensitive probes of the gluon distribution, 
the study of hard diffraction on nuclei at the EIC will provide a remarkable window into the 
physics of high gluon densities. 

In my contribution at this workshop I b:riefly reviewed the theory of diffractive DIS in 
QCD and presented new results on calculations for diffractive final states. The theoretical 
framework I described is based on two main ingredients: i) the factorization of the hard in- 
teraction, which leads us to introduce a partonic description in terms of difiactive parton 
distributions; ii) the application of light-cone hamiltonian methods to these distributions. 
These methods enable us to exploit systematically the simplicity of the spacetime structure 
of the sca.ttering in a particular reference fra,me, the rest frame of the target. In particular 
they lead us to the observation that if nonperturbative dynamics generates a semihard m e  
mentum scale in diffractive D E ,  the dependence of the diffractive parton distributions on the 
longitudinal momentum fraction p becomes calculable by perturbation methods, and gives 
testable predictions. In my talk I focused on the diffractive production of jets, and presented 
next-tc-leading-order QCD predictions for the diffractive jet cross section. 
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Dieactive final states in DIS 

large-Q2 interaction occurs 

but hadron is not broken up 

I E 
dynamics of vacuum quantum-number exchange 

0 Usehl  concept: 
hadronic matrix elements on the lightcone : 

&&active parton distributions 
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Note: 

0 diffractive requirement on the .final state 

0 UV divergences from operator products renormalized at scale 1.1 

0 operator E + makes the definition gauge invariant 

0 physical intespretatilon in terms of the recoil color flow 
t in a deep inehskic exipriiiaemt: \ \ 

Recall, by comparison, the inclusive distribution: 

(and its non-diagonal generalization A‘ # A) 
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Structure of leading-power regions: 

physical picture: soft gluons do not see the detaik of final sttate jets 

+ attachments to jets replaced by atkd?mm&s to eikomal h e  

0 DifFractive jet observable 0: 



Figure 1: The difiactive one-jet cross section at NLO as a function of the jet 
transverse energy & for different Q2 bins and 2, = 0.05 (fi = 300 GeV). 

p2 = p i  = Q2. Jets are defined by 
kl-clustering, with jet Edution parameter R = 1. 

-- l o o  
I 10 12 4 6 



+ Id 6 a a 
U 

d- a IC? 

a 
a 3 

10’ 

100 

E=7GeV , r-----j  
1 I 

I------ 
I - - - -  I 

.-------. 

t I I 
I I 
I 

‘-1- 

162 



Small x phenomena with nuclei 

M. Strikman 
Department of Physics, PSU, USA 

It was demonstrated in Ref. [3] how to use the Collins factorization theorem for hard diffraction in DIS [l] to 
generalize the Gribov theory of nuclear shadowing [2] to calculate the leading twist component of nuclear shadowing 
for each nuclear parton distribution separately. As a result the double scattering term for the shadowing correction 
to the nuclear parton distributions, Sfj?A(x, Q2), is expressed as a convolution of the corresponding diffractive parton 
distribution function (DPDF) and the appropriate nuclear factor. Since fZN  obeys the leading twist DGLAP evolution 

equation. the Q2-evolution of bf$A is also governed by DGLAP, i.e., it is by definition a leading twist contribution. 
This explains why the approach of [3] can legitimately be called the leading twist approach. However one can take 
into account in this approach also higher twist effects in the diffraction. 

The H E M  diffractive data are consistent with dominance of the leading twist diffraction in the process y* + p  -+ 
MX + p  for Q' 2 4GeV2. These studies have determined quark DPDF in a direct way and the gluon diffractive DPDF 
indirectly through the scaling violation. More recent studies of the c h m  production and production of diffractive 
production of two jets in the direct photon kinematics measured directly the gluon DPDF and found them to be 
consistent (within 30% which is mainly determined by the uncertainties of treating the NLO effects in the two jet 
production) with the inclusive difli-action in DIS. As a result we were able to determine the strength of interaction 
in the quark channel and gluon channels. It turns out to be large at the Qg N 4 GeV2 where one can set up the 
boundary condition It is typically of the order of 20 mb for the quark channel and 3 0 ~ 4 0  mb for the gluon channel for 
Q2 - 4Gel'',x 5 Consequently one needs to include the interactions with N 2 3 nucleons in the calculations. 
These were modeled using quasieikonal approximation. Corrections due to the cross section fluctuations were also 
analyzed and found to be rather small for reasonable models of fluctuation effects [4]. We have performed recently a 
detailed analysis of the nuclear shadowing in the leading twist using the current HERA diffractive data [5] .  We have 
analyzed the uncertainties originating from the uncertainties in the input diffractive parton distribution functions 
related to the uncertainties in the data and find that these uncertainties 5 20 G 30% for x 5 The biggest 
uncertainty in the gluon channel originates from the t-dependence of the gluon difli-active pdf which is not measured 
directly. The results of the calculations for the A-dependence of the light and heavy quarks, and gluon shadowing in 
the NLO as well for OL,T are presented in [5 ] .  We also performed a comparison with the higher twist shadowing which 
we estimated in the eikonal approximation and demonstirated that the leading twist contribution dominates down to 
very small x at large enough Q2. 

It is worth emphasizing here that the diagrams corresponding to the leading twist shadowing are usually neglected 
in the BFKL type approaches to the scattering off nuclei. For example, these diagrams are neglected in the model 
of Balitsky and Kovchegov. Note also that the higher twist effects become important at sufficiently small x and 
Q 5 Qmrn(s ) .  Rough estimates indicate that Qmin(l1T3) for the gluon sector and A - 200 are N 2 + 5 GeV 
depending on the way how one treats the next to leading order effects. Also, Qmin(z) should increase with decrease 
of s. 

In conclusion. the leading twist shadowing effects are expected to lead to significant modifications of the cross 
sections of hard processes at LHC in pA and -4.4 coliisions and at RHIC in pA collisions in the proton fragmentation 
region. Further progress in the studies of the diffraction at HERA will allow to reduce significantly the uncertainties 
in the predictions. 

[l] J. C. Collins. Phvs. Rev. D 57, 3051 (1998) [Erratum-ibicl. D 61, 019902 (ZOOO)] [arXiv:hep-ph/9709499]. 
[2] l'.N.Gribov. Sov.J.iTucl.Phys. 9 1969) 369; Sov.Phys.JETP 29 1969, 483; ibid 30 (1970) 709. 
[3] L. Frankfurt and 31. Strikman, Em. Phys. J. A 5 ,  293 (1999) [arXiv:hep-ph/9812322]. 
[4] L. Alvero, L. L. Rankfurt and M. I. Strikman, Eur. Phys. J. A 5 ,  97 (1999) [arXiv:hep-ph/9810331]. 
[5] L. Frankfurt. V. Guzey, M. McDermott and M. Strikman. JHEP 0202, 027 (2002). 

'For Q2 5 4 GeV2 higher twist effects in ep  diffraction maybe significant leading to higher twist contributions to  the nuclear 
shadowing. In particular, higher twist shadowing may contribute significantly in the shadowing kinematics of the NMC 
experiment. 
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1 Deep connection between high-energy diiifkaction 
and phenomenon of nuclear shadowing. Gribov 68 

1 

The Gribov theory for dw(v i 1 agrees well with the G~/k&v 
shadowing data. In early days calculations involved modeling 
diffraction FS88-89, Kwiecinski89, Brodsky & Liu 90, Nikolaev 
SL Zahharov 91. Use of  the  HERA diffractive data (this involves 
a certain extrapolation of the  HERA data t o  smaller W') allows 
to  explain t h e  high precision NMC data.  

M.Strikman 
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Theoretical expectations for shadowing - leading twist 

Theorem: In the low thickness limit the 
leading twist nuclear shadowing is unambiguously 
expressed through the diffiractive parton densities 
fD(+ Q2, xp, t )  of ep sca,ttering. FS 98 
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Hard diffraction 

off parton " j "  

A - 
Leading twist contribution 

to  the nuclear shadowing for 
structure function t'. ( s , ~ ' )  .I 

M .St ri k ma n 
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. .  
I . .  

Leading twist quasieikonal model of shadowing: 
(a) Include double scattering exactly using connection to  the 
diffractive pdf's 

b) Model N > - 3 rescatterings 

.. 

using quasieikonal 

c) Neglect higher 
to  the  hard block 

Leading twist triple rescattering. 

FS92 
twist diagrams with multigiuon attachments .. 
ike: 
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Predictions for F& and 

0.95 - 

0.8 y 
0.75 . l2C 1 -Hl 

-ACW 
0.7 ? 

0.9 

1.1 1 I 

1.05 

1 

0.95 

0.9 

0.85 

0.8 

0.75 

0.7 
I L 

I 0-9 t 

1 

10 -l 10 -5 10 -4 10 -3 10 -2 10 -l 10 -' 10 IO -3 10 -= 
X X 

0 NLO calculation (with CTEQ5M for ,f,i,.v) 
0 Valence quarks are shadowed as the sea quarks; charm quarks are not 

modified a t  the input scale 6)( ,  = 2 GeV 

0 Predictions with H1 and ACWT are virtually the same for IO-' < 
-. < 1K': E:' is measured in this range and fitted we1 
4 

para meterizations 
by both 

M .Stri kman 

168 



Global analysis of nuclear DIS and Drell-Yan data 

S. Kumano * 

Department of Physics 
Saga University 
Saga 840-8502 

Japan 

ABSTRACT 

We made a global analysis of deep inelastic scattering and Drell-Yan data for obtaining 
optimum parton distributions in nuclei [1,2]. The parton distribution functions are provided 
at Q2=1 GeV2 with a number of parameters, which are determined by a x2 analysis of the 
data. From the analysis, we propose the parton distribution functions at Q2=1 GeV2 for nuclei 
from deuteron to heavy ones. They are provided by either analytical expressions or computer 
subroutines for practical usage [3]. Our studies should be important for understanding physics 
mechanisms of the nuclear modification and also for applications to heavy-ion reactions. 

References 
[l] M. Hirai, S. Kumano, and M. Miyama, Phys. Rev. D64 (2001) 034003. 
[2] M. Hirai and S. Kumano, research in progress. 
[3] Nuclear parton-distribution subroutines could be obtained from the web site: 

ht tp://hs. phy s.saga-u. ac. j p/nuclp. html. 

* kumanos@cc. saga-u.ac. jp, ht tp: //hs. phy s.saga-u. ac. j p. 
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0 Nuclear parton distributions (per nucleon) 
if there were no modification 

A uA = Z UP.+ NU", A dA = Z dP + N d" 

Isospin symmetry: u" = dP = d , d" = up = u 

Z u + N d  dA- - Z d + ' N u  
A 9 A + U A =  
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Functional form of' w.(x,A) 1 

f:(x) = wi(x,A) fi(x), i = uv, d,, 4, g 

1 / 3  first, assume the A dependence as 1/A 

then, use 
-_  - 

ai+b x+ci x2+di x3 wi(x,A) = 1 + ( l-l/dA1'3) 
(1 - x p  

ai, bi, Ci, di, pi: parameters to be determined 
by x 2  analysis 

Fermi - + O O  asx-M i fp i>O 1 motion: 
(1 -X) lPi  

Shadowing: w,(x+O, A) = 1 + (l-l/AV3) ai < 1 

Fine tuning: 
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Nuclear corrections for Ca 
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Towards a New Global QCD Analysis: 

P.d.f. for low x 

E. Levin 
Tel Auiu University / DESY 

e-mail: leuing@post.t(au. ac.il; leuin@mail. desy. de 

In this talk it will be reported on new global QCD analysis which we started at Tel Aviv university. 
The main ingredients are two QCD evolution equations. The first one is non-linear evolution equation 
which has been written in the final form by Elalitsky and Kovchegov. this equation sums all high 
twist contributions while preserving unitarity. It could be a reasonable theoretical basis for matching 
“hard’ and “soft“ processes or, in other words, the theoretical method for calculation of DIS in the 
whole region of photon virtuality Q2 from very low to  high one. The second equation is linear a,nd it 
is reasonable for short distances since it includes the DGLAP kernel. We present here only our first 
try in which we achieved a good description all. DIS data starting with very low values of Q’. 

All 354 point F2 at low x measured by H1,ZEUS and E665 collaborations were included in the fit 
and we obtain x2/n.d. f =l.  We believe that it is an encouraging start. 

U’e calculated the Q2 and x slopes of Fz: and X = m, at very low z and Q’. The calculated 
slopes give a good description of the experimental data. It is interesting to  note that we found 
X = 0.08 + 0.1 for Q2 < 1 GeV’. This result imitates the “Soft” Pomeron (Donnachie - Landshoff) 
Pomeron intercept without soft physics involved. 

0 The first transparency shows the F2 fit at high values of Q’. One can see that we achieved 
a good description of the data, using actually the only one fitting parameter R2 = 3.1 GeV-2. 
This parameter enters only the initial condition for our evolution which was taken in the form 
of Glauber-Mueller formula . The small value of the radius is not surprising since this value 
takes into account a sufficiently strong di:f€ractive production. It is well known that diffractive 
production stems from rather small distances. In terms of the constituent quark model our R’ 
is an average between the size of a hadron and the proper size of the constituent quark; 

0 Second transparency shows F2 at low Q“. One can see that we describe the transition between 
long and short distances quite well. We need to  note, that we use the normalization factors in 
our fit: 1.03 (for H!), 0.97 (for E665), 0.98 (ZEUS low Q’) and 1 (ZEUS high Q 2 ) ;  

0 The calculated & and experimental data is shown in third and fourth transparencies. 

The slope X one can see in the fifth and sixth transparencies as well as the fact the we are 

One can see the experimental data confirin our calculations; 

0 

able to describe what is usually called as cLsoft’’ Pomeron. 

We believe that this work is a good step toward a new global fit of accessible exyrimental data 
which will provide a reliable extrapolation for higher energies (LHC, THERA ...) a well as for the 
DIS with a nuclear target. 



: I  1 F 2 ( z ,  Q2) for nucleon 
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Gluon Saturation and Wilson Line Distribution 

The number of gluons per rapidity interval grows at small x, like 
a power of 1/zF, according to the DGLAP and the BFKL equations. 
Present day deeply inelastic data also seem to support this trend. 
However, such a rapid increase cannot continue forever, because 
unitarity forbids a growth faster than 1n2(l/x,) = T ~ ,  so satura- 
tion must set in at some point. Such a saturation is believed to be 
provided by the Color Glass Condensate Model, via the JIMWLK 
renormalization group equation for W.(a), where a! is the classical 
Yang-Mills potential for the dense soft gluons, and W,(a!) is its dis- 
tribution in a nucleus. When probed by a fast parton, the response 
of the probe to the soft gluons is given by their Wilson line factors v. 
There are several advantages in dealing with the distribution of the 
responses of the probe, w,(v), rather than the original distribution 
of W,(a). The former satisfies the JIMWLK equation like the latter, 
but it is more directly physical, because v is the response of as phys- 
ical probe, whereas a! is gauge dependent. There are far fewer vari- 
ables w than a, and more importantly, w lives on the compact man- 
ifold of the color group. This latter property allows us to construct 
an orthonormal complete set of polynomials in and vt, and the in- 
tegral of any polynomial to be computed. These properties of v 7 ( v )  
are exploited to obtain the transverse-momentum distribution of the 
gluon at IC, = 0 to be d(z,G)/dk2 = Ri(N2 - 1)/87r2a,Nc. They 
are also used to complete Mueller’s proof of the JIMWLK equation, 
though for w,(w) and not W.(a).  We also use them to derive a 
set of equations for multipole moments, generalizing the Balitsky- 
Kovchegov (BK) equation for dipole moments. The non-linearity 
of the original BK equation leads to saturation. The generalized 
BK equations for multipole moments are linear but inhomogeneous, 
driven by the moments of lower multipoles, thus saturation of higher 
multipoles are driven by the saturation of dipoles. As far as we can 
see, the multipole moments are the only r , ( w )  that have infrared- 
finite solutions, so in practice the generalized BK equations may be 
used to  replace the equations for w,(w). 
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Gluon Saturation and Wilson Line 
D istrilbu t ion 

C.S. Lam, McGiII University 

hep-ph 0207058/PRD (CSL, Greg Mahlon, Wei Zhu) 

C 0 Nl-E N T S  

1. 

2. 

3. 

4. 

5. 

Saturation & Color Glass Condensate Model. 

Wilson Line Distribution. WT(a) -+ W,(v) 

Saturated Gluon Distribution a t  ZP = 0. 
d ( x  G) R2 (NZ-1) 
*=* 

Genera I ized B a I i ts  k:y- Kovc h eg ov Eq u a t  ion 
for mu ltipcle amplitude 

Conclusion 
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d y  
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Wilson Line Distribution 
(probe response) 

(also Blaizot/Iancu/Weigert, hepph/0206279) 

Observable: 

v-space is compact 
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0 Generalized BK equation: 

0 finear and inhomogeneous for all k > 1 

0 re.places IR finite soin of JIMWLK eq? 
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Conclusion -- 

Advantages of ~ , ( : T I ) :  

- more physical; dlistribution of probe re- 
sponse. 

vt lives on a compact manifold 

- irreducible rep of U ( n )  forms an ortho- 
normal complete set of polynomials 

- :P 

Applications: 

- completes Mueller's proof of  the JIMWLK 
eq for W,(TI) 

- derives a generalized BK equation. Re- 
places Infrared-free JIMWLK eq? 

- saturation: obtains unintegrated gluon 
distribution a t  zF = 0 
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Hard Coherent Phenomena in eA and in pA collisions 

L. I?rankfurt 
Nuclear Physics Dept., Tel Aviv University, Israel 

We deduce formulae for a hadron(photon) fragmentation into jets off Coulomb field of nucleus in terms of minimal 
Fock component of light cone wave function of this hadron. The derivation is based on the theorem which is valid in 
QCD for a field of equivalent photons produced in the process of fragmentation of a fast hadron(photon) into high kt 
jets . We proved that as the consequence of the conservation of e.m. current that field is dominated in the leading 
order over a, by the photon radiation from jets. 

Prediction [3] and observation of squizing of vector mesons in the electroproduction of vector mesons at H E M  
. Generalized Color Transparency phenomenon in difiactive electroproduction of vector mesons is explained as one 
of consequences of proper QCD factorization theorem. [1,3]. Prediction of QCD for the nuclear dependence of the 
cross section of the process: x + A -b 2jet + X for X=A or nuclear excitations [l] as well as recent discovery 
of color transparency phenomenon at FNAL are explained. Postselection requirements. High momentum tail of 
z,kt dependence of minimal Fock component of pion v7f is calculated. Cancellation of infrared divergencies in the 
renormalization procedure cf. [6]. QCD factorization and the choice of special light cone gauge. [l]. Various color 
transparency and color opacity phenomena in eA scattering are discussed. [4] 

Difiactive proton fragmentation into 3 jets in pA collisions. x,kt dependencies of cross section. Various color 
transparency and color opacity phenomena in the process: p + A + 3jets  + A. [7] 

[l] L.L. Frankfurt, G.A. Miller and M. Strikman, Phys. 
Lett. B304, 1 (1993); 
Found. Phys. 30, 533 

Phys.Rev. D65:094015,2002. 
[2] E. M. Aitala et al. [Fermilab E791 Collaboration], 

Phys. Rev. Lett. 86, 4773 (2001).; 
E. M. Aitala et al. [Fermilab E791 Collaboration], 
Phys. Rev. Lett. 86, 4768 (2001). 

Phys. Rev. D50, 3134 (1994). 

L.L. Frankfurt, G.A. Mdlm'and M. Strikman, 
Ann. Rev. Nucl. Part. Sci. 44, 501 (1994) 
hep-ph f 9407274. 

Phys.Rev.Lett.87:192301,2001 

Phys. Rev. D22, 2157 (1982) 

(2000), 

[3] S. J. Brodsky, L. Frankfurt, J. F. Gunion, A. H. Mueller and M. Strikrnan, 

[4] See the review: 

[5] L.Frankfurt, V. Guzey, M. McDermott and M.Strikman, 

[6] S.J. Brodsky G.P. Lepage, 

[i] E. Lippmaa et al. [FELIX Collaboration], CERN-LHCC-97-45, LHCC-110, J. Phys. G 28, R117 (2002). 
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T + N ( A )  -+ "2high pt jets" -t N ( A )  

I Mechanism: I 

~~ 

Pion approaches the target in a frozen 
smal size 44 configuration and scat- 
ters elastically via interaction with 

the f irst analysis for ~p scattering Randa(80), nuclear effects 
Bertsch, Brodsky, Goldhaber, Gunion (81), pQCD treatmen 
Frankfurt, Miller, MS (93) 
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+ kt dependence: & oc $,n "N 8 for x - 0.02 

+ Absolute cross section is also predicted 
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Andrzej M. Sandacz 

Soltan Institute for Nuclear Studies, ul. Hoia 69, Warsaw 
PL 00681, Poland 
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Search for Color Transparency 

A. Sandacz 
Soltan Institute for Nuclear Studies, ul. Hoia 69, Warsaw, PL 00681, Poland 

E-mail: sandacz@fuw.edu.pl 

Color transparency (CT) is a phenomenon of perturbative QCD, whose characteristic 
feature is that small color-singlet objects interact with hadrons with small cross sections (for 
references see e.g. [l]). QCD calculations confirmed the hypothesis of F. Low on smallness 
of the cross section for the interaction of SSC with a hadron, if the gluon density in the 
hadron is not very high (at moderately small x). They also predict a related phenomenon of 
color opacity when the gluon density becomes very large (at very small x) and SSC interacts 
with the hadron with large cross section. 

