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L Introduction

/ This is a closing summary of the Grant “Theoretical Nuclear Physics” (DOE-FG06-

. 88ER40427), which continued our long-standing and vigorous program in Nuclear The-

- ory.

rad As the three-year period FY93-FY96 ended, there were six senior investigators
on the grant full-time: Bulgac, Henley, Miller, Savage, van Kolck and Wilets. This
represents an increase of two members from the previous three-year period, achieved
with only a two percent increase over the budget for FY90-FY93. In addition, the
permanent staff of the Institute for Nuclear Theory (George Bertsch, Wick Haxton,
and David Kaplan) continued to be intimately associated with our physics research ef-
forts. Aurel Bulgac joined the Group in September, 1993 as an assistant professor, with
promotion requested by the Department and College of Arts and Sciences by Septem-
ber, 1997. Martin Savage, who was at Carnegie-Mellon University, joined the Physics
Department in September, 1996. U. van Kolck continued as research assistant profes-
sor, and we were supporting one postdoctoral research associate, Vesteinn Thorssen,
who joined us in September, 1995. Seven graduate students were being supported by
the Grant (Chuan-Tsung Chan, Michael Fosmire, William Hazelton, Jon Karakowski,
Jeffrey Thompson, James Walden and Mitchell Watrous).

Recent years have seen a renewed surge of interest in the field of theoretical nu-

. clear physics, in which studies of nuclei under a very broad array of conditions are
. pursued. Furthermore, the notion of using nuclei as a tool for fundamental studies in
other fields such as astrophysics and particle physics has become very popular. In addi-
tion, the structure of the nucleon and other baryons, the relationship of quarks-gluons

~ to nucleons-mesons, and the role of QCD in nuclear physics have emerged as topics of
. high interest to nuclear physicists. Our group, which has traditionally taken a very
- broad view of Nuclear Physics, has thrived in this atmosphere. Each group member ...

_ has a vigorous and distinctive program of research. The publication records are strong, . ...

and we are repeatedly requested to present papers at major international and topical
meetings and to serve on various national committees and review boards. Many of
our students have gone on to successful careers in nuclear physics. In addition, Group
members are actively involved in suggesting, proposing and collaborating on numerous
kinds of experiments.

Since the research activities of our Group are broad and diverse, we have decided
that the best way to present our work is to have each investigator present his or her
activities and plans separately and in his or her own words. Before turning to the re-
search topics, it is worthwhile to mention personnel categories in our Group. These are:
(A) Senior Investigators, (B) Research Assistant Professor, (C) Postdoctoral positions,
(D) Students, (E) Visitor Program, (F) Association with the Institute for Nuclear The-
ory, (G) Bridge Agreement with the College of Arts and Sciences and Association with
the Continuous Beam Electron Accelerator Facility (CEBAF), and (H) Institutional
Intellectual Support.
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A. Senior Investigators

Because a faculty position opened when Wick Haxton became Director of the INT