Experimental searches for CT started more than a decade ago and encompass various 
processes (for references see [l]): large4 quasielastic (p, 2p) scattering, large-@ quasielastic 
[e, e'p) scattering, J/$ photoproduction and J/$ muoproduction, exclusive po leptoproduc- 
tion and coherent diffractive dissociation of the pion into two high-p, jets. 

Among these experiments only few have reported an evidence for CT. For the others 
an obstacle to clearly demonstrate CT was a relatively low energy of the projectile, and thus 
low coherence length and formation lentgh. A recent evidence for CT comes from Fermilab 
E791 experiment on the A-dependence of coherent diffractive dissociation of the pion into 
two high-p, jets. Also the E691 results on A-dependence of coherent J/+ photoproduction 
and the NMC measurements of A-dependence of coherent and quasielastic J/$ muopro- 
duction are consistent with CT. Measurements of the nuclear transparency for incoherent 
exclusive po production by Fermilab experiment E665 give a hint for CT. However: due 
to the low statistics of that data at high Q2, it was not possible to disentangle effects of 
decreasing coherence length at high Q2 and to demonstrate CT unambiguously. 

Unambiguous demonstration of CT and color opacity is still needed and should be 
a subject of dedicated comprehensive studies. The program of such studies is sketched in 
Transparency 1. 

The potential of the COMPASS experiment at CERN to study color transparency 
via exclusive po production in hard muon-nucleus scattering was examined in [l]. It was 
proposed to use thin nuclear targets of carbon and lead, with only one nuclear target being 
exposed to the muon beam at a time and frequent exchanges (every few hours') of different 
targets. For muon beam energy of 190 GeV and a trigger for medium and large Q2: the 
covered kinematic range is 2 < Q2 < 20 GeV2 and 35 < u < 170 GeV. An efficient selection 
of coherent or incoherent events is possible by applying cuts on p f .  In order to obtain the 
samples of events initiated with a probability of about SO% by either 7; or y;, the cuts 
on the po decay angular distribution of cos8" will be used. The search for CT could be 
facilitated by using the events with I, values exceeding the sizes of the target nuclei. The 
fraction of such events is substantial and the covered Q2 range seems sufficient to observe 
CT. The estimates of the yields of accepted events were obtained assuming integrated 
luminosity s C = 230 pb-' which corresponds to 37 effective days of muon beam. 

The high sensitivity of the measured ratio R, of nuclear transparencies for lead and 
carbon for different models of nuclear absorption is shown in Transp. 2. These mea- 
surements, taken at different Q2 intervals, may allow to discriminate between different 
mechanisms of the interaction of the hadronic components of the virtual photon with the 
nucleus. 
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At EIC, taking advantage of its high energy, large luminosity and wide range of nuclear 
beams, a more precise systematic study could be realised. Results of simulations of hard 
exclusive .J/$ production, hard exclusive p') production and of J / $  quasi-real photoproduc- 
tion at EIC were presented in [a]. With the assumed Extended Central Tracking Detector 
covering the range -3.1 < 7 < 3.1 the hard vector meson production could be measured 
with good acceptance in the kinematical range 1 < Q 2  < .50 GeV2, 10 < W < 55 GeV and 
0.0003 < x < 0.16 both for po and J/+. Therefore, the transition from color transparency 
to color opacity may be observed. 

The estimates of accepted numbers of events were obtained assuming integrated lu- 
minosity j" ,C = 330 pb-I for ep collisions and 10 pb-I for eAu collisions. The total numbers 
of a.ccepted events for hard exclusive po production are 1.1 mln for the proton beam and 4.2 
mln for the gold beam. For hard exclusive J / $  production with J / ~  dacaying into either 
e+e- or p+p- the corresponding numbers are 7000 and 210000 events. The event sample 
for J / $  photoproduction will be about ten times larger than for hard .J/$ production: SO000 
events for the proton beam and 2.2 mln for the gold beam. 

The expected statistical accuracy of parameter a,  which quantifies A-dependence of 
cross sections, g~ = aoAa, is shown in Trmsp. 3 for hard exclusive po production. Note, 
that at EIC in general the statistical error ila will be within the range 0.0005 - 0.01, except 
for the region of the lowest x at high Q 2  values. For the sample of coherent events, with 
the cut It1 < 0.02 GeV2 applied to the events from gold, the values of A a  will be practically 
about the same as those shown for the global sample. For the incoherent events, selected 
with the cut It1 > 0.05 GeV2 for gold, the errors will be about 1.5 to 2 times larger (Tra.nsp. 
4). Also for J / $  production the statistical precision will be high. In particular, for the 
photoproduction data divided between 6 bins in W7, Aa will be about 0.002 in each W- bin 
(Transp. 5). 

At EIC the precision of a will be significantly higher than in previous experiments. 
For example, the statistical errors Aa  for the coherent dissociation of pions into high pt  
jets from E791 are about 0.1, for the coherent ,I/+ photoproduction measured by E691 
A a  = 0.06; and for the NMC results on coherent .J/$ muoproduction it is about 0.02. 

In conclusion, the proposed comprehensive studies of exclusive production of vector 
mesons in e d  and ep  collisions at EIC will be a decisive step towards experimental verifica- 
tion of the predictions of perturbative QCI) on color transparency and color opacity. 

References 

[ 13 A. Sandacz, O.A. Grajek, M. Moinester? E. Piasetzky, 

[ 21 A. Sandacz, Exclusive Processes at EIC - Feasibility Study, 
Color Transparency at COMPASS, TAUP-2671-2001: hep-ex/0106076. 
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eRHIC. Accelerator Issues. 

V.Ptitsyn, 
Collider-Accelerator Department, BNL 

The electron-ion (proton) collider on the bask of the existing RHIC collider is attractive 
and feasible option. The accelerator objective is to provide e-Au and e-p collisions with 
luminosities up to lo3' and 3 -  1032(s .crn2)-' respectively! for 5-10 GeV electron beam and 
for proton {or Au) beam at the present RHIC energy range. The electron and proton beams 
should be polarized with up to 70% polarization degree. Moreover, at a collision point the 
longitudinal direction of polarization is wanted. 

The present collider scheme is based on the layout suggested by Novosibirsk Budker 
Institute. It assumes the storage electron ring out of the RHIC tunnel which intersects 
the RHIC ring at one collision point (currently at 12 o'clock). The electron beam acquires 
its polarization due to synchrotron radiation while circulating in the ring. To provide the 
sufEicently small polarization time the e-ring lattice uses the special dipole magnets called 
superbends. The middle high-field region of the superbend magnets has the constant field of 
2T while the remaining low-field part of the niagiiet changes with electron energy to provide 
the same total bending angle in all electron beam energy range (5-10 GeV). The main issue 
related with the application of the superbend magnets is the accommodation of high amount 
of synchrotron radiation power, radiated &om high field regions of the magxets. 

The realization of cooling of RHIC ion (or proton beam) is necessary condition in order 
to reach the required luminosities. Also the possible limitations on the RHIC ion current, 
like intensity driven instabilities (particularly the effect of electron cloud) should be evalu- 
ated. The eRHIC design requires using 360 RHlC ion bunches instead of 60 used in RHIC 
operation runs so far. 

There are two basic interaction region design schemes: one involving the beam separation 
in horizontal plane, another with the separation in the vertical plane. The interaction 
region designs involve the issues related with detector background and minimizing the beam 
depolarization. For both interaction region schemes the longitudinal polarization at the 
collision point can be achieved by using the spin rotators based on the solenoidal field 
magnets. 

Another possible eRHIC option, with recirculator ring instead of the storage electron 
ring, have been considered. Such a scheme allows to have lower emmitance electron b e m  
&om linac and to be less restricted by beam-beam effects, but it requires the high-current 
polarized source development to be done. 
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1 5‘” International Spin Physics Symposium 
Henri Kow alski Co luinbialBNL/DE SY 

Strong rise of F, with diminishing x or equivalently quickly rising 
total yp cross sections as a function of N/ 

Observation of a leading twist inclusive diflkaction 
Observation o f  ciiffractive VivL production 
deteiinination of the proton shape froin the difeactive t distributions f i 11 ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ )  
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N 
b-J 

improve substantially HERA measurements in areas sensitive to 
high density gluonic effects 

Tune the H E M  machine and redesign detectors (see below) 

low divergence EXERA beams to optiinise the performance 
of forward detectors 

rebuild the detectors to close the Q2 gap in thc present measurements 

improve electroii nieasureiiieiit resolution 

build high efficiency foiward detectors and/or improve forward 
detector coverage 

Adapt H E M  to acceleration of ions scc P)urliani ~ ~ ~ l ~ § l ~ ~ ~  Dee 200 1 
Light ions - d, C, 0 

. Heavy ions - possible but more difficult 



DlS on protons 
ineasurei-ireiit of F2 in the whole Q2 range of -0(0.1 - 1000) GeV2 (without gaps) 
measurement of inclusive and VM diffractive processes to improve considerably the 
quality of d' 
iiieasur enie 

. 

t 1izeasur.ed until now) 
~ ~ ~ ~ ~ i ~ ~ ~ ~ t ~ ~ ~  t i ine - t w c ~  years o f  ~i~cas~irei~ie.iits 

Spin Physics 

A = r~~~~ 

Extension of w2 range over an order of magnitude 

order of inagnitxde deeper iiito the deiise matter 

. - . .. ... ..~. . . . .- .~ ~ .... . . . .  ... . -  . . .  . -. . . . . - . , . . . - . - . . . - . . . -~ . 



Q2 = virtuality of the incoming photon 
lY - CMS eiiergy of the incoming photon-proton system 

M, - invariant inass of all particles seen in the central detector 
t - momentum. transfer to the diffractively scattered proton 

ate ~ ~ ~ i ~ ~ l ~  to the ~~~~~~~t ~~~~~~~~~~~ 
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QCD Results from CDF 

Fumihiko Ukegawal 
(CDF Collaboration)2 

Institute of Physics, University of Tsukuba 
Tsukuba, Ibaralci, 305-8571 Japan 

The Collider Detector at Fermilab (CDF) collaboration conducts an experiment at the 
Tevatron proton-antiproton collider at Fermilab in Batavia, Illinois, USA, and studies proton- 
antiproton collisions at a center-of-mass energy of & = 1.8 - 2.0 TeV. Since its inception 
in 1985, CDF has made measurements concerning various aspects of elementary particle 
physics, such as quantum chromodynamics (QCD), electroweak physics, heavy quarks, and 
searches for new phenomena beyond the standard model of elementary particles. 

In its previous physics run, Run I (from 1992 to 1996), CDF collected a data sample 
corresponding to an integrated luminosity of 110 pb-l. We observed production of top 
quark pairs in this data sample. CDF has also studied various hard QCD processes such as 
production of (a) high transverse momentum jets, (b) W* bosons, (c) lepton pairs through 
the Drell-Yan mechanism and Zo boson decay, (d) prompt photons, and (e) heavy quarks 
in their open and hidden (quarkonium) forms. After a brief introduction to the experiment 
and the particle detection with the CDF detector, we discuss some of these QCD processes 
and relevant CDF measurements. In general, perturbative QCD calculations give quite sat- 
isfactory descriptions of data in may quantities. Here we mention a couple of measurements 
that are still a bit puzzling: open b-quark production and charmonium production. For the 
former, data values lie about a factor of two above the next-to-leading order calculations, 
while for the latter, the nominal theory underestimates direct production of J / $  and $(2S) 
by a factor of 50. 

CDF is now in the new data taking period, Run 11, which started in 2001 and is scheduled 
to continue through 2004 where we expect to accumulate about 2 fb-' of data. The Teva- 
tron accelerator now operates with 36 bunches of protons and antiprotons with increased 
luminosity provided by the newly constructed Main Injector. The center-of-mass energy has 
increased from 1.8 TeV to neary 2 TeV. The detector has also undergone a vast upgrade, 
and its capabilities have been enhanced greatly while keeping the strengths of the previous 
detector, namely excellent momentum resolution and lepton identification capabilities. We 
show that the new CDF detector works very well. We also mention some of preliminary re- 
sults from the new data, including those which were made available by a new trigger system 
that makes use of silicon detector information on-line. 

Email: ukegawa@hep.px.tsukuba.ac.jp 
http://www-cdf.hal.gov/ 
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Fully reconstructed E?+ -+ J/+K+ decays 

- - 
- - 
- - 
- 

I * . r t r . . f . . * ~ ~  

- 

B+ meson production cross section 
B* Meson Differential Cross Section 

NLO QCD: MRST, p0=v'{rn~+p~i'.~+..~ 
rn,=4.75 GeV/c2, E? = 0.006, f, = 0.375 =--.. 

------ Theoreticaf Uncertainty 

5 IO 15 20 25 
PT (GeV/c) 

S X >  = 3.51 j, 0.42 j, 0.53 pb -+ 
for p~ > 6 GeV/c and lgl < 1.0. 
PRD 65, 052005 (2002). 
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J / $  and +(2S) Production I 

8 

~ R S I ~ O  skruc'turd fun'ctiolns ' 
- Prompt J/?C/ production 
- Prompt q(2S) production - 

1 6 1 1 I I 

- I O Z ; '  ' ' 
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B + J / $ ,  $ ( 2 S ) X  (lifetime, N 20% of all) 

0 Direct  J / $ ,  $(as) 
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PRL 79, 572 (1997). 
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J / $  and $(as) Polarization 
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Phys. Rev. Let t .  85,  2886 (2000). 
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CONCLUSIONS I 
* We have measured the deconfined hadronic volumes produced by 

a one dimensional isentropic expansion. 

* The freeze out no. of pions / fm3 n n = 1.64 t 0.33 
* The hadronization temperature is T slope = 179 ? 5 MeV. . 

* The freeze out energy density is E, =1 .lo rfi 0.26 GeV/ fm 3* 

* The number of DOF in the source is 23.5+_6, 24.8kQ.2 
In general agreement with those expected for QGP. 

I 1 
I I * The measured constant n, & f 7 T slope v a1 ues character i ze the 

quark-gluon to hadron thermal phase transition. 
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Charged Particle Multiplicity Correlations 
in p Collisions at V s=. 0.3-1.8 TeV 

R. P. Scharenberg 
(E-735 Collaboration Purdue University) 

The Correlations between charged particle multiplicities produced 
in forward and backward pseudorapidity regions in p F  interactions 
have been measured with a 240 element scintillator hodoscope. The 
,correlation coefficient and the variance of the difference of 
multiplicities in two pseudorapidity regions were determined for 

I/S = 0.3-1.8 TeV. These results have been interpreted in terms of a 
cluster model of particle production. 

I Phys. Lett. B353(1995)155-160 I 



h, 
h, 
\o 

It is customarily assumed that particles fiom pT collisions are produced 
in clusters. Clusters are thought of as bodies which provide the common 
ancestry of the produced particles. The cluster size is the average 

_. number of charged particles originating in a cluster and can be obtained 
by an approach proposed by Chou and Yang. Let z = nf - nb . For 
any given total multiplicity n= n .  + nb there is a distribution in z . 
We assume that the net charge in both forward and backward hemispheres 
is zero. It can be shown that variance of the symmetry distribution, ( z2) , 
is equal to 2n provided ( z) = 0. In generalization of this approach , eaw 
cluster is assumed to fragment on average into r charged particles plus 
neutrals. The relation between ( z2 )  and n then becomes 
( z2 ) = Y n . The Figure shows a plot of ( z2 )  vs n for the entire 
available pseudorapidity range, I q I c 3.5 at 1.8 TeV. 
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linear fit to the data up to n = 40. 
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pp Neutral pion resullts from PHENIX Run4 

H. Torii 
Kyoto LJniversity 
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!& Provide a testing ground for precision perturbative 

h* - Baseline for fixture polarized pp collision analysis and 
asymmetry measurement 

Data baseline for high pT heavy ion physics 
- Compare with peripheral Au+Au collisions as 

- Compare with central Au+Au collisions 
8 consistency check 

h * Especially for high pr physics in Au+Au 
% 
b* * In this talk, we compare the K O  cross section with 

a NLO pQCD calculation and AuAu data and 
provide reliable data for heavy ion data 

6 comparison. 
c.1 

sii. k RHcCrl.ln2002ppm 
- Integrated luminosity 0. I5pb- 1 
- Analyzed luminosity 0.03pb-1 

half of m s  are analyzed. 
* Vertex position cut +-3Qcna 

140M events 

2 Arm x 4 sectors 

L 

c 
4 

- 
Lead Scititiilator(PbSc] 

Lead Glass (PbG1) 
6 sectors( 15552 channels) 

L 

t 2sectors (9216 channels) 
- -5m distance &om collision point 

c * lqp0.38 Q, = 180" 
0 Analysis $VCS 

- 5 sectors PbSc is used in this analysis 
I PbSclZ PbGI needs time to do fine tuning 
of calibration 
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Invariant mass spectrum 
a The background is smaller 
S, than that of heavy ion 

coIIisions 
- l-l.SGeV/c N/S = 200% 

k - P?~G~'V/C N/S = 10% 

2x2 trigger worked very well 
- Rejection Factor = 90 
- Measured I-lSGeVlc no 

30 EO at IO-12GeVfc 
10 EO at lZ-lSGeV/c 

3 



.."A&.-- 

Cross section measured over 8 

- 1-13CeVk 

Mininiurn Bias(MB) trigger E 
$1 

- They are consistent within 

- To minimize the systematic enor 
Miii. Bias data for 1-3GeV/c 
2x2 trigger for 3-15GeV/c 

systematic error. 

~ u r ~ ~ ~ a l i z ~ t i u ~  systematic error 
30% is not included here, 2 4 s  



5 

%$* 

n xlB-il i-" peripheral data is up 

c - The pp data is scaled 
up by the number of 

g 
z l @ l  S E  

z collision. 

They are consistent 
: within Ncoll scaling 

a 

c 

6 

c 

a, 

L 

% 

; data is up to 8GeVlc 0-10% GENTRAL 

AuAu 200GeV central 

- The pp data is scaled up a, 
k; by the number of 
a, collision. 

AuAu data shows large 
suppression. 
- The suppression is 

F: dependent of pT 
k 

r. - This mightbe 
~ ~ d ~ r ~ t o o d  by the jet 
quenching effect. c 

43 2 i4. rtj 8 10 
I 23 5 38 a- f6;aVkI 



- Potter-Kniehl-Ker 
fragmentation fbnction 

Thanks to W.Vogelsang 
- p =  PTl2? PT? 2PT 

Consistknt with data within %$ 

the scale dependence. 

30% is not included here. & 

The deviation of the pQCD 
calculation. is depicted 
- The pQCD calculation with one 

a set of PDF/FF is consistent 
w i t h  the systematic error of 
the data and the scale selection 

Let's go to d r i d  beer!!! 

ait ! ! ! ! ! 

~ 0.21; So eveybodv is har;lpv!!! I 

- pr dependent systematic error 

b head and hand ! ! ! 2 



?4 w 
4 

Measured 7 1 ; ~  cross section. 
- Photon trigger worked well 

8 orders o f  magnitude, 1 - 1 ?GeV/c 
* Rejection factor = 90 

U 

- Results from two triggers (Min. Bias and 2x2) are consistent 
. * .  . 

x x - r * + h * -  PIT T ~ ( + A ~ * M A + - ~  n n<rt*n.y. w 1 Llllll ay 3 L G l l l a L l b  G l  1 VI 

* Comparison with UA 1 extrapolation 
- Extrapolation underestimates data at high pT 
- The data will be an important reference for A+A 

- Consistent with Auhu peripheral 
- AuAu central shows large suppression 

- pQCD calculation agree with data 

* Comparison with AuAu 

* Comparison with pQCD with NLQ calculation 

- . . . . . . . . - .. . .. . . . . . . . . . . . . . . . . . - . . -. . . . . . . . . . . . . - . . . - ... . .. . . . . . . . . . . . . . . . . . . . . .. . . . _ _  . .- . . -. . . . - . . . . 
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,Brda;ldVI,,=lm7 result and its uncertainties 

36 (2.5<mass<3.7GeV/c*) 19% (statistical) 
10% (cut dependence) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  . . . . . .  . _ _  . . . . . . . . . . . .  . . . .  - .  ......... 

0.01 63 (I .2<y<2.2) I 10% (Jlv pol. dep., la1<0.3) 
I I YO (MulD efficiency) 
10% (MuTr efficiency) 

60n b-I 20% (consistency with 
machine value) 
<5% (Trigger counter 
efficiency) 

PHENIX Preliminary 
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Jlv Rapidity distribution and Total 
cross section 

PDF = GRVQ4LO 

-3 -2 -1 0 1 2 3 
0 ~ " ~ ~ " " " ' " " " " " " ~ " ' ~  

Rapidity 

A global fit gives PHENIX Preliminary 



Total Cross section compared with the 
Color-Evaporation Model prediction 

U 

t=, 
I O  

4 

Phys. Lett. B390,323( 1997) 
Color evaporation model with GRV HQ 

___"""."___I_" Colar evaporation model with MRS-A 
* Fixed target experiments 

CEM Parameters are fixed by fitting low energy data 
Our result agrees with the CEM prediction at &=200GeV 
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Fragmentation Functions in Hard Hadron Production 

,%aofei Zhsng and George Fai 
Gender for il'uclear Research, Depizrtment of Physics, Kent State Universitp 

Kenf Ohio &2@, USA 

PE'xer L&ai 
KPKI Research Instit& for Particle and Nuclear Physics, P.O. Box 49; Budapest 1524 Hungwy 

Hadron spectra at large transverse momentum (i.f)? where perturbatix-e Quantum Chromodynamics (pQCD) has 
good predictive power, are very important for  he undei:standing of the physics aT, the Relativistic sIea%T Ion Colfider 
(RHIC) and at the planned Large Hadron Collider (LXIC). 

To predict the p~ spectra o€ h a 1  state hadrons in the framew-ork of pQCD, perturbative partonic cross sections 
need to  be convoluted with parton distribution functions (PDF-s) and fragmentation functions (FF-s) according to 
the factorization theorem, PDF+ and FF-s are assumed to be .rtniversnZ, meaning that once extracted from a limited 
set of data i-ia a fitting procedure. they can then be used Prith predictive power in other reactions 114]. 

In order to study the role of different regions of z in thc FF-s, we define the ratio R, as 151 

where the cross section du/pTdpTdz is differential in p s  and in z7 and the ratio depends on the upper limit of the 
integration in the numerator. We found that the large-z part of the fkagmentation function dominates the hard hadron 
production cross section do/pTdpT.in hadronic collisions at RBIC energies. When pr increases, the effect becomes 
even more pronounced. Due to phase space effects, the dominant regton of the FF-s is very different for fixed target 
energies, REX, and LHC energies. For higher energy> there is more phase space to produce higher p r  partons, which 
can lose a Iasge fraction of their momentum before becoming a hard hadron. The results also depend on the shape of 
the FF-s and the dominant regions are different for dfizrent species of hadrons. 

Most of the FF-s available are ex%racted from e'e- da.ta. The large-; region of the FF-s is constrained by the 
data from the edge of the phase space of e'e- eqeriments, where the data points are limited. and the error bars axe 
large. Therefore, the &e- data do not strongly constrain the FF-s in the large-z region. We austrate that there is 
signifcant freedom in the choice of the large-z behavior of FF-s based on &e- esperiments. Since the cont.ribution 
of gluon fragmentation 60 the ece- hadron production cross sedan appears only as a NLO correction, the situation 
concerning gluon FF-s at large z is even less certain than it is for quarks. 

RBIC reported anomalous enhancement of the p/s;+ ratio in central Ati - -4u collisions. In fact, pQCD already 
underestimates the p/& ratio by a. factor of 3 - 10 in. pp  collisions. To illustrate the role of FF-s in hard hadron 
production, we compare the results for the p / &  ratio calculated using the ICKP form of the proton FF-s. but varying 
the value of the FF-s in the large-z region. Using the freedom of the proton FF-s in the large-s region: the p/".' 
ratio for p~ > 6 GeV in p p  collisions at %sed target energies ca.n be reasonably described. After combining the above 
effects Kith the idea of diEerent parton intrinsic transverse momenta ((k$)) for protons and pious ((k%)r - 1GeV ', 
(k?}, - 3GeV 2)7 the p/s;-  ratio for p~ > 3 GeV can bl: satisfactorily described by the theory. 

In conclusion, since the large-z details of xhe fragmentation functions are very importano for pQCD predicGions 
of high-pT hadron prodixtion in both lop and -4-4 collisions at RflIC and LHC, a comprehensive study of these 
fragmentation functions with particular attention io  the large-z region is strongly warranted. It appears that. amilable 
p / r  ratios from p p  collisions at high pr can be reproduced by adjust.ing the large-,- behavior of the fra,gnenta&ion 
functions and the widths of transverse momentum distributions. 

This iyork ?vas supported in pan by the U.S. DOE under DE-FG02-SGER-4U251. by the XSF under MT-0000211. 
and by Hungarian OTI<A under TO25579 and T032796. 

@] J. Binnewies. B.A. h i e h l .  and G. Kramer. Z. Phy .  C 65, 471 (1995). 
[2] B.A. Iiniehl. G Krmier, and B. Potter, S~xcl. Phvs. B 597, 337 (2001). 
f3] S. Kretzer. E. Leader, and E. Chrisrova, Em. Phys. J C 22. 269. (2001). 
[a] L. Bourfiis, Lf Fontanuaz, J.P. Gixillet. and 31. Xerlen Eur.Phys..J.C 19. 89 (2001). 
[5] X. F. Zhaug. G Fa2 and P. Lev&, hep-phj0203008. 
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FRAGMENTATION FUNCTIONS 

IN HARD HADRON PRODUCTION 

Xiaofei Zhang" 

Kent State University 

Contents: 

1. introduction 

2. Role of Fragmentation Function in Hadronic Collisions 

+ -  3. Fragmentation Function from e e 

4. p / n  Ratio in pp Collisions 

'Work done with George .Fa! and Peter Levai, hep-ph/O295098 
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FRAGMENTATION FUNCTION IN PP COLLISIONS (PION) 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 
0.5 0.6 0.7 0.8 0.9 1 

0 useKKPFF-s 

0.5 0.6 0.7 0.8 0.9 1 
Z 

Large z part of the FF-s dorninates the 7~ production at RHlC 

pT N rz&,  twr! PDF, on<? FF + favcr s m a ~  x, large 7 

when p~ increases, the large x region of FF-s becomes even 

more important (phase space effect) 
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RESULTS DEPEND ON THE SHAPE OF FF-S 

0 Results depend on the shape of fragmentation function 

If FF-s fall less steeply, the dominance of of the large x 
region is even more significant 

0 Due to the different shape of FF-s for different particles, 

the dominant region of FF is not the same 

1 

Z 

1 o-6tc ' ' ' ' ' ' ' ' ' ' ' ' ' I ' ' ' ' ' ' ' ' I ' ' ' I ' ' ' ' I ' ' ' ' ' ' ' ' ' ' l i t  

...O 0.1 0.2 .0.3 0.4 0.5 0.6 0.7. .O.S 0.9 
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FRAGMENTATION FUNCTION FROM efe- DATA (h' $- h-) 

y = x / x ,  scale N 4; 
0 x = 2Eh/& - x, x == x in the leading order 

\ -  

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
X 

0 large-z region of FF-s is not strongly constrained by e + -  e 

data 



P / T  RATIO IN PP COLLISIONS a 

pe 0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

0 

- <  

0 1 2 ,  3 4 5 6 7 8 
PT ( G W  

k$ >T= 1 GeV2, < k~ > T ~  0.8 GeV 

- < k$ > p =  3.0 GeV2, < k~ > p ~  1.5 GeV 

%iata are from A. Breakstone et. a/-, Z. Phys. C 36,567 (1987). 
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Resummed cross-section for Higgs production 
at hadron colliders 

D. DE FLORIAN 
Universidad de Buenos Aires 

Argentina 

The dominant mechanism for SM Higgs boson production at hadron colliders is gluon-gluon 
fusion through a heavy (top) quark loop. NLO QCD corrections to this process are known to  
be large [l, 21: their effect increases the cross section of about 90-100 % with respect to the LO 
result. Recently, the calculation of the "LO corrections has been completed [3, 4, 5, 61. Their 
effect is also large: at the LHC, for a light Higgs, the K-factor is about 2.3-2.4, corresponding 
to  an increase of about 25% with respect to NLO. At the Tevatron K N 3, the increase being 
of about 50% with respect to NLO. As expected [3, 71, the bulk of the effect is due to soft and 
collinear radiation, the hard contributions giving only a small effect. The effects of multiple soft 
gluon emission beyond NNLO can thus be important, especially at the Tevatron. 

Here we investigate the effects of resummation of soft (Sudakov) emissions to all orders up to 
NNLL accuracy[8]. In the case of LHC we find that the corrections are moderate, with an increase 
in the cross section of about 6 % with respect, to the NNLO result. In the case of Tevatron the 
resummation effect is larger. Going from NLO to NLL the increase in the cross section is from 25 
to 30%. At NNLL the cross section increases (with respect to the NNLO result) between about 12 
and 16 % when MH goes from 100 to 200 GeV. This result is not unexpected, since at  Tevatron 
the process is certainly closer to threshold and the effect of multiple soft gluon emission is more 
important. 

References 

[l] S. Dawson, Nucl. Phys. B 359 (1991) 283. 

[2] A. Djouadi, M. Spira and P. M. Zerwas, Phys. Lett. B264 (1991) 440. 

[3] S. Catani, D. de Florian and M. Grazzini,, JHEP 0105 (2001) 025. 

[4] R. V. Harlander and W. B. Kilgore, Phys. Rev. D 64 (2001) 013015. 

[5] R. V. Harlander and W. B. Kilgore, Phys. Rev. Lett 88 (2002) 201801. 
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.... 

NNLO 

0 Compare t o  full calculation ( p R  = p F  = M H )  
LO : LO pdf and 1 loop as (MRST2001/2) 
NNLO : '"LO' pdf and 3 loop as 

'NNLO' with approximated kernels (van Neerven, Vogt) 

(K = NNLO/LO) 

MRST2002 

K 

SVC x-space 
SV x-space 

NNLO 

- - - - -  
- - - - -  

Tevatron Run I1 

..... ..................... ..................... 
NLO 

....... -.. SVC N-space 

........... SV N-space 

wrt NLO: +15% a t  the LHC +35% a t  Tevatron 

SVC excellent: 2% at  LHC and 4% a t  Tevatron 

0 Tevatron closer t o  threshold *larger corrections 

0 As expected, SV underestimates the  full result 

0 Much better stability in N-space: bo th  SV and SVC 
very close t o  SVC-X 

0 Differences in X-space due t o  O(l . /N)  contributions 

Corrections clearly dominated by sof t  emission 
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T h res h o I d res u .m rn a t  i 0 i? 

Considering the large effect of soft emission close to  
threshold (contribution of IniN terms) it is worth to 
perform the resummation of those terms to  all orders 
in cyS +Multiple soft emission beyond NNLO can be 
important 

f +m 2n 

Particularly relevant for Tevatron RunII, were conver- 
gence of the perturbative expansion is 'slower' 

Soft-gluon resummation carried out in N-space 
Sterrnan (1987); Catani, Trentadue (1989) 

0 The resummed partonic coefficient is organized as 

G g + i  = Cgg(as(&, M$/& fiG/& A;(aS(P;), M$/& M$/& 

0 The resummation is achieved by exponentiation in 
the radiative factor A;: containing the large In N- 
contributions due t o  soft radiation 

embodies the effect o f  soft-collinear radiation, and 

takes into account the effect of soft-gluon emission a t  large angles 

0 Cgg(as): virtual and non-log. soft contributions 
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LHC 

K factors 

0 Uncertainty band: 

- Fixed order p~ = p~ = X M H  

- Resummed p~ = MH 

112 < x < 2 

p~ = X M H  

1 

/ i Lo 

0 " " ~ " " ~ ' " " " " " '  " ' ' ' ' ' l ' ' l ' i " ' ' i " ' ~  
200 400 600 800 200 400 600 800 1000 

MH (GeV) M, (GeV) 

Residual theoretical uncertainty a t  NLLL of about 
&lo% (MH < 200 GeV). 
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__ 1 E%$st if r i  

Bands defined as for LHC: 

NNLO 1 NNLL 

1 LO’ t i 
0 11 
100 120 140 160 180 100 120 140 160 180 200 

MH (GeV) M, ( G 4  

Residual theoretical uncertainty a t  NLLL of about 
&IO% 
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NNLO calculation for direct Higgs production com- 
pleted 

- Increase in the cross section of - 15% a t  the LHC 
and of  - 35% a t  Tevatron (wrt NLO) 

- 35% O f  NLO ( K j v ~ o  = 2.2) j- 75% of LO 

- Corrections dominated by soft emission 3 S V C  
approximation works very well 

W e  have evaluated the contributions of multiple soft 
emission to  all orders =>Resummation 

- Effect moderate for LHC N +6% for light Higgs 

- More relevant for Tevatron +-=J 4-12 - 15% 

Perturbative result under better control after thresh- 
old resummation 
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Transverse momentum resummation in DIS 
production of light and heavy flavors 

P. Bladolsky 
in collaboration with N. Kidonakis, F. Olness, D. Stump, C.-P. Yuan 

Augu!jt 16, 2002 

We present a formalism that improves the applicability of perturbative QCD 
in the current region of semi-inclusive deep inelastic scattering. The formalism 
is based on all-order resummation of I!arge logarithms arising in the perturbative 
treatment of hadron multiplicities and energy flows in this region. It is shown 
that the current region of semi-inclusive DIS is similar to the region of small 
transverse momenta in vector boson production a t  hadron colliders. We use 
this resummation formalism to describe transverse energy flows and charged 
particle multiplicity measured at the electromproton collider HERA. We find 
good agreement between our theoretical results and experimental data for the 
transverse energy flows. We also find it necessary to introduce a strong z- 
dependence in the nonperturbative Sudakov factor to describe broadening of 
qr-distributions at 2 5 This broadening is a new feature that is not 
present in Sudakov factors at larger values of z. It will be interesting to further . 
investigate the x and z dependence cif Sudakov factors in the upcoming studies 
at HERX and Electron-Ion Collider. 

We next consider the resummation of soft and collinear logarithms in the 
heavy quark production. The calculation of differential distributions for heavy 
quark production introduces new kinematic energy scales (in addition to the 
heavy quark mass), which can yield additional large logarithms that will in- 
hibit accurate predictions. Logarithms involving the heavy quark mass can be 
summed in the ACOT scheme via the heavy quark parton distribution functions. 
A second class of logarithms involving the heavy quark transverse momentum 
can be summed using the CSS (Colliiis-Soper-Sterman) formalism. We perform 
a systematic summation of these logarithms, thereby obtaining an accurate de- 
scription of heavy-quark differential distributions at all energies; our method 
essentially combines ACOT and CSS approaches. As an example, we present 
the angular distributions of heavy quarks produced in neutral current events at 
large momentum transfers at the ep collider HERA. 
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Soft and collinear radiation in SIDIS 

CSS refactorization formalism can be applied t o  resum large 
logarithmic terms in the hadronic energy flow (J. Collins, 1993; R. 
Meng, F. Olness, D. Soper, 1996) and particle cross sections (P. N., 
D. Stump, C.-P. Yuan, 1999-2000) 

_. we-rlc.rn. qT - 7 

- 0.3 

2 

L < 0.2 
0.15 

0.1 

where I 

W2 = Q2 (A - 1) 
X 

lim q T =  W(s+C+ 12 ...) 
e+o 

Ex is a rescaled transverse 
energy flow in the y*p c.m. 
frame 

0.05 

0 0 



4~ dependence of ET flow a t  small x 

D a t a  from HI Collaboration 
(DES Y-99- 09 1) 

0.3 5 
(3 

8 0.2 
9 

2 > 

d 
0.1 

- 0  

- 0.3 

(3 
k 

T 
2 

& 0.2 

0.1 

0.3 5 
(3 

0.2 

0.1 

0 

0.2 

0.1 

0 
0 5 10 

0' - 14.9& 
x -  0.0023 

0 10 20 
0.2 

0.1 

0 

0 5 10 

1 d - 28.8 Ga3 
x =  0.00093 

0.2 

0.1 

0 
0 10 20 

0.2 

0.1 

0 

0 5 10 

d -31,ZOeV 
I - 0.0021 

0 10 20 

0 10 20 0 10 20 0 10 20 
ql, GeV ql, GeV ql, GeV 

13.1 < (Q2) < 70.2 
8 x 

GeV2, 
< (2) < 7 x 

Resummed 2-flow: CTEQ5M1 
PDFs, 

(1 - x)3 
X 

s,Np - - 

Possible interpretation: - 

rapid increase of "intrinsic' kT 
when x decreases (first BFKL 
signs???) 
No mechanism for such 
increase in the O(as) part of 
the CSS formula 

BFKL cross sections do not  factorize 
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Physics Beyond RHIC Spin 

Kaoru. Hagiwara 
KEK Theory Division 

I reviewed prospects of spin physics at hadron colliders beyond the RHIC Spin project, including the 
possibility of physics at Tevatron and LHC with polarized beams. 

I examined physics with following types of beam polarizations: 

(1) one proton beam is longitudinally pchized 
(2) both proton beams are longitudinally polarized 
(3) one proton beam is transversely polarized 
(4) one proton beam is .longitudinally polarized 

(1) Phvsics with Sinde Londtudinal Polarization 

Parity-violating asymmetry can be used to probe physics with W/Z/W’/Z. 

Single top production cross section in the SM can be enhanced at Tevatron, and the polarization 
asymmetry probes new physics. 

WW fusion production cross-section of Higgs ai: LHC can be enhanced and the background level can 
be lowered. 

CP violation in gluon-fusion production of Higgs boson can be detected by using the asymmetry. 

(2) Phvsics with Double Lonpjtudinal - Polarization 

Single top production cross-section in the SM, and the WW fusion production of the Higgs boson can 
be further enhanced. 

Gluon-fusion production of the Higgs boson plus b-quark pair may be a promising channel for 
studying the Higgs boson CP property because the Higgs boson four-momentum can be 
reconstructed in its tau-pair decay mode. When the colliding protons have the same helicities, the 
cross section should be largest. 

(3) Phvsics with Single Transverse Polarizatioia 

Transverse polarization asymmetries at high transverse momentum can be expected only when there 
is new physics that violates light-quark chiral symmetry. Such new physics would have difficulty to 
explain naturally the smallness of up and down quark masses. 



I learned during the workshop that there have been studies on chirality flip observables that arise 
from chiral symmetry breaking in QCD. Such asymmetries are generally expected to arise at 
relatively small transverse momentum on the order 1GeV or less. 

(4) Phvsics with Double Transverse Polarization 

Asymmetry is expected when an initial state quark and an anti-quark annihilate to produce a vector 
boson, such as virtual photon, Z and Z.  No additional information on the eledroweak couplings may 
be obtained from such asymmetries. New insight on the spin structure of the nucleus may be 
obtained from the study of those asymmetries. 

In summary, proton beam polarization will be a powerful tool to study new physics at hadron 
colliders, but the expected enhancement in the production aoss section is generally a fraction of 
unity. The physics situation for polarized beams will become clear once a new particle is found and if 
its property can be probed by using poleation asymmetries. 
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BNL, 08/19/02 

NLO QCD Corrlections to AEL 

Barbara Jager, Miarc0 Stratmann 
Institute for Theoretical Physics, University of  Regensburg, 

93040 Regensburg, Germany 

Werner Vc)g e I sa n g 
Brookhaven National Laboratory, Upton, NY 11 973-5000 

Measurements o f  the double spin asymmetry ALL for inclusive high- 
PT pion production are expected t o  provide first direct information 
about A g  a t  RHIC. Based on the factorization theorem in perturba- 
tive QCD, the longitudinally polarized cross section is given by 

abc 

(%Pa7 zbPb7 p T / z c ,  pf 7 pft, PT) 7 
dAsab-+"X'  

where the n f a , b  are the spin-dependent parton densities and the 0," 
are the fragmentation functions for c --+ T. LO estimates of  the per- 
turbatively calculable partonic cross sections dAaab-+CXt suffer from a 
strong dependence on the unphysical renormalization and factoriza- 
tion scales p,. and pf,ft, respectively. 
This talk reports on the progress o f  a computation o f  dA8ab+cXf in 
the NLO of QCD which is expected t o  reduce the theoretical errors 
considerably and t o  provide a much more reliable environment for 
an extraction of A g .  The calculation will provide analytical results 
for single-inclusive hadron production along similar lines as in the 
corresponding unpolarized case [1,2]. Our results can be compared 
t o  a NLO calculation o f  ALL based on Monte-Carlo methods which 
was also presented during the workshop [3]. 
It should be noted that the current knowledge of D; is not fully satis- 
factory, and one has t o  carefully estimate i ts impact on an extraction 
of Ag. However, future QCD anallyses of  fragmentation functions 
will try t o  quantify these uncertainties [4]. 

[ l ]  R.K. Ellis and J.C. Sexton, Nuicl. Phys. B269 (1986) 445. 
[2] F. Aversa et al., Nucl. Phys. f3327 (1989) 105. 
[3] D. de Florian, this workshop. 
[4] S. Kretzer, this workshop. 

. 
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general framework for inclusive-pion production: 

starting point: factorization theorem 
Libby, Sterman; Ellis et al.; Collins et al.; . . . 

requirement: a hard scale, e.g., pions with high-pT 

P 

I 

cross sections are convolutions: 

long-d ista nce 
from exp.; p-dep.: da/dp = 0 (pQCD) 

-r 
s hort-d ista nce 

pQCD: power series in a, 

. P :  appropriate set of kin. variables ( p T , y , .  . .) 

- arbitrary scales ,u-~f,~+ separate long- and short-dist. physics 
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with I o n g it u d i n a I I y p o I a ri zed pro t o  n b ea m s : 

f1,2(21,2, Pf + 4f1,2(x1,2, Pf) and d$ldP + d A $ / d P  

GL 
0.05 

0.04 

0.03 

0.02 

0.01 

0.00- 

ex p e r i m en t a I I y re I eva n t : do u k) I e-s pi n a sy m met ry 

L=7 /pb : 
- GRSV-max - - - e - - - 

/ 
/ -- - c 

/ 
/ - _ - - -  - , 

/ 
- 

/ 

GFSV-s td - 

- / I 
- 

I 
. I  

- - 

- - 

" ' " " " I '  ' ,  ' I " 

0 10 20 30 

T T  T T  
helicities of colliding protons 

LO prediction for ATL(&) a t  8 = 200 GeV: 

very moderate luminosit.y! 

PT / GeV 

1 
dzGG estimate of statistical errors: 6A 21 sp2 l x  

[with PI = P2 = 0.7 (beam pol.) and eeff = 1 (detection efficiency)] 

sensitivity to  Ag (with ,C = 7,/pb !) --+ very promising 
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NLO QCD corrections to A&, - outline: 

a t  S(C$) one has: 

all LO 2 + 2 I parton-parton scattering processes 

unpol.: 4 processes 44‘ + 44‘’ 44 +- 44‘ 44+ 99, 99 +- 99 

all  other processes related by crossing 

I polarized: cannot use crossing, e.g., qij+ 99 # 49 -+ qg 

a t  S(a2) one has: 

(1) 1-loop (virtual) corrections to  all LO processes 

‘box’ ‘ vertex ‘selfenergy ’ 

(2)  all  2 +- 3 -E parton-parton scattering processes 

44’ + 44/91 44 + 999, 99 4 999, etc- 

important check: unpol. matrix elements in Ellis, Sexton 

two difrerent strategies for NLQ calculations 

I( 

’ Monte-Carlo approach ’ ‘analytical results’ 

J different observa bles x ‘only’ single-incl. x-secs 
J exp. cuts easy 
x delicate numerics 
x too slow for fits 
-+ Daniel’s t a l k  

x exp. cuts difficult 
J numerically stable 
J fast + useful for global f its 
+ our approach 
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final results (I) - o(a,3) parton-parton processes: 

16 different inclusive cross sections contribute: 

J :  done & unpolarized results agree with Aversa e t  al. 

j almost done . . .expect to  have full NLO results soon 
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lSt preliminary results: gg-induced processes only: 
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dependence of and A;IL on fragmentation functions: 
dl)T 

PT / GeV 

A;rLL(p*) (dashed: KKP; solid:: Kretzer) 

O - O 5 I  
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Hadron production in polarized p p  collisions at NLO 

D. DE FLORIAN 
Universidad de Buenos Aires 

Argentina 

The measurement of the longitudinally polarized double-spin asymmetry in high-pT hadron pro- 
duction at RHIC offers a very powerful way to aletermine the polarized gluon density Ag [l, 21. In 
the case of PHENIX, where the limited coverage in rapidity does not allow to observe jets, pions 
can be used as jet surrogates. 

As it is well known, leading-order calculations in hadron-hadron collisions usually provide only 
qualitative information about the process. Whe:n higher order corrections are included, as at next- 
to-leading-order (NLO), the theoretical uncertainties (due to the dependence on the unphysical 
renormalization and factorization scales) are considerably reduced and the result follows in a closer 
way the experimental data. 

In this talk I present the NLO results for pion production in polarized pp collisions. The calcu- 
lation [3] is done in the framework of the subtraction method and implemented in a Monte-Carlo 
code that allows to compute any infrared-safe observable and to implement realistic experimental 
cuts. As a check of the calculation, we observe agreement with the unpolarized result presented 
in [4]. Further checks in the polarized sector will be performed with the analytical calculation 
presented in [5] 

It is shown that the perturbative stability of the cross section certainly improves after including 
the NLO corrections. Also the corrections are found to  be n'on-trivial: K factors are larger for the 
unpolarized cross section than for the polarized one, resulting in a reduction of the asymmetry at 
NLO. The possibility of looking at charged pions in the final state is also studied, finding that 7r+ 

and 7ro are the most convenient channels for the determination of the polarized gluon density at  
values of x between 0.05 and 0.3. 

References 

[l] Y. Goto, Proceedings of Spin Physics at  RHIC in Year-1 and Beyond, RIKEN BNL (2001). 

[2] mi. Vogelsang, Proceedings of Spin Physics at RHIC in Year-1 and Beyond, RIKEN BNL 
(2001). 

[3] D. de Florian, in preparation (2002). 

[4] F.Aversa, P.Chiappeta, M.Greco and J.-PI~Guillet, Nucl. Phys. B 327 (1989) 105. 

[5] M. Stratmann, this workshop. 
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Scale dependence in the  polarized case: use DS24- 

10-2 

10-4 

10-6 

10-8 

10-2 

10-4 

10-6 

10-8 

RHIC-PHENM (200 GeV) 
DSZ+/Kretzer 

Aa[pb/bin] 

NLO 

I I-- I 
L 

7T+ + 7T- 

5 10 15 20 25 5 10 15 20 25 

PT (GeV) PT (GeV) 

0 Again better perturbative stability 

10-2 

10-4 

10-6 

10-8 

10-2 

10-4 

10-6 

10-8 

Similar results for other sets/final states hadrons 
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e ( A  J GNLo 
(n)cBO?-n 

K -fac.cors 

e 

e 

2.0 

1.5 

1 .o 

unpol (GFLV) 

pol (DS2+) 

0.51, , , , , , , , , , I--,-, :ar , , -/ 
0.0 

Phenix 

5 10 15 20 25 

PT 

Notice t h a t  the asymmetry is changed: similar t o  j e t  
production D.de F., S.Frixione, A.Signer, W.Vogelsang 

I ' " . 1 " " I ' " '  I " " I " " 1 ' " '  
- 

- 

1 . . . . 1 . . . . 1 1 . .  , I . .  . .  I . . . . I . . . .  

20 30 40 50 20 30 40 50 

Remember that  K-factor is scale-dependent and has 
no physical relevance +just an easy number to have 
an idea of the 'size' of the correction 
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Expected asymmetries a t  NLO E ~ ~ ~ , ~  = i/p2d= 
L = 100pb-' P = 0.7 = 1 bin size:2 GeV 

A 

DS2+ vs DS2-: small difference +-g ives an idea on 
the  weight of A@ 

0 Good perspectives t o  pin down Ag for p~ < 12 GeV 
-+ compare to  A g  plot 
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Possibility t o  look a t  diflferent hadrons in the final 
state: T + / T -  

A 

0.06 

0.04 

0.02 

0.00 

-0.02 

5 10 15 20 25 

T+ provides larger asymmetries 
=SA,+ N 2A,++,- with E,+ p., fieT++,- 

0 T -  Asymmetry changes sign: might be an indication 
of  smaller sensitivity 

285 



0 rt production (Phenix qs=200 Gev) 

A 

........... 

, _: 0.01 -,' ._: . : - 

25 
0.00 ' ' ' " '  

5 10 15 20 

PT (GeV) 

Larger asymmetries and (not much) 'resolution' 

0.02 I T I  I 

A 

........... 
DS1+ " 1  
DS2+ - - - - -  

-0.04 

e T- production:- only useful a t  small p~ 

ug and dg dominate + A g  (Au DE + Ad Dz)  
A u > O  A d < O  D $ >  02' 
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Polarization Effects in Drell-Yan 

HIROSHI YOKOYA AND JIRO KODAIRA 
Dept. of Physics, Hiroshima University 
Higashi-Hiroshima 739-8526, JAPAN 

Abstract 

The lepton helicity distributions in the polarized Drell-Yan process at RHIC 
energy are investigated. In the absence of the weak interaction, only the mea- 
surement of lepton helicity can prove the antisymmetric part of the hadronic 
tensor. F'urthermore, due to the chiral structure of QCD, the symmetric part 
coming from the qq initial state is essentially the same both for the unpolarized 
and polarized Drell-Yan at least in the leading order of QCD. Therefore it might 
be interesting to consider the helicity distributions of leptons to  obtain more 
information on the structure of proton from the polarized Drell-Yan process. We 
estimate the QCD corrections at O(cr,) to the antisymmetric part of the hadronic 
tensor including both y and 2 bosons. We report the numerical analyses on the 
2 pole and show that the u(U) and d(cl) quarks give different and characteristic 
contributions to the lepton helicity distributions. We also estimate the lepton 
helicity asymmetry A which is defined by: 

da(X1 = -1) - da(XI = +1) 
da(X1 = -1) + = +l) 

A =  

This asymmetry amounts to around 50%. Although the helicity measurements 
might be difficult experimentally, our malyses may have some theoretical inter- 
ests. 
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Polarization Effects in Drell-Yan 

Jiro Kodaira, Hiroshi Yokoya (Hiroshima University) 

2002.8.5-23 RIKEN BNL Research Center Workshop 
Brookhaven National Laboratory 

Contents 

1. Polarized Drell-Yan Process 
2. Spin Dependence of Hard Part 
3. QCD Correction 
4. Numerical Application : in 2-pole Region 
5. Summary 
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o Double Differential Cross Section 

Proton Polarizations is ” +-- ” case 
(Blue line+ Up Quark, ]Red line-+ Down Quark) 

Right Handed Lepton 
0.6 7 - r  I 

Yl 

Left Handed Lepton 

0.5. t -1 

-2.5 -1.5 -0.5 0.5 1.5 2.5 

YI 
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0 Flavor Contributions and Chiral Structure 

(1) Sign of Polarized PDFs : Au(x) > 0, Ad(x)  < 0 
(2) V-A Coupling is larger than V+A Coupling 
- (3) Angular Momentum Conservation 
(4) Lorentz Boost 

+- ’ Polarization case 7 

-f 1 
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o Lepton Helicity Asymmetry 

A do(.& =-1) - do(& =+1) 

Using MRST and GRSV or GS(A,B,C) Data . 

1 Proton Polarizations set to ’+- 
I 

0.8 

0.6 

0.4 

a- 0.2 

0 

-0.2 

-0.4 

I I 

- GRSV 
GS-A 

I I 

-2.5 -1.5 -0.5 0.5 1.5 2.5 

Yl 

29 1 



6. Summary 

0 We considered Lepon Helicitly and Angular Distributions in 
Polarized Drell-Yan Process up to O(a,) and studied Numer- 
ically in Z-pole Region. 

In Z-pole Region, Down Quark contribution is relatively larger 
than in photon case. 

0 Flay-or Contributions and Angular Distribution variously 
changed in different Polarization of Protons and Helicity of 
Lepton. 

0 We got Large Asymmetry of Lepton Helicity. 
* Pol. PDFs dependence is small. 

e Measuring the Polarized Drell-Yan Process in RHIC Experi- 
ments is meaningful to investigate both SoR Part (PDFs) and 
Hard Partl objects. 
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- W-boson Physics 
a t  the Polarized RHIC 

. .  C.-P. Yuan 
I n  collaboration with Pave! Nadolsky 

Michigan State University 

Current and Futar-e Directions 
a t  RHIC 
A RIKEN BNL Workshop 
Aug 19, 2002 

i 

Highlights 

1. T h e  production of W*-bosons a t  RHIC is a 
sensitive test of polarized quark densities 

2. The  correct interpretation of the RHIC data is 
impossible without a full analysis a t  the lepton 

: level 

3. Lepton-level asymmetry ~ ( y l e p ~ o n )  presents an 
attractive alternative t o  the W-boson level asym 
metry A(yw): it is directly measurable and 
sensitive 

4. A complete lepton-level study for the polar- 
ized beams is now available; the O(OS) con- 
tributions are combined with an all-order sum 
o f  large logarithmic corrections from multiple 
soft gluon radiations 

Massive vector boson production a t  RHIC 

Unpolarized W-boson Physics 

W+ 

W -  

- 
ZO 

Total cross sections/number o f  events 16= 500 GeV ,.h = 200 GeV 1 = 650 GeV 
L=320 pb-’ 1 L=800 pb-’ L =  10 ft- ’ 
10f5 p b  1.20f0.14 nb 2.3f0.2 nb 

3.0 zt 1.8 p b  0.3s f 0.06 nb 
3000 2.107 

0.82 zt 0.11 nb: 
1000 j 3.105 8.106 
3.4f 1.4 D b  I 0.44zk0.05 nb 1 0.9150.09 rib: 

can refine our knowledge on the unpolarized par- 
ton distribution functions (PDF) from measuring 

(1) the total production rate of W-boson, 

(2) the rapidity distributions of the charged lep- 
tons .from the decay of the W+ and l I - -  bosons. 

Refine the ti and dPDFs 
1 - 

- 1100 I 3.5.105 I 9.106 
(This is complementary t o  the W-boson phyisc: 
a t  the Tevatron, which is a pj5 collider, in contrasl 
t o  a p p  collider.) 

The uncerrainties of the cross sections are due t o  
the parton luminosities (the error matrix analysis 
of CTEQ5 PDFs) 

Both proton beams can be polarized ( I >  = 70%) 

I , 

I 

I 

I 

i 

I 

I 

I 

, 

I 

I 
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Some predictions (from a NLO QCD calculation) 

- GRSVsQO --- GRSVvQO 
-02 

-0.3 

-0.5 

Neither PHENIX nor STAR detector is hermetic 

PHENIX 

..:.a- 

Muon detector:1.2 < Iqil < 2.4, o < Cp < 2T 
EM calorimeter; 1qel < 0.35, aCp = 

=s Missing cannot be measured 

Irrelevant for r*, 20 

+ the 4-momentum of W* cannot be reconstructed 

0S.E 

........ 0.2 

0 

-0.2 
-7.5 -1 -0.5 0 0.5 I 

Y 

* One of them can be correctly chosen in some 
kinematic region (y(Z) and p ~ ( 1 )  dependent). 

Reconstruction of y(W) from the charged 
lepton’s momentum 

(possible a t  the Born level) 

Let y(l) and p ~ ( 1 )  correspond t o  the rapidity and 
transverse momentum o f  the lepton in the lab 
frame; y’(Z) and p$(Z) are defined in the rest frame 
of the W-boson. A t  the Born level, 

Y ( 0  = Y’(l) + Y W >  
P T ( 0  = P k W  

with py(M’) = 0, and in the rest frame o f  W, 
1 l + C O S B  

2 i - c o s e  
ATpy,, . 

y’(l) = -In 

p $ ( l )  = -sin e 
2 

The above equations have two solutions for IJ(U;) 
in terms o f  y(1) and pr(l) .  

I n  reality, ~ T ( W )  does not  vanish 

2 a 

2 3  
a 

2 

1 

0 

Unpolarized W+ 
E = 500 GeV 
CTEQSM 

When pr(M’) << A f ~ + r  , p $ ( l )  is about equal t o  p,,,(/), 
then the above method can be applied. - This approximation can be applied to  a Iiigher- 
order ca I cu I a tion. 
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% for unpolarized NLO and resummed W+ rates 
dPT 
with 1.2 < lvpl < 2.4 and lqel < 1.0 

Reconstruction of d5 /dyw 

for a special phase space region (where the event 
rate is small), from a resummation calculation 

-2 -1.5 - 1  -0.5 0 0.5 1 1.5 2 
Y. 

n(1ept.m). GeV 

for polarized NLO and resummed W+ rates 
dPT 
with 1.2 < Irl,ll < 2.4 and lvel < 1.0 

R.."mmaL C I  - I 
"0. - f.6 C." 

-23 - 1 " 10 20 JO .o 50 

+ for unpolarized N L O  and resummed W -  rates 

with 1.2 < lvpl < 2.4 and lqel < 1.0 
dPT 
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for polarized NLO and resummed W- rates. 
dPT 
with 1.2 < lqpl < 2.4 and lqel < 1.0 

3 0.9 

5 0.8 
P 
i E 0.7 - 
3 0.6 

3 0.5 
-- CL 

1 0.. 

0.3 

0.2 

0.1 

Angular distributions in the W rest frame: 
LO single-spin cross sections 

Single-polarired case 

d s = 500 GeV. L = BOO pti' 

GRSVS-2000, leading order 

C 

app+ ( W + h , ) X  

2-10  1 
2-15 m a r  

- (1 + cosai-- 

- 
D 

D 

-20 / I  -cosli' -. -0.5 0 0.5 1 
cos$' 

Leptonic Cuts distort dg/dyw 

Yb5 -1.5 -1 -0.s 0 0.5 1 

~ ~ : ~ ~ -  + . , ,+i-J 
-0.3 ++ 
-0.4 

-0.m 

-0.6 

-0.7 - I ~ c l l c - r ~ ~ . * . . p c . - ^ ' . l * ~ i - Y  

-0.0 
1 _5 

Y "  
-1.5 - 1  -0.5 0 0.5 

T o  summaiize: 

*:- Reconstruction o f  yw significantly reduces the 
event sample 

9 The  shape o f  A(yw) is Significantly distorted 
by the experimental cuts +- direct comparison 
with the LO formula is not  possible 

*:* The  L O  analysis of A(vJI+-) is not accurate itself 

Solutions: 

-:* Direct measurement o f  the lepton-level asym- 
metries A(y'c'Pt.on) and A ( p y o n )  

0 Careful modeling o f  the kinematics o f  ieptons 
from the W-boson decay with the effect of 
multiple gluon radiation included 
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A better theory calculation 
Resummed cross sectipn a t  '6  m !VE 

e:+ O(CXS) fully difFerentia1 cross section 

for arbitrary longitudinal polarizations o f  the 
beams + AL, ALL a t  the  lepton level 

*:e In the region p y  -+ 0,d33d3pll d~ is dominated by 

large terms 

n = o,.. . w ; m  = 0,. . . ,2n - 1 
We found the sum o f  these terms with the 
help the impact parameter space resummation 
formalism (Collins, Soper, Sterman, 1985) 

A ~ ( y l @ ~ ~ )  in W+ events, with p~(1)  > 0 GeV and 
m(Z) >20 GeV, respectively 

A ~ ( y l @ ~ ~ )  in It?- events, with PT(Z) > 0 GeV and 
~ T ( Z )  >20 GeV, respectively 
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0:. T h e  resummation caldulation for the polarizec 
hadron beams that  also describes spin corre- 

. lations in  the'final state is done for the f i rs  
t ime 

03 T h e  perturbative part of the resummed cross 
section is now completely known a t  c?(as), 
with the soft factor known a t  O(a$). 

*:e We combine this sum and the O(as) cross sec- . 
t ion a t  large p y  t o  predict the rate in all avail- 
able phase space 

+:+ T h e  results are implemented in the numerica; 
simulation package (Legacy++ & ResBos) 

Summary 

1. Neither PHENIX nor STAR detector is her- 
metic +Missing ET cannot be measured + W- 
boson 4-momentum cannot be reconstructed 
+ need predictions at ' fhe lepton level 

2. We study the production and the decay .(at 
the lepton level) o f  the W-boson with hadron 
beams of  arbit'rary longitudinal polarization up 
t o  the NLO QCD. A resummation calculation 
is also presented. 

3. The lepton-level spin asymmetries 
are sensitive and easily measurable observables 
that are good alternatives t o  A(yi?,) 

4. The arbitrariness in the shape of  pT-distribution 
in the fixed-order QCD analysis is cured by 
summation of large logarithmic terms arising 
when p~ of the W-boson is small 

5. RHIC can easily test the spin dependence of 
the perturbative soft, collinear and nonpertur- 
bative contributions t o  d a / d p Y o 7 '  
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QCD analysis of spin structure function data 
from present and prospective future m.easurements 
Jechiel LICHTENSTADT 

School of Physics and Astronomy 
The Raymond and Beverly Sackler Faculty of Exact Sciences 
Tel Aviv University, 69978 Tel Aviv, ISRAEL * 

1. INTRODUCTION 

The measurement of the spin structure function 
of the proton gf by the EMC [l] concluding that 
only a small fraction of the nucleon spin is carried 
by the valence quarks has triggered a new series 
of experiments. They aimed to reduce the sta- 
tistical and systematic uncertainties on the mea- 
surements, to extend the kinematic range of the 
data and obtain data on both, the neutron and 
the proton and thereby test experimentally the 
Bjorken sum rule. Measurements were performed 
by the SMC at CEmi  [2], the E142, E143, E154 
and E155 collaborations at SLAC [3-61 and the 
HERMES [7] collaboration at DESY. The data 
cover now the entire kinematic range accessible 
by present day accelerators which are capable of 
providing polarized beams. Extending further the 
kinematic range will require new machines, pos- 
sibly colliders of polarized beams. 

The new data have induced much theoretical 
activity. In QCD the treatment of g1 follows 
closely that of the unpolarized structure func- 
tions and parton distributions. The evolution of 
the parton distributions is given by the DGLAP 
equations [8], for which the coefficient functions 
and the splitting functions have been computed 
to next-to-leading-order [NLO] in a, [9,10], thus 
allowing for a consistent QCD analysis in NLO 
of scaling violations in g1(qQ2) [ll-141. The 
analysis provides the first information on the po- 
larized gluon distribution in the nucleon. Such 
analyses were carried out by several theoretical 
groups [ll-141 as well as by the SMC [15]. 

We repeat the QCD analysis performed on the 
g1 data and include all the new (recent) data 
which were not available in the SMC analysis. 
The results of the analysis were used to project 

. 

'This work is supported by The Israel Science Foundation 
founded by The Israel Academy of Sciences and Humani- 
ties. 

future measurements in new machines. 

2. QCD ANALYSIS OF 91 DATA 

The QCD analysis has been done following Ball 
Forte and Ridolfi [ll] including all available g?, 
gi' and g; data [l-71. Using the DGLAP equa- 
tions parton distributions, parameterized at an 
initial scale Q$ are evolved to the Q2 value of the 
experimental data at the measured x, thereby fit- 
ting the initial parameterization to the data. The 
form for each parton distribution at the initial 
scale (Qi=l GeV2) was taken as: 

Af = 

N(af,Pf,af,Pf)Bf"af(l  - " ) W + a f " + P f & )  

where N is a normalization factor (s,' Nx"(1 - 
~ ) ~ ( 1 +  ax + P a d "  = 1) and vf is the first 
moment of the A f. The analysis has been carried 
out in the AB scheme [ll]. Our results [17] for the 
first moments of the singlet parton distribution 
and the polarized gluon distribution are: 
qs = 0.40 f 0.02 (AX f 6(AX)) 
qg = 0.632:::; ( Ag f 6(Ag)) 
Errors are statistical only. The systematic error 
is essentially the same as that determined in the 
QCD analysis performed by the SMC [15]. The 
best fit parton distributions at the initial scale are 
shown in the attached figures. 

3. PROSPECTIVE MEASUREMENTS 
AT e-RHIC AND HERA 

The results of the QCD analysis were used to 
project values of measurements in the extended 
kinematic region which may become possible in 
the future and examine their impact on the de- 
termination of Ag. Two future machines were 
considered: 

0 A new electron-proton collider at RHIC (e- 
RHIC) [18] with beam energies of Ep=250 
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GeV and Ee=10 GeV. 

0 Polarized HERA [19], with polarized elec- 
tron (available) and proton beams of 27 and 
820 GeV respectively. 

The estimates were done assuming beam po- 
larizations of 0.7 for both beams, and detector 
parameters similar to those of H1 at HERA. A 
total integrated luminosity of L: = 12.6 fb-' was 
assumed for the expected e-RHIC data and C = 
500 pb-l for HERA. Such luminosities should be 
obtainable in three years according to the pro- 
posed design parameters. 

The parton distributions from the QCD analy- 
sis were used to project the g1 values at the ex- 
tended kinematic region, and the statistical errors 
were estimated according to the detector and ma- 
chine parameters. The projected 'data'were then 
added to the real data and the QCD a.nalysis was 
repeated to asses the uncertainty on the polarized 
gluon distribution. 

The new g1 data will reduce significantly the 
uncertainty on the first moment of the polarized 
gluon distribution in the nucleon, Ag: 

0 Inclusion of projected HERA data (.C = 500 
pb-l) will result with: 
Ag = 0.6 f 0.14 and AX = 0.40 f 0.02 

0 Inclusion of projected e-RHIC data (C = 
12.6 fb-l) will result with: 
Ag = 0.7 f 0.08 and AX = 0.41 f 0.015 

The estimated errors are statistical only. 

4. COMBINED ANALYSIS OF 91 AND 
DI-JET ASYMMETRIES DATA 

New experiments which measure processes 
in which Ag contributes in leading order, such 
as COMPASS at CERN or RHIC-Spin are un- 
derway. These data will provide a direct mea- 
surement of Ag(z). Fhture facilities will enable 
measurements of two-jet asymmetries where Ag 
contributes in leading order as well. These data 
which will determine the shape of the gluon 
distribution, can also be included in the QCD 
analysis in a self-consistent way [16]. They will 
constrain the (presently) assumed shape of the 
polarized gluon distribution as well as reduce 
the uncertainty on its first moment. The ex- 
pected uncertainties on the di-jet asymmetries 
were evaluated by Radel and DeRoeck [20]. They 
are shown in the attached figures. Including 
such di-jet asymmetries in the QCD analysis, 
will further reduce the uncertainty on the first 

moment of the the polarized gluon distribution: 
Ag = 0.6 f 0.04 

The expected uncertainties on the polarized 
gluon distribution which will be obtained from 
QCD analysis of present and future data are sum- 
marized in the attached table. 
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J. Lichtenstadt, Current and Future Directions at RHIC 

New QCD analysis in NLO 
J. Lichtenstaclt , Preliminary 

e Include new and revised data ~E143, E155, 
HERMES) . 
Fit 12 parameters. 

Parton Distributions at QE = 1 GeV2: 

A f = N ( a f ,  P f ,  af ,  , 0 f ) ~ f ~ " f ( 1 - ~ ) ' ~ f  ( l + a f ~ + ~ f J l t t )  

Evaluate only statistical errors. 

e Significant improvement in x': 194.5/174 
(Compared to 239.3/177 with 9 parameters). 

e Systematic and theoretical are still signifi- 
cant (same). 

Analysis in AB scheme. 
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J. Lichtenstadt, Current and Future Directions at RHIC 

NEW QCD fit in NLO of world data 

e Use only data with Q2 > I GeV2 
e Fit results at Q2 = 1 GeV2 (preliminary): 

7s = 0.40 & 0.02 (AX rt 6(AX)) 
aq = 1.6 Zt 0.2 
p4 = 4.4 Zt 0.4 
% = 0.0 (Fixed) 
Pq = 0.0 (Fixed) 

7 g  = 0-63-0.19 +o-20 

pS = 4.0 (Fixed) 
= 7.4 zt 0.7 
- -5.6 Zt 0.3 

%I 

P g  - 

( Ag&s(Ag))  
- -0.15 zt 0.21 - 

79;) = (-)0.75ga4 + 0 . 2 5 ~ ~  
4 V S  = -0.75 k 0.07 
/3%s = 2.4 rt 0.1 
aNS  = 27.5 Zt 14.8 
f2gs = 0.01 zt 0.1 
,8&s = 2.5 Zt 0.4 

x2 = 194.5 for 174 deg. of freedom 
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J. Lichtenstadt, Current and Future Directions at RHIC 

I 

0.8 

0.6 

0.4 

0.2 

0 

-0.2 

0.2 
0. I75 
0.15 

0.125 
0. I 

0.075 
0.05 

0.025 
0 

-0.025 
-0.05 

Part on Distributions 

AB scheme 

0. I 

0 
0.05 - -0.J 

I O 4  IO" I o - 2  Io-' I 

1 xAqNi(x, 10 G e 9 )  

xAq"(x, I GeV-/) 

(PRELIMINARY) 
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J. Lichtenstadt, Current and Future Directions at RHIC 

Measurement of gI(x, Q2)  at e-RHIC 

Kinematic range: 

Q2 (GeV2) 
10 

10 
SLAC + HERMES 

10 

10 

1 

IO -4 10 -2 10 -’ 1 

X 

0 Beam energies Ep = 2.50 GeV: E, = 10 GeV 
pro\-ide fi - 100 Gel- 
A significant iiiiprox-ement conlpared to fixed target 
experiments. 
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J. Lichtenstadt, Current and Future Directions at RHIC 

Fit to world data and e-RHIC projections 
Three years - 12.6 fb-l 

Proton Spin Structure Function 

SMC 
V SLACE155 
0 H E M E S  
A SLACEI43 
0 EMC a 

-0.5' -4 ' ' ' ' ' " I '  I I t 1 , 1 1 1  t ! , I  I I , 1 1 1 L  

I 
X 

IO IO -3 IO -2 IO -I 

From QCD analysis (in. NLO) at 1 GeV? 

%J - - . o  /' Ag(x)dx = 0.7 z!:!: (statistical) 

7 4  = AX = 0.41 k 0.015 (statistical) 
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J. Lichtenstadt, Current and Future Directions at RHIC 

Combined analysis of g1 and 2-jet data 

A. Polarized gluon distribution Ag 
From QCD analysis (in NLO) at 1 GeV2: 
c = 12.6 fb-' 

7s = . Ag(z)dz = 0.64 & 0.04 (statistical) . 

qq = AX = 0.40 3~ 0.02 (statistical) 

B. Sensitivity to the shape of Ag 

Polarized gluon distributions 
Fits compared to Ag(z) from %jet asymmetries 

(e-RHIC NLO 12%'') 
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J. Lichtenstadt, Current and Future Dirlxtions at RHIC 

0 Experiments in a polarized collider (e-RHIC 
or pol-HERA) which1 will include also 
measurements of di-jet asymmetries are 
expected to determine the 
polarized gluon distribution with about 7% 
accuracy as well as constrain its shape. 

Data. used 

II LLD’’ + HER4 gf‘ + &-jets I k0.10 I hO.02 - -  -. Y 1 I [ “D” + e-RHIC gi) + Ag-jets (12.6 fb-l) I kO.04 I h0.014 

307 



308 



Polarized light-antiquark flavor asymmetry 

S. Kumano * 

Department of Physics 
Saga University 
Saga, 840-8502 

;Japan 

ABSTRACT 

Flavor asymmetry of polarized antiquark distributions is investigated. Because of extensive 
studies of a/z asymmetry in the last ten years, the unpolarized flavor asymmetry is now well 
established [l]. However, little is known for the polarized flavor asymmetry. First. it is investi- 
gated in a meson-cloud model [2]. In this model, a polarized proton splits into a meson and a 
baryon, then the meson interacts with the virtual photon. For polarized antiquark distributions. 
a contribution comes from the spin-one p meson. The Aa - Ad distribution is expressed in terms 
of p momentum distributions in the proton and the polarized valence-quark distribution in p. We 
include pNN and pNA splitting processes in the calculation by keeping 1/Q2 terms. As a result. 
we find that p N A  process terms are small in comparison with the p N N  terms. The g!-tyvpe 
contributions become significant in the mediulm-x region. Numerical estimates indicate that the 
p meson contributes Ad excess over Aa. Second, a polarized proton-deuteron ( p d )  Drell-Yan 
process is investigated for finding the polarized flavor asymmetry [3] because the transversity 
flavor asymmetry cannot be found in the W production unlike the longitudinally-polarized one. 
Numerical estimates indicate that the pd reaction could be used for measuring the asymmetry 
particularly in the large XF region. 

References 
[l] S. Kumano, Phys. Rep. 303 (1998) 183. 
[2] S. Kuma.no and M. Miyama, Phys. Rev. 1165 (2002) 034012. 
[3] S. Kumano and M. Miyama, Phys. Lett. 13497 (2000) 149. 

* kumanos@cc. saga-u.ac. jp, ht tp: //hs. physsaga-u.ac. jp. 
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Aii -Ad distribution 

naive quark model 

, p+(ud) , po((uU - dd) / Jz) I p-(ad) 

Charge symmetry in p 
- Val - - Val AiiZ = Ad,+- 2Aiii:= 2Ad P o =  AvP 
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p-meson contribution to g, 

Y " 4  calculate P "WPv 

Longitudinal polarization 
/' 

N 

Transverse po 1 ar izat i on 
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An - Ad distributions 
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Comments on previous works 

(1) Fries - Schafer (FS, 1998) 
(2) Cao - Signal (CS, 2001) 

The situatin was conhsing in the sense that CS pointed 
out two major mistakes in the FS calculations. 

. fp" &NN should be replaced by - fpNN gpNN in Af(y) 
pNA results are wrong 

As far as we checked, the: FS results are right. 
(except for a minor misprint) 

-+ consistency with the unpolarized distributions 

+ consistency with Machleidt (1986) 
-+ detailed studies of lhelicity amplitudes 

by Melnitchouk and Thomas ( 1993) 

, 
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Numeric a1 analysis 

- 0.7, 1.0, or 1.3 at Q2 = 1 GeV 2 

MP,=5GeV, JS=50GeV 

parton distributions: LSS-99 at Q2 = 1 GeV2 

Q2= 1 GeV2 evolution 3 Q2 =M2 PP 

assume ATq(x) =Aq(x) at Q2 = 1 GeV2 

T 

oc" 
0 

r, = 0.7 1 - Longitudinal 

1 

.5 

0 
-1 -0.8 -0.6 -0.4 -0.2 0 02 0.4 0.6 0.8 

XF 
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Nucleon matrix elements with domain wall fermions 
Konstantinos Orginos 

RBC collaboration* 
RIKEN-BNL Research Center 

September 10, 2002 

The structure of the nucleon is one of the fundamental. problems that lattice QCD can address. In the last few years, sub- 
stantial efforts have been made by several groups [1,2,3] in calculating the non-perturbative matrix elements relevant to nucleon 
structure. Up to now only Wilson fermions, improved and unimproved, have been used in both the quenched a p p r o ~ a t i o n  
and in full QCD. In this report we examine the feasibility of studying nucleon matrix elements with domain wall fermions in the 
quenched approximation. Domain wall fermions have only O(u2) lattice artifacts, non-perturbative renormalization works very 
well, and have no problem with exceptional configurations [4,5]. Furthermore, the chiral symmetry they preserve on the lattice 
eliminates mixing with lower dimensional operators, rendering the renormalization of certain matrix elements significantly 
simpler. For the above reasons, a study of the nucleon structure with domain wall fermions is definitely important. 

We study the nucleon matrix elements relevant to the leading twist contributions to the moments of the nucleon structure 
functions. The leading twist matrix elements are: 

1 5 ~(P,Sl~~plpz...pn}lP,~) = 2(zn--l)q(P) x b P l P P 2  - - .P," + . . . - trl 
8 

59 2 
- ( P ~ ~ l ~ ~ u p l , ~ . . . p ~ ~ I ~ ~ ~ )  = -(zn)aq(p) x [ s t r ~ m ~ p z  * S P ~ ,  + - .  . - t.1 n + l  

where p ,  and sp are the nucleon momentum and spin vectors, m~ the nucleon mass, and 

{} implies symmetrization and 0 implies anti-symmetrization. For the conventions used see [3]. 
In conclusion, we have started the computation of moments of nucleon structure functions with domain wall fermions. Our 

current results are unrenormalized and restricted to those .matrix elements that can be computed with zero momentum nucleon 
states. Yet we already have hints of a couple of potentidly interesting results. First we have an indication of the possible onset 
of chiral log behavior for (z),-d. Also it is very encouraging, although expected, to see the lack of power divergent contributions 
for Q. Our project is ongoing. We hope to have more statistics and non-perturbative renormalization of the presented matrix 
elements in the near future. 

References 
[l] M. Gockeler et al., Phys. Rev. D63, 074506 (2001). 

[2] M. Gockeler et d., Phys. Rev. D53, 2317 (1996). 

[3] D. Dolgov et aL, (2002). 

[4] T. Blum et al., hep-lat/0007038 (2000). 

[5] T. Blum et al., Phys. Rev. D66, 014504 (2002). 

*The current members of the RBC collaboration are: Y. Aoki, T. Blum, N. Christ, C. Dawson, T. Izubuchi, L. Levkova, X. Liao, G. Liu, 
R. Mawhinney, Y. Nemoto, J. Noaki, S. Ohta, K. Orginos, S .  Prel,ovsek, S. Sasaki and A. Soni. We thank RIKEN, BNL and the U.S. DOE for 
providing the facilities essential for the completion of this work. 
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RBC Simulation 

0 Gauge Action: DBW2 

With CI = -1.4067 computed by non-perturbative RG blocking. 
[Takaishi Phys .Rev. D54 (199611 

0 ,B = 0.870 or = 1.3GeV, Volume: 163 x 32 N 2.43fm3 box. 

Fermion Action: Domain wall fermions L, = 16 --+ mres - .7MeV 

0 Statistics: 100 Latt ices QCDSP ~ O O G ~ I O P S  for 3 weeks( 

Status: PRELIMINARY! 
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Finite volume effect for C I A  

!:L Experiment 
o dbw2 (a''=i.3deV e3x24) 
M dbw2 (a"=1.3deV 1@x32) 
o Wil@on(a-'=2.0deV 1 6 3 ~ 3 2 )  

* 1.2 5 
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P!-e\:lhus RBr, stg&..: 
[Blum,Ohta,Sasaki] 1.6fm box 

New RBC study: 
2.4fm and 1.2fm box 

Clear finite volume effect 
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Single spin asymmetries in p p  ;and ep collisions 

Yuji Koike 

Department of Physics, Niigata University, Lkarashi, Niigata 950-2181, Japan 

In this talk, I will discuss the single transverse-spin asymmetry in the pion production, 
{e, p }  + pr + .(e) + X ,  and the A hyperon polarization, {e, p }  + p + A+(l) + X ,  in the 
framework of the collinear factorization. These asymmetries occur as the twist-3 effect 
which represent particular quark-gluon coi~elations in the hadrons. 
We first classify the complete set of the twist-3 distribution and fragmentation functions. 
Then we summarize how they appear in the analysis, and present cross section formula. 
By introducing a model for the twist-3 functions, we discuss qualitative features of the 
asymmetries. The model is constructed in order to reproduce approximately the existing 
data of the asymmetries in p p  collisions and then applied to ep collisions. Finally a 
comparison with another approach based on T-odd, IC1 distribution and fragmentation 
functions is briefly discussed. 
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Extraction Of Polarized Parton Distributions From 
Semi-inclusive 13ERMES Data 

Patricia Liebing, DESY-Zeuthen On behalf of the HERMES Collaboration 

August 20, 2002 

HERMES collected large statistics of inclusive and semi-inclusive DIS on polarized hy- 
drogen and deuterium targets. From the inclusive data the polarized structure functions 
gy and gf! were extracted with high precision. The measurements were extended down to 
X B ~  fi 0.004. Good consistency between the preliminary HERMES data on gl/Fl with an 
earlier measurement of SMC [I] is observed despite the fact that the average Q2 of SMC is 
about a factor of ten larger than that of HER.MES. 
The semi-inclusive asymmetries are based on IM(6.5) million DIS events taken on hydrogen 
(deuterium) in the region of Q2 > 1 GeV2 and W 2  > 10 GeV2. For the hydrogen data, 
pions could be identified using the information from a threshold Cherenkov counter. For 
the deuterium data the RICH detector provided the possibility to identify pions and kaons. 
The semi-inclusive and the inclusive asymmetries from both targets in the same kinematic 
region were used for the flavor decomposition of the individual quark polarizations. The 
purity formalism was applied, in which in LO QCD the semi-inclusive asymmetry can be 

is the purity for a quark of type q and a h,zdron h. q(z:Q2) is the unpolarized PDF. 
JETSET with the LUND string model was used to obtain the fragmentation functions 
D,"(z,Qp) which were integrated integrated over z from zmin = 0.2 to z,, = 0.8 in the 
HERMES acceptance. The LUND fragmentation parameters were tuned to fit hadron 
multiplicities measured at HERMES. They were varied for an estimation of the associated 
systematic uncertainties. Integrating over the Q2-range in each xBj-bin one can obtain the 
quark polarizations by solving 

where A(z) is the vector of input asymmetries, P(x) is the purity matrix and G(z) = 
(%, y, 9, 9, $ = 9) is the solution vector. Except for As/s = A5/3 there is no 

symmetry assumption on the sea flavors. The results on $f and are in good agreement 
with [2]. The strange sea polarization is slightly positive. The HERMES data on Aa - A2 
are'consistent with zero favoring an unbroken SU(2)f symmetry. 

[l] D. Adeva et al.,Phys. Rev. D 058, 112001 (1998) 
[Z] K. Ackerstaff et d., Phys. Lett. B 464, 123 (1999) 

A(z) = P(z)Q(x) (3) 
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Thoughts on Measuring As in Semi-Inclusive DIS 

E.R. Kinney 
University of Colorado, Ejoulder, CO 80309-0390, USA 

August 23, 2002 

Precise determination of the quark spin and flavor structure of the nu- 
cleon has been one of the central got& in the study of quark-gluon dynamics. 
In particular, the contribution of the strange quarks to the nucleon spin has 
been sought in order to test the hypothesis that the the smal l  total contri- 
bution of quarks spins to the total spin of the nucleon implies a relatively 
large and negative strange sea cont:tibution. 

While the spin structure is becoming better determined in the range 
of intermediate Bjorken z where valence quarks predominate, there is still 
large uncertainty in the structure of the virtual sea at low z as well as in 
the valence region at high x. Within the widely used common assumption 
of As = As, only a very small strange sea polarization is found. Consider- 
able effort will be required to determine this quanti@ with precision over a 
broad range in Bjorken x. Recent projections for the statistical accuracies 
of experimental results from HERhiDES[l], COMPASS[2] and the 5 Gev on 
50 GeV EIC design[3] were presented, all of which use the technique of flavor 
tagging in semi-inclusive deep inelastic scattering. Already, the HERMES 
measurements have statistical uncertainties comparable to the systematic 
uncertainties which result &om the uncertainties in the unpolarized strange 
quark distribution, the fragmentation process, and the effects of higher order 
QCD in the analysis of the semi-inc:lusive asymmetries. 

Programs of measurements using parity-violating electron scattering and 
elastic neutrino scattering are also underway; first results from the former 
also are consistent with a very sm,d  strange contribution to the nucleon 
spin. Plans are also underway at RHIC to 'determine the spin components. 
In the far future, a neutrino factory could provide an ideal tool for these 
studies. 

It seems possible that within 5 to 10 years, before the EIC program will 
start, we will know this particular quantity as a function of 5 to about 20- 
30%, although it should be kept in mind that we may get a big surprise and 
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find the assumption of equal strange and anti-strange distributions is false. 
In that case, we will still have a lot to  do to get to the 20-30% level. To 
progress further using semi-inclusive DIS it will be necessary to find ways 
to decrease the systematic uncertainties of the technique; this implies more 
precise determination of the strange quark content and better understanding 
of the fragmentation to allow more complicated but more eacient hadron 
tagging. The theoretical community has already been at work to understand 
the extension of the technique to higher orders. 

I think it is appropriate at this time to step back and ask ourselves what 
goals we have in making these precise measurements before undertaking the 
very large effort to make them. In the spirit of this workshop, I then ask 
the question of whether we can expect in 10 years to have calculations of 
the nucleon structure at a level where we not only test our understanding of 
the nucleon but also, perhaps, test our understanding of QCD. While not a 
true “heavy” quark, the strange quarks appears to  offer some handle to the 
nucleon structure because their mass is significantly different than up and 
down quarks. Whether models or lattice calculations can make precise and 
testable predictions remains a,n open question. Understanding the nucleon 
structure also means understanding confinement; it is important to deter- 
mine whether a precise flavor decomposition will also offer new insight to 
the confinement problem. 

In conclusion, while the EIC offers exciting possiblities of studying the 
nucleon, it is clear that there is much work to be done both on the theoretical’ 
and experimental fronts to make a new level of precision measurements of 
basic importance to advancing our understanding. 

This work was supported in part by the U.S. Department of Energy, 
grant DE-FG03-95ER-40913. 
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e Introduction 

-+ Why measure AS? 
-+ Semi-Inclusive Deep Inelastic Scattering 

e Semi-Inclusive Results and Projections 

-+ Hermes Flavor Decornposition Results 
-+ Compass Projections 
-+ EIC Projections 

e Open Questions and Opinions 
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I I 
I 

Whence spin? 

1 
2 
- 1 

2 
Jq + Jg = -AX + Lq + AG + Lg = 

AX is small! 

1980: First measurements at SLAC (E80,E130) 

1988: AX = 0.012 zt 0.17 at EMC << Ellis-Jaffe Sum 

0 2000: SLAC,CERN, DESY give AX z 0.2 ++ 0.4 

Explanations? 

Strange sea polarization AS large and negative? 

Larger than expected gluon polarization AG? 

0 Large orbital angular momentum contributions L,, L,? 
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I s I 

Separate As and As 

e Precise AS over broad ;X range 

e Why? 

-+ Data for the world, e.g., LHC, Ultrahigh Cosmic rays 
-3 Test models of nucleon structure 
+ Test Lattice calculations of nucleon structure 
-+ Test QCD(!) 

e This requires a belief in future theoretical success! 
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Present measurements nearly dominated by limited 
knowledge of fragmentation functions and unpolarized 
4f ’ s o  

-+ Where will better knowledge of D and qf’s come 
from? 

e AS appears small (but not if AS = -As) 

-+ How well can we separate and determine these 
distributions? 

How will measurements of AG, “L,” affect the 
motivation ? 

Can we count on “1%” calculations? 
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I I 
New studies for EIC should probably focus equally on 
systematics as well statiistics: the experiment will run in 
the era of precision QCD 

Theorists should explore the ramifications of precise 
flavor-spin determinations, especially beyond models 
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B 

S. Kretzer 
(Michigan State University) 

I presentation @ RIKEN BNL on 21/08/2002: 

Fragmentation munctions from e + -  e 

Annihilations and Semi-Inclusive DIS 

0 Fragmentation Functions from e+ e- Collisions: 
Phys. Rex+. 1462. 054001 (20OO), other Fits 

0 FFs from SIDIS; Purities for polarized SIDIS 
Collab. with E. CIiristova. E .  Leader: 
Eur. Phys. J .  C (2001) 

=-+ a Ifr Sa for any o = f Q9 45 Q9 D 
Collab. with E. Christova. E.  Leader. M’.-K. Tung, 

0 Last minute inclusions here ,at the workshop ... 

0 From “PDFs with errors” to “FFs with errors”: D ( z )  -f S D ( z )  



0 What is determined by the e+e- data ? 

The singlet combination 

DE + E (DZ + + D e  n+ + D d  x +  + D a  7r+ + D s  7r+ + D g + )  

within extreme flavour assumptions 

is fixed by e+e- data to - 5%: 

A& . And similar estimates hold for D, 
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9 
a Light-Flavour FFs from IHERMES data: 

9 (RF+ - q:-) bp - DZS 

~ U V  - dv 
- - + D, x+ - D ;  

3 b- 
2.5 

2 

1.5 

1 

0.5 

0 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Z 

HERNES data $Dx[K(solid), KKP(dashed)] 
0 Isospin: 
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t .  

i 

L .  I 

FI . 

I I 

I :  1 ;  I i I ;  I 5 I i I i 1 1 ~  

- 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

( 0  Light-Flavour FFs within Errors (from LO extraction) 

0 SU(2) sector (I$, D:') well determined 

0 0," 

0 Knowledge of L$(p = DIS) within - 5% would fix 

+ + 
anything within [0, D: 3 

+ 
DF within - 20 - 30% 
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+ 
0 Purities P' within uncertainties 

1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

0 

10 -2 lo-' x 

0.1 0.05 

0.03 
0.05 0.025 
0.04 0.02 
0.03 0.015 
0.02 0.01 
0.01 0.005 

0 
lo-' Xl X 0 

10 -2 10 -' 

0.1 
0.09 
0.08 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 

0 

effective coupling for SIDIS 

Ah(x) = C P f h ( x )  AQf (4 
f Q f  (4 
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0 Gluon Fragmentation in bbg 3-jet topologies 

Curves: 

experimental Fragmentation Function 

LO QCD scaling violations 
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Iterative Method to generate Eigenvectors: 
(and dramatically improve numerical reliability) 

Physical 
parameters 

nth iteration 

Nth iteration: 
Eigenvector' 
orthonormal 
basis 

~~ 

the x2 = const. ellipsoid 

S .-- 
.I 
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vp elastic scattering: a direct measure of As 

Steven D. Bass 

HEP Group, Institute for Experimental Physics and Institute for Theoretical 
Physics, Universitat Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria 

Parity violating up elastic scattering offers an exciting new opportunity to  probe 
the strange quark contribution to the spin structure of the roton. This process 
involves elastic 2’ exchange and measures the axial charge gYFfor protons to couple 
to the weak neutral current 

viz: 2gY) = (Au - Ad - As) + (Ac - Ab + At) where Aq refers to the expectation 
value ( p ,  SI qypysq lp, s) = 2mps,Aq for a proton of spin sp and mass mp. The heavy- 
quark contributions to g r ’  have recently been evaluated to next-to-leading order 
(S.D. Bass, R. J. Crewther, F.M. Steffens and A.W. Thomas (hep-ph/O207071)). 
They are small, both at LO and at NLO. One finds that, when first t ,  then b, and 
finally c are decoupled using heavy-quark: renormalization group techniques, the full 
NLO result is: 

2 gy’ = (Au - Ad - -t- P(Au + Ad + + O(m,Tb’) ’ (2) 

Here P is a polynomial in the running couplings &, 

= -0.02 (3) 

Aqmv denotes the scale-invariant version of Aq and & denotes Witten’s renormal- 
ization group invariant couplinc for a heavy quark h. Given the small value of the 

assumptions about the small Bjorken x behaviour of 91. In particular, the value of 
extractable from vp elastic scattering includes any contribution to the spin 

associated with Bjorken x = 0, including the possibility of a contribution associated 
with non-perturbative gluon topology (S.D. Bass, Mod. Phys. Lett. A13 (1998) 
791), which, if present, would be missed by deep inelastic scattering (x > 0). 

A definitive measurement of vp elastic scattering may be possible using the 
miniBooNE set-up at FNAL (R. Tayloe, Nucl. Phys. B (Proc. Suppl.) 105 (2002) 
62). The projected error on As,,, from this experiment is 0.03, comparable with 
the error from the present polarized deep inelastic measurements. 

heavy-quark contributions, (-8 provides a direct measure of Asin,, independent of 
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Andrzej :M. Sandacz 

So€tan Institute for Nuclear Studies, ul. Hoia 69, Warsaw 
PL 00681, Poland 

E-mail:  sandacx@fuw. edu.pl 
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Studies of Exclusive Processes in ep  Scattering at EIG 

A. Sandacz 
So€tan Institute for Nuclear Studies, ul. Hoia 69, Warsaw, PL 00631, Poland 

E-mail: sandacz@fim.edu.pl 

In recent years significant progress has been made in the theory of generalized parton 
d i ~ t ~ i b ~ ~ t i ~ n ~  (GPD). Unifying the concepts of parton distributions and of hadronic form 
factors, they contain a wedth of information about  hot^ quarks and gluons make up hadrons. 
The reactions where GPDs can be accessed a.re deeply virtual Compton scattering (DVCS) 
and exclusive meson electroproduction, ep + ephl,  where M is either vector or pseudoscafar 
meson. DVCS is special, because it interferes with Bethe-Beitler process when the red 
photon is radiated from the lepton. This offers the unique possibility to study DVCS at the 
amplitude level, including its phase. 

To f a y  explore the physics of GPDs one t v a  want to disentangle contributions from 
various spin and flavor combinations. This requires measurements of various reactions in 
unpolarised collisions as well as with polarised lepton and proton [l]. 

'la the following we present resuits of studies of sever& exclusive processes in ep 
scattering at EIC, a-ith E, = 10 GeV and Ep = 250 GeV. The considered processes are: 
DVCS, hard p' production, J / $  photoproduction and j r / $  hard production. The eEects of 
the detector acceptance on the data were included in the simulation. The main features of 
the assumed detector are listed in Transparency 1. In Transp. 2 details are given €or the 
considered Roman Pot Spectrometer to be used for the tracking of the find state proton. 
For the considered setup the acceptance is good (0.3 - 0.6) for ftl > 0.04GeV2. For estimates 
of the statistical accuracies of the data the moderate luminosity of 330 pb-' was assumed 
for all analysed channels, except for the estimates of precision for double spin asymmetry. 

The kinematics of the real photon from DVCS is shown in Transp. 3. It clearly 
demonstrates a need to extend calorimetric measarements of energy of electromagnetic 
showers down to about 1 GeV, and to extend measurements to the region close to the 
beam. The correlation of ET with the accessible kinematic range of W and x can be 
seen in Tramp. 4. With ET > P GeV, the resulting kinematical range is Q2 > 1 GeV', 
20 < frc' < 95 GeV, Itf > 0.01 GeV2 and the total number of accepted DVCS events will be 
about 60000 (6000 for Q 2  > 4 GeV2). This wiII allow to determine do/dW with statistical 
accuracy of about 1% at several (6) W values. 

The estimated precision of the measured azimuthal asymmetry, which results from 
the interference between DVCS and Bethe-Heitler amplitudes, is shown in Transp. 5. The 
statistical precision is good, $-&/A < 0.1 in most of the region. However, at the lowest 
and highest W values systematic errors, which a.re due to the acceptance corrections, are 
expected to be large. 

For the hard production of po and JJ$ the kinematics of the vector mesons and decay 
particles is shown in Transp. 6 .  It illustrates the importance of tracking of decay particles 
in a wide angular range, 5 < B < 1 7 5 O .  The ei3ect of the acceptance of the central tracking 
detector on the accessible kinematical range is shown in Transp. 7. With the proposed 
detector the kinematical range for hard po and J / $  production is 1 < Q2 < 50 GeV2, 
15 < fit7 < 95 GeV. 

For the p channel the total plumber of accepted events \vi3 be about 650008 (52000 
for Q2 > 4 6eV2) and the d o u b l e - ~ ~ e r e ~ t i ~  cross section d2a,/dzdQ2 will be measured 
with accuracy better than 2% in the most of the region of Q2 < 15 Ge'Ci2, 6. Transp. 8. 
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The accuracy of measuring the longitudinal double spin asymmetry A,*p-,,~p is shown k 
Tramp. 9. To obtain the shown accuracy the high luminosity of the order of several fb-l 
will be needed. 

For hard J /$  production the total number of accepted events in the decay channels 
J/+ -f p+p- and J / $  - efe- will be about, 5000. This will allow to determine dafdx 
with accuracy o€ about 3% at several 3: values. 

FinaJly, we studied J/+ photoproduction, where the exchanged virtuaJ photon is 
quasi-real. In most of these events scattered electron escapes into the beam pipe, and the 
energy W has to be estimated using the reconstructed J / $ .  The kinematics of J / $  and 
distributions of Q2 and W are shown in Tramp. 10. For the accessible kinematic range 
Qmin < Q2 < 1 GeV2> 15 < W < 95 Ge’C’ the accepted number of events u-3.l be about 
70000. This will &ow to measure cross section da/dW with an accuracy of about 1% at 
several W values. 

In sulilmary, unpolarised cross sections for the studied channels could be measured 
at EIC afready at a moderate Iuminosity of about 300 pb-’. Measurements of azimuthal 
asymmetries €or DVCS are possible, but systematic errors due to acceptance corrections 
may be large in certain kinematical regions. Studies of double spin asymmetries wiU re- 
quire luminosities which are at least an order of magnitude higher. Studies of exclusive 
processes mill present several challenges for the future detector at EIC. In particular, wide 
angular coverage of the central tracking detector, measurements and isolation of electro- 
magnetic showers with low energy, and large acceptance Roman Pot Spectrometer will be 
needed. 

References 
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OVERLAY OF H1 ROMAN POTS ON 
OX-00 TRANSlTlON REGION 
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IMPACT PARAMETER SPACE INTERF'~TAT1ON FOR THE 
GENERALIZED PARTON DISTRIBUTIOKS NCX, 0, T) AND 

E@:, 0, T) . 

M.BLTIXKARDT 
Department of Physics, New Mexico State University 

Las Cwces, New ,Meziw 88011, tT.S.A. 

The Fourier transform of generatied parton distribution functions at .$ = 0 de- 
scribes the distribution of partons in the transverse plane. The physical significance 
of t h s e  impact parameter dependent parton distribution functions is discussed. In 
particular, it is shown that they sather pktivity constraints which justify their 
physical interpretation as a probability density. The generalized parton distribu- 
tion H is related to @pact. parameter distribution of unpolarized quarks for an 
unpolarized nucleon, H is related to tke distribution of longitudinally polarized 
quarks in a longitudinally polarized nucIeon, and E is related to the distortion of 
the unpolarized quark distribution in the transverse plane when the nucleon hrs 
transverse polarization. T h e  magnitude of the resulting transxme flavor dipole 
moment can be related to the ~ O I X I ~ ~ O U S  magnetic moment for that Aavor in a 
model independent way. 

References 
1. &I. B u r k d t ,  hep-ph/0207047. 
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Physical Interpretation for the 
Generalized Parton Distributions 
H ( x ,  0, -A:) and E ( x ,  0, -At) 

or: What DVCS has to do with the distribution of 
partons in the transverse plane 

Matthias Burkardt 
burkardt@nmsu.edu 

New Mexico State University 
Las Cruces, NM, 88003, U.S.A. 

Physical Interpretation for the Generalized Parton Distributions H (m , 0, - A? ) and E ( m , 0, - A 21 ) - p.: 
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Summary 
$3 DVCS allows probing GPDS 

3 GPDs resemble both PDFs and form factors: 
defined through matrix elements of light-cone 
correlation, but A E p' - p $3 0. 

momentum transfer) + Fourier transform of 
: %  t-dependence of GPDs at i$ = 0 (only I_ 

cw+ knowledge of GPDs for S = 0 allows determinini 
distribution of partons in the _L plane 

Physical Interpretation for the Generalized Parton Distributions H (m , 0,  -A: ) and E( m , 0, -A: ) - p,: 



I I 

GPDs provide novel information about 
nonperturbative parton structure of nucleons: 
distribution of partons in I, plane 
L, 
information 

(ypz - zpy) only lowest b l  moment of tha 

a q(x, bl) ,  &(z, bl )  have probabilistic 
interpretation, e.g. q(x, b l )  > 0 for x > 0 

(3 universal prediction: large x partons more 
- 

localized in b l  than small x partons 

Physical Interpretation for the Generalized Parton Distributions I3 ( a:, 0, - A: ) and E (a, 0, - A ) - p.' 

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



W 
4 
0 

ti; m E ( ~ ,  A, -a",> describes how the momentum 
distribution of unpolarized partons in the 1_ plant 
gets transversely shifted (distorted) if is nucleon 
polarized in 1_ direction.. 

gj$ published in: M.B., PRD 62,71503 (2000), 
A 

hep-pld0105324, and hep-pWO207047; see also 
(' # 0) M.Dieh1, hep-pW0205208. 

Physical Interpretation for the Generalized Parton Distributions H (a:, 0,  -AT ) and E ( 0 ,  0,  -A% ) - p,: . 
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Azimuthal asymmetries in semi-inclusive DIS 

Pave1 Nadolsky 
in collaboration with 
D. Stump, C.-P. Yuan (Phys.  Lett., 6515, 175 (2001)) 

Contents 
J Perturbative aspects (q$ >> A2QCD) 

+ Unpolarized azimuthal asymmetry as a probe of  the 
vector nature of QCD; recent ZEUS data 

J Nonperturbative aspects (& N 

+ Small-qT factorization 
+ Sudakov factors & Collins fragmentation function; 

strong Sudakov suppression o f  Collins asymmetry? 

J Merging perturbative and nonperturbative regions 
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Fixed-order SIDIS cross section dg/(dxdQ2d0) is unreliable in 
the l imit 0 -+ 0 

There is a powerful machinery for summation of  such loga- 
rithms originally introduced in e+e- hadroproduction and Drell- 
Ya n processes (Dokshitser, Dyakonov, Troyan, 1978; Parisi, Petronzio, 

1979; Collins, Soper, Sterman, 1981 -1 985; Aitareili, Ellis, Greco, Martinelli, 

1984;. . .) 

Hard cross sections in SIDIS, e+e- hadroproduction and Drell- 
Yan processes are "kinematically isomorphic" (described by same 
Feynman diagrams in different crossing channels) 

When formulated in Lorentz-invariant terms, the most part of 
the resummation formalism is identical in three processes 



I ~~~~~l~ i,yri( ; I I ,+~ , ,  i t l l  

ZEUS ( ~ h y s .  Lett . ,  ~ 4 8 1 ,  199 (2000)) measured pT-dependence of  
(cosp) and (cos24  in the charged hadron production 

Extra complications in the ZEUS analysis 

- " - - ~ ~ ~ " ~  .__. .__ ~ . ".___I . 

' 

1. p~ distributions mix fixed-order perturbative and nonper- 
turbative contributions in both (cosp) and ( c o s 2 ~ ) .  T h e  
nonperturbative contributions are not just  "intrinsic kTrr 
contributions, but also include PQCD Sudakov fac to rs  a t  

LJ 
4 w A Z c D  << q$ << Q2 

2. They contribute both to  the numerator and denominator 

3. Fragmentation functions D ( x )  in (cosnp) do not cancel 

4. O(ag)  corrections t o  SIDIS are expected t o  be large 

. . . .. . . . . . . ... . . . . . . . .- . . . . . . . . . . . . .. . -. . . . - .  . . . . . -. . .. .  . . . . . . . . . . .. . . . . . .. .. . . . - . ~ .  .. . . - .  . . . .. .. . - . -. 



azimuthal asymmetries of  the transverse energy flow ( E T )  in 
the y*p c.m. frame as a function o f  417 

J The  perturbative (q$/Q2 N 1) and nonperturbative 

J D ( x )  are integrated out 
J Nonperturbative terms in the denominator are well under- 

J qT = VVe-vc-*- can b'e easily measured 

(q$/Q2 << I) contributions are well separated 

stood in the framework of small-qT factorization 



Es t ima tes  of ( E ~ c o s n c p ) ( q ~ )  in da ta  bins from H1 ET-fIow anal- 
YSiS (DES Y-99-091) 

65 4 3 2 rl(hCM) 
A 0.06 , I )  

9. 0.04 
I 

............. 

0 
0.04 

0.03 
................ 

0.01 

3 6 9 12 15 
ql, GeV 

2 0.04 

g 0.02 

E o  
v -0.02 

-0.04 

-0.06 

-0.08 
-0.1 
0.05 

0.04 

0.03 

0.02 

0.01 

0 

(a)(x) = 0.0047, 
Q2 = 33.2 GeV2; 

..... i .......... . ......... ........................ 
..... (b)(z) = 0.026, 

Q2 = 617 GeV2 

./tT dp ‘Os is calculated a t  (?(as); &%hp* is calculated in 
the resummation formalism (solid) and a t  O(as)  (dashed) 
PQCD is trustworthy a t  QT/Q N 1 and fails as qT/Q -+ 0, where (ETcosp) 
is large and negative (even diverges for the resummed denominator) 

d(ET)  
npdsdQ2dq$& 



... . 

Conclusions 

I. Azimuthal asymmetries in unpolarized SIDIS provide sensi- 
t ive tests o f  PQCD 

2. In  particular, the measurement of (cosy) and (cos29) in 
the ET-fIow as a function of q in the y*p c.m. frame is simple 
and cleanly separates perturbative and nonperturbative contri- 
butions 

3. We need t o  understand better how amim. asymmetries are 
affected by multiple parton radiation a t  A2QCD << q$ << Q2 

4. I n  the presence o f  perturbative radiation, Collins transverse 
spin asymmetries do not have to  vanish as 1/Q due to  
Sudakov factors; additional studies are needed tha t  consider 
effects from the region A6cD << & << Q2 
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Measurements of the structure of proton 
and virtual photon at H E M  

Stefan Schlenstedt (DESY Zeuthen) 

-- Abstract 

This talk deals mainly with the progress of the measurements of deep inelastic 
scattering in neutral current interactions performed by the collider experiments 
at HERA. The impressive improvement of the precision of the proton structure 
function Flz in the last ten years is diescribed. New measurements of Fz extend- 
ing the phase space towards small momentum transfers LJ2 are introduced, The 
analysis of the gluon density, and the precise extraction of as is discussed. Irn- 
portant cross-checks as the extrapolation of the charm structure function Fig, and 
different ways determine the longitudinal structure function 1 L are depicted. This 
is followed by a discussion of the Ela measurements at very small momentum 
transfers. The analysis of the derivatives of Flz is described. The high Qa cross 
sections and the structure function xF3 are presented with regard to the potential 
to extract the valence quark distributions. 

The second part of the talk is devoted to measurements of cross sections of event 
classes where a second scale besides Qa becomes important. An interpretation 
in terms of the resolved photon in deep inelastic scattering is discussed. 

The third part of the talk is dedicatted to an outlook of in the HERA I I  running 
phase, prediction for measurements ;and improvements in precision are presented. 
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12.5 : 

10 1- 

7.5 : 

5 -  

2.5 :; 

Hl.-i-%,EUS 
I" .................................... " " 

A1 NLO-QCD fit 
xg3a*s"u( l-n)~*(l+d\'r+es) 

Q2=20 GeV2 

FFN Iieary-quark sciterite 

XEIJS NLO-QCD fit 

RT-VFN bcavy-qitnrk sclierne 

exp. unccrt. 

"r' ....... .... 0 tL---.UliLI .,,,, ........... "L. ..... 1 I I .I..l.'..r.L- 

10 -4 10 -3 10 -2 10 

__ .......... 
HI+ZEUS 

cct 0.8 7 [x' 81 2002 PDF Bit (prei.) pc F cxe(Ibf$) = 0.1185 fixed Q2=1000 GeV2 

IO -3 10 -2 IO -l 1 
x 



p beam energy (GeV) 
e beam energy (GeV) 
Number of bunches 
Number of protons/bunch 
Number of electrons/bunch 
Proton current (mA) 
Electron current (mA) 
Nor. proton emittance (nm rad) 
Hor. electron emittance (nm rad) 
Proton beta function x f y  (m) 
Electron beta function x/y (m) 
beam size o;, x ay (pm) 
Synchrotron Rad. at IP (kW) 
Specific luminosity (cm-2 s-I rnAW2) 
Luminosity s-l) 

1997 
820 
27.5 

180/189 
7.7 x 1010 
2.9 x 1010 

105 
43 
5.5 
40 

1f0.7 
200 x 54 

7/0.5 

Design 
820 
30 

210 
10 x 1010 
3.6 x IO1' 

160 
58 
5.7 
39 

2/0.7 
247 x 78 

l o l l  

Upgrade 
820" 
30t 

180/189 
10 x 1010 
4.2 x IOxo 

140 
58 
5.7 
22 

2.45/0.18 
0.63/0.26 
118 x 32 

25 
1.64 x loso 
7.363 x 1031 

3r Possible incxease to 920GeV, tests in 1991 and 1998 
t 30 GeTi maximum. energy assumed 6 x  background ~ ~ c u l a t i o ~  
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Helicity Selection ,and Semi-Exclusive Meson Production 

J. Lmaghan 
The Niels Bohr Institute 
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The Drell-Hearn-Germimov sum-rule at EIC 

Steven D. Bass 

HEP Group, Insitute for Experimeni:aE Phgsics and Institute for Theoretical 
Physics, Universitat Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Aktria 

Future measurements of the spin dependent part of the total yp cross-section 
at large values of the real-photon proton centre of mass energy syp will help to 
constrain the high-energy part of the fundamental Drell-Hearn-Gerasimov sum-rule. 
Exploring the “transition region” in g1 - varying Q2 between 0.01 and 1 G e V  - 
would yield valuable new constraints on the transition between the realms of Regge 
predictions and hard-scale perturbative QCD dynamics. 

The DHG sum-rule is derived from fundamental principles plus the single as- 
sumption that the spin-dependent part of the forward Compton amplitude satisfies 
an unsubracted dispersion relation. Failure of the sum-rule would imply a sub- 
traction constant (“subtraction at infinity”), challenging our understanding of spin 
dependent phenomena in QCD. Given i;he fundamental nature of the DHG sum- 
rule, it is very important to measure the high-energy Regge contribution. The EIC 
could measure ( c r ~  - up) between 20 < ;$$ < 9OGeV - considerably extending the 
first measurements planned at SLAC (up to 9 GeV centre of mass energy). 

The transition region for g1 is particularly interesting because much larger changes 
are expected in the effective intercept X which describes the shape of the structure 
functions at small Bjorken 5, (f (z, Q2) c-l x-’), in g1 than in the unpolarized struc- 
ture function F2 which has been extensively studied at HERA. The effective intercept 
changes between 0.1 and 0.35 for unpolarized data as we increase Q2 from zero to 
about 100 GeV2. For 91, the corresponding change 6X may be as much as five times 
larger, yielding new opportunities to study the transition region and new challenges 
for models which aim to describe the Regge to hard Q2 transition. Open questions 
which may be addressed with the EIC are: At which Q2 does the effective intercept 
for g1 start to grow ? What is the rate of growth with increasing Q2 ? Where in Q2 
will perturbative QCD start to describe future g1 data at small 2 ? 

With appropriate small angle tagging detectors in both the electron and proton 
direction at the EIC very precise data on low Q2 asymmetries can be collected. The 
high luminosity of the EIC makes it the optimal proposed polarized ep collider to 
perform these measurements. The use of deuteron beams with spectator tagging 
could help to disentangle different exchange contributions in the Regge re,’ mime. 

For a detailed study, see: S.D. Bass and A. De Roeck, Eur. Phys. J C18 (2001) 
538. 
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AG at RHIC-SPIN via Double J / $  Production 

JIRO KO DAIRA 
Dept. of Physics, Hiroshima University 
Higashi-Hiroshima 739-8526, JAPAN 

Abstract 

The major emphasis and strength of RHIC-Spin is to measure the gluon polariza- 
tion, so it is important and interesting to investigate various processes which are 
attainable experimentally to this aim. In this talk, I want to show that the dou- 
ble heavy quarkonium production in the polarized proton-proton collision would 
provide an ideal means of detecting the polarized gluon distributions, and which 
may at least play a supplemental role to the presently proposed program at R;HIC 
to this end. It should be stressed that the double quarkonium production has sev- 
eral advantage over the single quarkonium production in reducing the theoretical 
uncertainties. (1) By considering double production, the relativistic corrections 
and color-octet uncertainties are reasonable highly suppressed. (2) The total 
contribution from the higher excited states are also doubly suppressed. (3)The 
higher order QCD correction can be well controlled by applying a suitable p~ 
cut for the Charmonium system. (4) Since the prevailing partonic process is the 
gluon-gluon fusion into double quarkoniums, it stands as very sensitive method 
in measuring the gluon polarization. In the RHIC energy region, and for the 
p - p collision, the q@ initiated process might be negligible. 

After giving an analytical expressiron for the polarized process (new result), 
we show the numerical result for the asymmetry, 

W P + P +  -+ Jl$Jl$) - d4P+P- -+ Jl$J/$) 
ddP+P+ + J /$J /$)  + dd.P+P- + J /$J /$ )  

A =  

- J dxldxzdAbAGi:xl, Q2)AG(x2, Q2)  - 
J dxldzzdbG(:cl, Q2)G(x2, Q 2 )  

Our study shows that the asymmetry measurement at RHIC-SPIN experiments 
is pretty realistic to extract the polarized gluon distribution function AG(x) .  

397 



I 

AG at RHIC-SPIN 
via Double J / ~  Production 

:*.. . hep-ph/0207318 
at RBRC Workshop 

August 2002 

Double spin asymmetry for J / $  pair productions at 
RHIC-SPIN is investigated. 

Asylnmetry measurementl is pretty realistic tlo extract 
AG(x). 

1. Major Emphasis 'and Strength of RHIC-Spin 

2. Double Heavy Quarkonium Production 

3. Numerical Studies 

* "  *,, "~ ' .. .~ 

(2.- F. Qiao (Hiroshima) 
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& Double' Heavy Quarkonium Production 

. .: 
Some ;%dvant ages 

in reducing the tlheoretical uncertainties 

1. Relativistic corrections and color-octet uncertainties 
:<: . 

+ highly suppressed 

2. Total contribution from the higher excited states 
-+ doubly suppressed 

3. Higher order QCD cori.-ection 
+ well cont~roll.ed 
- i - , l , ,  -;+I ,1 ;* - l~ j - ; ; ; . ) ,~f>  .Y..- 

. . : ,  . - ? .e  A ' . , .  ...*.. " . iL  ... 1 ; :  ( ; i . i  l<.iL 

\ <  .,..-.. . ' 3 : 1 ; ] ? ; F,'s{- ;,:j,;;;, I*.., I., < :.:i ii 1.' ii ... 3 8 A -2 *. 
,... ' t,! 

4. Prevailing partonic prccess is gluon-gluon fusion 

Siiiiilar analyses so far 

S.P. Baranov and H. Jung, 2. Phys. C66, 467 (1995) 

e T. Gelirmann, Phys. Rdev. D53, 5310 (1996) 

Main eniphasis were not on RHIC physics 
-(wilq'tical expressioiis were not given 
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The polarized partonic differential cross section 

x [ 2744m24 - 15240m22(t + u) - - 1 6 ~ : ~  I R( 0) l4 - dAr3 
d t  81s8(m2 - t)"m2 - u ) ~  
+ 
- 

+ 
+ 
- 

+ 

+ 

+ 

+ 

+ 
- 

m2'(32110t2 + 90076tu + 32110~~)  
16m1*(2025t3 + 12673t2u + 12673tu2 + 2 0 2 5 ~ ~ )  
2t4u4(349t4 - 908t3u + 1374t2u2 - 908tu3 + 349u4) 
4m16(3903t4 + 57292t3u + 117766t2u2 + 57292tu3 + 3 9 0 3 ~ ~ )  
4mI4(510t5 + 36713t4u + 135685t3u2 + 135685t2u3 + 

+36713tu4 + 510u5) 
mJ2( -'1461t6 + 58600t5u + 364313t4u2 

+594840t3u3 + 364313t2u4 + 58600tu5 - 1 4 6 1 ~ ~ )  
4m t u (9t7 - 505t'u + 44t5u2 - 556t4u3 

--556t3u4 + 44t2u5 - 505tu' + 9u7) 
2m1'(381t7 - 7111t'u - 83783t5u2 - 180639t4u3 

-180639t3u4 - 83783t2u5 - 7111tu6 + 381u7) 
Ins( -79t8 + 1272t7u + 54526t6u2 + 156224t5u3 

+163850t4u4 + 156224t3u5 + 54526t2u6 + 1272tu7 - 79u8) 
m 4 t 4  -36t8 + 1471t7u + 9764t6u2 + 12863t5u3 

+7196t4u4 + 12863t3u5 + 9764t2u6 + 1471tu7 - 3621') 
2m6(2tg + 17t8u + 5151t7u2 + 25947t6u3 + 24439t5u4 

+24439t4u5 + 25947t3u6 + 5151t2u7 + 17tu' + 2ug) 3 .  

2 2  2 
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Numerical Studies 

:.,: . 

~ ~~ 

Parameters 

0 fi = 500 GeV 

e Scale Q2 
Q2 = & for p~ distributions. 
Q2 = m2 €or angular dist. and total 

e rn = 2 m, with m, = 1.5 GeV 

e IR(O)I2 = 0.8 GeV3 

Total cross section 

tot a,+,- qA+,-(lPTI > 1 GeV) 
CTEQ5L 11.8 pb 7.3 pb 

MRST 6.5 pb ' 4.3 pb 

GRV 7.4 pb 4.7 pb 

W T E  

B($ -+ p'p-) = 0.0588 
is included 

* For the time being . . 

e Accuiiiulated luniinosity 800 pb-' -+ ENOUGH!! 
I11 t l l Y  1rcIst- 11111-.) 
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Perturbative Aspects of Azimuthial Asymmetries in Polarized ep 
K.A. Oganessyan 

LNF-INFN, I-00040, Enrico Fermi 40, Frascati, Italy 
DESK Notkestrasse 85, 22603 Hamburg, Germany 

E-mail: Koganamail. desy. de 

Abstract 

It is widely recognized that the study of azimuthal asymmetries in hard scat- 
tering processes provide interesting miables to study of both the non-perturbative 
and perturbative effects. In particular, for testing pQCD through azimuthal 
asymmetries in polarized ep at high Q2 the following asymmetries are of inter- 
est: 

0 unpolarized azimuthal asymmetries,, cos+, cos24 - a good test of pQCD at 
0 (CY$)) .  

0 Single spin (beam/target) azimuthal asymmetries: may appear only at 
O(a$’) - clear evidence for the existence of the three-gluon coupling. 

0 Double-spin azimuthal asymmetries;, cos+, cos24 (O(crs (1) )) - another way 

for testing pQCD. 

These asymmetries, from the point of view of future collider and fixed target 
facilities, are discussed in detail. 

, 
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Perturbative Aspects of Azimuthal 
Asymmetries in Polarized ep 

K.A. Oganessyan 
INFN - Laboratori Nazionali di Frascati 

DESY - Deutscher Electronen Synchrotron 

Current and future directions a t  RHlC 

A RIKEN BNL Research Center 
August 5-23, 2002 

0 Azimuthal Asymmetries 
+- Kinematics 
+ Parity Invariance 

0 Testing pQCD Through Azimuthal Asymmetries 
+ Non-perturbative (brief) & pQCD Aspects 
+ S pi n- i n de pen den t a sy m met ries 
+ Double-spin asymmetries 
+- Single (beam/target) spin asymmetries 
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Azimuthal asymmetries in Hard Scattering 
Processes 

Parity Invariance 
Single-spin azimuthal asyimmetries 

mr= 1 

Dou ble-spin azimuthal asymmetries 

U 
EVEN = 'F N(") cosrn4 . 

r J  

m = O  
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Spin-independent cos 2 4  + F&c, Q 2 )  

T. Gehrmann, PLB 480 (2000) 77. 

The coefficient of cos 24 is proportional to  FL(x, Q2) and the second moment 
(with respect t o  2) of cos24 asymmetry will looks like 
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Single-Spin Azimuthal Asymmetries 

0 Longitudinally polarized beam; U Npolarized target 

pQCD aspect 
~ K.Hagiwara, K. Hikasa, N. Kai, PRD 27 (1983) 84. 

/ 

/ 

f( 
.0 

Highly sensitive to the gluon s e l f - c c z l  ! 

+- observation of the asymmetry with the expected sign should provide clear 
evidence for the existence of the three-gluon coupling 
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Azimuthal asymmetries t- EIC 

0 Wide range of collision energies: 
=+ NP + pQCD effects 

d 4 W  [donp + doa?] 
am J d +  - [donP + d o  S ]  

< W > =  

W = cos 4, cos24, sin #, sin24 

0 Polarization of electron and proton spins: 

3 measurement of different asymmetries simultaneously: 

[do-)+ - do'*] - [dot* - do-)*] 
A(sin m#) = 

[do+ - do3 *] - [do'* - dot c] 

0 Luminosity: 
3 High precision 
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Z.E. Meziani 
Temple University 

Nucleon spin and flavor structure in the valence'quark 
region. 
Twist-three matrix element 4: electric and magnetic 
polarizabilities of the color field. gj. 

Single spin asymmetries in semi-inclusive; A quest for 
transversity . 
Precision measurement of the 42 evolution of the extended 
GDH, the BC and'the Bjorken sum rules. 

August 23,2002 Current and Future Directions at RHIC 
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0 SLAC E142 (3He) 
0 ~ SLAC E143 (2D) 
v SLAC E154 (3He) 
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A JLab 12 GeV projected errors 



414 



Christine Aidala 

Sam Aronson 

Eke-Caroline Aschenauer 

Mark Baker 

Anthony Balk 

Kenneth Neil Barish 

Steven Bass 

Frank Bauer 

Carola Berger 

Les Bland 

Antje Bruell 

Current and l?uture Directions at RHIC 
August 5-23,2002 

REGISTERED PARTICIPANTS 

Physics - 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Physics - .5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

DESY - Hemes 
Building let407 
Notkestrasse 85 

Germany 

Chemistry - 555A 
Brookhaven National Laboratory 

D - 22603 Hamburg 

Upton, NY 11973-5000 

Physics - 5 1OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Physics Department 
University of California 
900 University Avenue 
Riverside, CA 92521 

Institute for Theoretical Physics 
University of Innsbruck 
Technikerstrasse 25 
A-6020 Innsbruck 
Austria 

Physics - 5 1OC 
Brookhaven National :Laboratory 
Upton, NY 11973-5000 

C.N. Yang Inst. of Thcoretical Physics 
SUNY Stony Brook 
Stony Brook, NY 117!)4 

Physics - 5 1 OA 
Brookhaven National Iiaboratory 
Upton, NY 11973-5000 

Massachusetts Institute of Technology 
Buildhg 26-551 
77 Massachusetts Avenue 
Cambridge, MA 02 139 

caidala@bnl.gov 

aronsons@bnl.gov 

Eke. Aschenauer@desy.de 

MarkBaker@bnl.gov 

baltz@bnl.gov 

Kenneth.Barish@ucr.edu 

Steven.Bass@cern.ch 

fbauer@rcf.rhic. bnl.gov 

carola.berger@unysb.edu 

bland@bnl.gov 

abr@mitlns.mit.edu 

415 



Current and Future Directions at RHIC 
August 5-23,2002 

REGISTERED PARTICIPANTS 

Sttephen Bueltmann Physics - 510D 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Gerry Bunce 

Matthias Rurkardt 

Helen Caines 

Daniel de Floriau 

Abhay Deshpande 

AdrianDumitru 

George Fai 

Kirill Filimonov 

Leonid Frankfurt 

Rainer Fries 

Physics - 5 1OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Department of Physics 
New Mexico State University 
Las Cruces, NM 88003 

Wright Lab 
272 Whitney Avenue 
Yale University 
New Haven, CT 06520 

Departamento de Fisica 
Facultad de Ciencias Exactas y Naturales 
Univ de Buenos Aires Pabellbn I 
Ciudad Univ. (1428) Capital Federal 
Argentina 

Physics - 5 1 OA 
Brookhaven National Laboratory 
Upto% NY 11973-5000 

Physics - 510A 
Brookhaven National Laboratory 
Upto% NY 11973-5000 

Department of Physics 
Kent State University 
Kent, OH 44242 

LBNL, MS70-3 19 
1 Cyclotron Road 
Berkeley, CA 94720 

Tel Aviv University 
Ramat-Aviv 6 1390 
Tel Aviv, P.O.B. 39040 
Israel 

Physics Department 
Duke University 
P.O. Box 90305 
Durham, NC 27708 

hltm=@JQov 

bunce@Ixd.gov 

burkardt@nmsu.edu 

cabx@br.physicsyakz& 

deflo@df.uba.ar 

a&&@d.gov 

dumitru@quark.phy .bnl.gov 

fai@cnrred.kent.edu 

KVFilimonov@lbl.gov 

iia&k@lev.tauacil 

rjfries@phy.duke.edu 

416 



Todd Fugleberg 

Yoshinon Fukao 

Dominik Gabbext 

Francois Gelis 

Lars Gerland 

Yuji Goto 

Matthias Grosse Perdekamp 

Wlodek Guryn 

Kaoru Hagiwara 

David Hardtke 

Francesco Hautmann 

! 

I 

Current and Future Directions at RHIC 

August 5-23,2002 

- REGISTFXED PARTICIPANTS 

Physics - 510A 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Physics Department 
Kyoto University 
Kitashirakawa 0iwak:e-cho 

Japan 
Sakyo-ku, Kyoto 606-8502 

Hessstr. 64 
80798 Muenchen 
Germany 

Lab de Physique Theorique 
Universite Paris XI, Elat 2 10 
91405 Orsay Cedex 
France 

Institute for Nuclear F’hysics 
Ramat Aviv, 69978 Tel-Aviv 
Israel 

RBRC / RIKEN 
Physics - 510A 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Physics - 510A 
Brookhaven National Laboratory 
Upton, NY 11973-5OCIO 

Physics - 5 1 OD 
Brookhaven National .Laboratory 
Upton, NY 11973-5000 

Theory Group 
KEK 
Tsdcuba 305-0801 
Japan 

LBNL 

Berkeley, CA 94720 

Institute for Theoreticsll Physics 
University of Regensburg 
D-93053 Regensburg 
Germany 

MS 70-3 19 

F@-FJhY.wgov 

fukao@oh.scphys.kyotoo-tx.ac.jp 

DHHardtke@lbl.gov 

francesco.hautmam@phys&.uni-regensburg .de 

41’7 



Current and Future Directions at RHIC 
August 5-23,2002 

REGISTERED PARTICIPANTS 

L. Donald Isenhower Abilene Christian Univ. 
Box 27963 
Abilene, TX 79699-796 

ise&owe@acu.edu 

Barbara Jacak Physics Department jacak@kipper.physics.sunysb.edu 
SUNY at Stony Brook 
Stony Brook, NY 1 1794 

Barbara Jaeger Institute for Theoretical Physics barbara.jaeger@physikuni-regembwg .de 
University of Regensburg 
D-93053 Regensburg 
Germany 

Jamal Jalilian-Marian Physics - 510A jamal@bnl.gov 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Dmitri Khaneev 

Edward b e y  

Jiro Kodaira 

Yuji Koike 

Yuri Kovchegov 

Henri Kowalski 

Physics - 5 1OA kharzeev@bnl.gov 
Brookhaven National Laboratory 
UptOtI, NY 11973-5000 

390 UCB Edward.Kinney@colorado.edu 
University of Colorado 
Boulder, CO 80309-0390 

Department of Physics j kodairaGJlwoshima-u.ac.jp 
Hiroshima University 

Japan 
Higashi-HirOShima 739-8526 

Physics Department 
Niigata University 
Ikaxashi, Niigata 950-2181 
Japan 

Dept. of Physics, Box 351560 
University of Washington 
Seattle, WA 98195 

yuri@hys.waskgton.ewashingtoILedu 

Columbia University 
Nevis Lab 
PO Box 137 
Irvingtoq NY 10533 

Alexander Krasnilz FCT, Univ. do Algarve 
Campus de Gambelas 

Portugal 
P-8000-117 Faro 

Kowalski@nevis.columbia.edu 

418 



Current and Future Directions at REUC 
IiUguSt 5-23,2002 

REGISI'ERED PARTICIPANTS 

Stefan Kretzer Department of Physics and Astronomy 
Michigan State Univmity 
3231 Biomed Phys Sciences 
East Lansing, MI 48824 

ShunzoKumano . Department of Physics 
Saga University 
Saga 840-8502 
Japan 

KrishuaKumar Department of Physics 
University of Massac:husetts 
Amherst, MA 01003 

Gerd Kunde 

H a r r y b  

J.-H. Lee 

J o n a h  Lenaghan 

Evgeny Levin 

Jechiel Lichtenstadt 

Patricia Liebing 

Physics Department 
Yale University 
New Haven, CT 06520 USA 

Department of Physics 
McGill University 
3600 University Street 
Montreal, Quebec 
Canada H3A 2T8 

Physics - 5 1OD 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

The Niels Bohr Institute 
17 Blegdamsvej 
2 100 - Copenhagen 
Denmark 

HEP Department 
School of Physics 
Tel Aviv University 
Tel Aviv, 69978 
Israel 

School of Physics and Astronomy 
Tel Aviv University 
69978 Tel Aviv 
Israel 

DESY 
Notkestrasse 85 
22607 Hamburg 
Germany 

kretzer@pa.msu.edu 

kkumar@physics.umass.edu 

g.j.kunde@yale.edu 

Lam@physics.mcgill.ca 

jhlee@bnl.gov 

lenaghan@&.nbi.dk 

leving@posttauacil 

jech@leptoEtau.ac.il 

patricia.liebing @des y.de 

41.9 



Current and Future Directions at RHIC 
August 5-23,2002 

REGISTERED PARTICIPANTS 

Simonetta Liuti Department of Physics sl4y@virginia.edu 
University of Virginia 
382 McCormick Road 
PO Box 400714 
Charlottesville, VA 22904 

Ohio State University magestTo@,bnl.gov 
C/O Brookhaven National Laboratory 
Building 5 1 OA 
Upton, NY 11973 

Dan Magestro 

Naomi Makins University of Illinois 
Loomis Lab of Physics 
11 10 W Green Street 
Urbana, IL 61801-3080 

makins @uiuc .edu 

Robert McCarthy Dept. of Physics and Astronomy mccarthy@sbhep.physics.sunysb.edu 
State University of New York 
Stony Brook, NY 11794 

Melvin Mckenzie, Jr. US Army, Retired melnsel@msn.com 
Middle Island, NY 11953 

Zein-Eddine Meziani Temple University meziani@unix.temple.edu 
Physics - Barton Hall (009) A323 
1900 N. 13th Street 
Philadelphia, PA 19122 

Denes Molnar Columbia University 
538 West 120th Street 
New York, NY 10027 

molnard@phys.columbia.edu 

Pave1 Nadolsky 

Yasushi Nara 

Gouranga Nayak 

Karo Oganessyan 

Department of Physics nadolsky@mail.physics.smuedu 
Fondren Science Building 
Southern Methodist University 
Dall=, TX 75275-0175 

Physics - 51OA ynara@quark.phy.bnl.gov 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Theoretical Division Myak@Shakti.ld.gOV 
T-8, MSB285 
Los Alamos National Laboratory 
Los Alamos, NM 87545 

I"-LNF 
Via E. Fermi 40 
C.P. 13,1-00044 
Frascati Italy 

kogan@lnf.infn.it 

420 



Sergey Panitkin 

Joerg Raufeisen 

h t h e r  Roland 

Marzia Rosati 

Naohito Saito 

Current and ]Future Directions at RHIC 

August 523,2002 

REGISTERED PARTICIPANTS 

Physics - 5 1OA 
Brookhaven Nationall Laboratory 
upton, NY 11973-50100 

Los Alamos National Laboratory 
MS H846 
Los Alamos, NM 87545 

Massachusetts Institute of Technology 
77 Massachusetts Avenue 
Room 24-504 
Cambridge MA 02139 

Iowa State University 
Department of Physics and Astronomy 
12 Physics Hall 
hues ,  IA 5001 1 

Physics Department 
Kyoto University 
Kitashirakawa Oiwake-cho 

Japan 
Sakyo-ku, Kyoto 6068502 

Andrzej Sandacz Soltan Inst for Nucl Studies ul Hoza 69 
PL 00-681 Warsaw 
Poland 

Jurgen Schaffner-Bielich Columbia University 
538 West 120th Street 
New York, NY 10027 

Rolf Scharenberg 

Stefan Schlenstedt 

Viktor Siegle 

Misha Stephanov 

Purdue University 
West Lafayette, IN 47907 

DESY Zeuthen 
Platanenallee 6 
15735 Zeuthen 
Germany 

Physics - 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Physics Department 
2256 SES MC 273 
University of Illinois 
Chicago, IL 60612 

panitkin@bnl.gov 

jorgr@lanl.gov 

Gunther.Roland@cem.ch 

mrosati@iastate.edu 

saito@nhscphys.kyoto-u.ac.jp 

sandacz@fitw.edu.pl 

schaffhe@nt3.phys.columbia.edu 

schmbrg@urdue.edu 

stefan.schlenstedt@ifh.de 

victor@bnl.gov 

stephanov@bnl.gov 

42 1 



George Sterman 

Marco Stratmann 

Mark Stxjkman 

Bernd Surrow 

Hiroshi Takabashi 

Kiyoshi Tanida 

Michael Tannenbaum 

Derek Teaney 

Manabu Togawa 

Hisayuki Torii 

Kirill Tuchin 

Current and Future Directions at RHIC 
A u p t  5-23,2002 

REGISTERED PARTICIPANTS 

C.N. Yang Inst. of Theoretical Physics 
S U N Y  Stony Brook 
Stony Brook, NY 11794 

Institute for Theoretical Physics 
University oERegensburg 
D-93053 Regemburg 
Germany 

104 Davey Lab 
Pennsylvania State University 
Un;iversity Park, PA 16802 

Physics - 510A 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Building 475B 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Radiation Laboratory 
REKEN 
2-1 Hirosawa, Wako-shi, 
Saitarna 351-0198 
Japan 

Physics - 5 1OC 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Physics - 5 1OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Physics Department 
Kyoto University 
Kitashirakawa Oiwake-cho 

Japan 

Physics - 5 1OA 
Brookhaven National Lab 
Upton, NY 11973 

Institute for Nuclear Theory 
PhysicdAstronomy Building 
University of Washington 
Box 351550 
Seattle, WA 98195-1550 

Sakyo-ku, Kyoto 606-8502 

sterman@insti.physics.sunysb.edu 

marco.stratmann@hysik.uni-regensburg .de 

strikman@hys.psu.edu 

surrow@bnl.gov 

takahash@bnl.gov 

tanida@mfaxp.riken.go.j p 

mjt@bnl.gov 

dteaney@quark.phy.bnl.gov 

htorii@bnl.gov 

tuchin@hys.washington.edu 

422 



I 

Current and Future Directions at RHIC 
August 5-23,2002 

REGISTERED PARTICIPANTS 
I 

FUmi Ukegawa 

Raju Venugopalan 

Ivan Vitev 

Werner Vogelsang 

Hiroshi Yokoya 

c.-P. Yuan 

Xiaofei Zhang 

Institute of Physics 
University of Tsukuiba 
Ten’noudai 1-1-1 
Tsukuba-shi, %&!-ken 
305-8571 Japan 

Physics - 5 1OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Physics, 704 Pupin Hall 
Columbia University 
538 West 120th Street 
New York, NY 10027 

Physics - 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 

Department of Physics 
Hiroshima Universiqr 
Higashi-Hiroshima 739-8526 
Japan 

Department of Physics and Astronomy 
Biomedical Physical Science Building 
Michigan State University 
East Lansing, MI 48824 

Department of Physics 
Kent State University 
Kent, OH 44242 

ukegawa@hep.px.ta.ac.jp 

raju@bnl.gov 

ivitev@t4.phys.columbia.edu 

wvogelsang@bnl.gov 

yoko ya@theo.phys.sci.hiroshima-u.ac.jp 

yuan@pa.msu.edu 

Xzhang3@ent.edu 



424 



2002 SUMMER PROGRAM : "CtJRRENT AND FUTURE DIRECTIONS 
AT RHIC" 

A RIKEN BNL Research Center Workshop 

Organizers: A. Deshpande, A. Dumit~m, J. Jalilian-Marian, 
N. Saito, D. Teaney, R. Venugopdan, W. Vogelsang 

Note: Daily Discussion sessions are for specific discussions 
on the days topics; however, may also be used for brief additional presentations. 

Week I (Aug. 5 - 9): AA and pA physics 

Mondav, Aun. - 5: pA physics 

1O:M - 11:15 

11:15 - 12M) I.Vitev pA at RHIC 
14:OO - 14:45 D.Isenhower pAatFmilab  
14:45 - 1 5 9  F.Gelis 

1 5 9  - 

R. McCarthy Nuclear Effects OEsemed at High PT at Fermilab 

PA in the Color Glass Condensate Model 

Round table discussion on dA at RHIC 

Tuesdav, Aun. 6: New RHIC results (I) 

1 0 0  - 10:45 M. Baker New Experimental Resultsfrom RHIC 
10:45 - 11:N B.Jacak 

11:M - 1200 Y.Nara v2 from Classical Yang-Mills 
13:M - 14:OO K. T u c k  Azimuthal CorreIalionsfrom Minijets 
1400 - 14:30 K. FiIimonov Elliptic Flaw at High pt 
1430 - 15~15 Discussion 

What's happening tit high pt? New Resultsfrom Phenix 

Wednesday, Aua. - 7 New RHIC results (II), saturation physics 

1030 - 11:15 G. Roland Newsfrom PHOBOS 
11~15 - 1200 E.Levin Saturation and R H K  data 
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1400 - 14~45 J.H.k Newsfiom Brahms 
14:45 - 1530 
1530 - Discussion 

1830 - 

Y. Kovchegov Particle production in AA collisions at RHICfrorn saturation physics 

WORKSHOP DINNER (Patio of BNL Center) 

Thursdav, Aun. - 8: 

10:30 - 11:15 M. Tannenbaum ET distn’butions and other event-by-mentfluctuafions 

11:15 - 1200 S - P d t k h  

1400 - 1445 KCaines 

1445 - 1530 D.Hardtke 
1530 - 

Fridav, Aun. 9: 

1000 - 11:15 G.Kunde 

11:15 - 1200 Y.Akiba 
1330 - 1415 C.W00dy 

1415 - 1500 T.Roser 

1500 - 1545 D.Kharzeev 

. 1545 - 

Two-particle intwferometry at RHIC 
Strangeness 
Jets and Dijets in AA at RHIC 
Discussion 

High PTparticles in STAR 
Continuum leptons 
AA upgrade PHENIX 
RHIC machine upgrades 
Current and Future Physics at  RHIC 
Discussion on RHIC upgrades 

Week I I  (Aug. 12 - 16): eA and pp physics 

Monday, Aun. - 1 2  

1030 - 11:15 J.Raufeisen 
11:15 - 1200 S.Liuti 

1400 - 1445 R.Fri& 

1445 - 15:30 F . H a u t m i ~ ~ ~  

1530 - 

Tuesdav, Aun. - 13: 

10~45 - 11~30 M.Strikman 

11:30 - 1215 S.Kumano 

1400 - 1445 E.Le~in 

1445 - 1595 

Heavy quark production ut RHIC 
Violations of Duality in Deep Inelastic Scattering 
Leading twist and higher twist in eA and pA collisions 
Difiactive DIS 
Discussion 

Small-x phenomena with nuclei 
Parton distriiution functions in nuclei 
Low-x pdfi and Difiaction 
Discussion 
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Wednesdav, Aua. - 14 

1030 - 11315 H . h  Gluon saturation iind Wilson line distribution 
11:15 - 1200 
1400 - 1445 A. Sandacz Search for color trimspareny 
1445 - 1590 V. Ptitsyn eRHlC. Accelerator issues 
1530 - 1615 
1615 - Discussion 
1830 - 

L. Frankfurt Hard coherent phenomena in eA and PA collisions 

H. Kow&ki Proton shape in th? saturation picturefrom VM-DlS dafa 

WORKSHOP DINNER (Patio of BNL Center) 

Thursday, Aun. - 15: Experimental results in ppbar and pp 

10:30 - 1115 F. Ukegawa QCD resultsfrom CDF 
EViaencefbr hadroinic deconjinemenf and f m  a signijcanf change in the 'lA5 - '2" R.Scharenberg hadronization cond!itions in pbar-p collisions 8 1.8 TeV 

14~00 - 14:30 H.Torii p p  Neutral pion re:iultsfrom PHENlX Run-2 
1430 - 1500 H.Sato p p  p s i  resultsfroin PHENlX Run-2 

1500 - 1530 
1530 - Discussion 

X.-F. Zhang Decisive Role of Frczgmentation Functions in Hadron Production 

Friday, Aun. 16: QCD studies (I) 

10:30 - 11:15 
11:15 - 12:OO 
1400 - 1445 A. Bruell Shadm'ng in Nuclei 

D. de Florian 

P. Nadolsky 

Resumed cross-section for Higgs production at hadron colliders 
Resumation in S I D E  and for heavyflavors 

BEYOND THE STANDARD MlODEL 
1445 - 1530 K. Hagiwara Physics beyund RHlC Spin 
15~30 - Discussion 

Week I11 (Aug. 19 - 23): polarized pp and ep physics 

Monday, Aun. 19: QCD studies (11) - polarized scattering 

1000 - 10:45 
10:45 - 11:30 
1400 - 1445 H. Yokoya Polarization eficfs in Drell-Yan 
1445 - 1530 
1530 - Discussion 

M. Strataann A-LL for pion production at NLO 
D. de Florian Hadron production in polarized p p  collisions at NLO 

C.-P. Yuan W-boson physics at the polarized RHlC 
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Tuesday, Aua. 20: Spin structure of the nucleon from lp and pp 

1000 - 10:45 

10:45 - 11:30 S. Kumano Polarized antiquark distributions 
11:30 - 1215 K. Orginos Spin structure on the lattice 
1345 - 1430 Y. Koike 

1430 - 1515 L. Bland 

1545 - 1630 B.Fox 

16~30 - Discussion 

J. Lichtenstadt Polarized PDFs, recent data, uncertainty estimates 

Single spin asymmetries in p p  and ep collisions 
STAR plansfor polarized profon collision physics 
PHENIX plans for polarized proton collision physics 

Wednesdav, Aua. 21: Polarized Nucleon Structure from semi-inclusive measurements 

1O:OO - 10~45 

1045 - 1130 
1130 - 12~15 
1215 - 
14:OO - 14:45 

1445 - 1530 
1530 - 
18:30 - 

P. Liebing 

E. Kinney 

S. Kretzer Fragmentation finctions 
Discussion 
Neutrino proton elastic scattering and the S p n  structure of the proton 
Studies of exclusive processes in ep scattering at EIC 
Discussion 
WORKSHOP DINNER (Patio of BNL Center) 

Extmction ofpolarized parton distributionsfrom semi-inclusive HERMES data 
Delta s in semi-inclusive DIS 

S. Bass 

A. Sandacz 

Thursday, Aug;. - 22. EXCLUSIVE PHYSICS, DVCS, OFPD's (11) 

09:30 -1015 
1015 -11:00 

11:00 -1200 
1400 -1445 
1445 -15~15 

15:15 - 15:40 
1540 -16:OO 
1600 - 

M. Burkardt Physical Inferpretation for Generalized Parton Distributions 
P. Nadolsky Azimuthal asymmetries in SIDIS 
MORE QCD IN ep SCATTERING 
S. Wenstedt Measurements of the structure of the proton and photon at H E M  

J. Le~ghan Helin'ty selection and semi-exclusive meson production 
S. Bass The DHG sum rule 
K. Kumar Spin asymmetries at l a 0  Q2 
J. Kodaira Detecting Delta g at RHIC via Double Quarkonium Production 

Discussion 

Friday, Aug. 23: Future ep facilities 

09:N - 10:15 
1035 - 11:OO 
11:OO - 11:45 
11:45 - 

K. Oganessyan Pmturbative Aspects OfAzimuthal Asymmetries in Polarized ep 
E. Aschenauer The Physics Program for HERMES Run II  
Z. Meziani Nucleon Spin Physics at Jefmson Lab using the 12 GeV upgrade 

Discussion on future facilities 
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Additional RIKEN BNL Research Center Proceedings: 

Volume 44 - RHIC Spin Collaboration Meetings VIII, IX, X, XI - BNL- 
Volume 43 - RIKEN Winter School - Quark-Gluon Structure of the Nucleon and QCD - BNL-52672 
Volume 42 - Baryon Dynamics at RHIC - BIG52669 
Volume 41 - Hadron Structure fiom Lattice QCD - BNL-52672 
Volume 40 - Theory Studies for RHIC-Spin -- BNL-52662 
Volume 39 - RHIC Spin Collaboration Meeting VII - BNL-52659 
Volume 38 - RBRC Scientific Review Committee Meeting - BNL-52649 
Volume 37 - RHIC Spin Collaboration Meeting VI (Part 2) - BNL-52660 
Volume 36 - RHIC Spin Collaboration Meeting VI - BNL-52642 
Volume 35 - RIKEN Winter School - Quarks;, Hadrons and Nuclei - QCD Hard Processes and the 

Volume 34 - High Energy QCD: Beyond the Pomeron - BNL-52641 
Volume 33 - Spin Physics at RHIC in Year-1 and Beyond - BNL-52635 
Volume 32 - RHIC Spin Physics V - BNL-52:628 
Volume 31 - RHIC Spin Physics 111 & lV Polarized Partons at High Q”2 Region - BNL-52617 
Volume 30 - RBRC Scientific Review Committee Meeting - BNL-52603 
Volume 29 - Future Transversity Measurements - BNL-52612 
Volume 28 - Equilibrium & Non-Equilibrium Aspects of Hot, Dense QCD - BNL-52613 
Volume 27 - Predictions and Uncertainties for RHIC Spin Physics & Event Generator for RHIC 

Volume 26 - Circum-Pan-Pacific RIKEN Symposium on High Energy Spin Physics - BNL-52588 
Volume 25 - RHIC Spin - BNL-52581 
Volume 24 - Physics Society of Japan Biannual Meeting Symposium on QCD Physics at RTKEN 

Volume 23 - Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence at RHIC 

Volume 22 - OSCAR 11: Predictions for RHIC - BNL-52591 
Volume 21 - RJ3RC Scientific Review Committee Meeting - BNL-52568 
Volume 20 - Gauge-Invariant Variables in Gauge Theories - BNL-52590 
Volume 19 - Numerical Algorithms at Non-Zero Chemical Potential - BNL-52573 
Volume. 18 - Event Generator for RHIC Spin Physics - BNL-52571 
Volume 17 - Hard Parton Physics in High-Energy Nuclear Collisions - BNL-52574 
Volume 16 - RIKEN Winter School - Structure of Hadrons - Introduction to QCD Hard Processes - 

Volume 15 - QCD Phase Transitions -BNL-52561 
Volume 14 - Quantum Fields In and Out of Equilibrium - BNL-52560 

Nucleon Spin - BNL-52643 

Spin Physics 111 - Towards Precision Spin Physics at RHIC - BNL-52596 

BNL Research Center - BNL-52578 

Energies - BNL-52589 

BNL-52569 
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Additional RIKEN BNL Research Center Proceedings: 

Volume 13 - Physics of the 1 Teraflop RIKEN-BNL-Columbia QCD Project First Anniversary 

Volume 12 - Quarkonium Production in Relativistic Nuclear Collisions - BNL-52559 
Volume 11 - Event Generator for RHIC Spin Physics - BNL-66116 
Volume 10 - Physics of Polarimetry at RHIC - BNL-65926 
Volume 9 - High Density Matter in AGS, SPS and RHIC Collisions - BNL-65762 
Volume 8 - Fermion Frontiers in Vector Lattice Gauge Theories - BNL-65634 
Volume 7 - RHIC Spin Physics - BNL-65615 
Volume 6 - Quarks and Gluons in the Nucleon - BNL-65234 
Volume 5 - Color Superconductivity, Instantons and Parity won?)-Conservation at High Baryon 

Volume 4 - Inauguration Ceremony, September 22 and Non -Equilibrium Many Body Dynamics - 

Volume 3 - Hadron Spin-Flip at RHIC Energies - BNL-64724 
Volume 2 - Perturbative QCD as a Probe of Hadron Structure - BNL-64723 
Volume 1 - Open Standards for Cascade Models for RHIC - BNL-64722 

Celebration - BNL-66299 

Density - BNL-65 105 

BNL-64912 
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For information please contact: 

Ms. Pamela Esposito 
RIKEN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

Phone: (63 1) 344-3097 

E-Mail: pesposit@,bnl.gov 
F a :  (631) 344-4067 

Ms. Tarnmy Heinz 
RIKEN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

(63 1) 344-5864 
(63 1) 344-2562 
theinz(ii>,bnl.gov 

Homepage: http ://quark.phy. bnl. gov/www/riken/index. html 
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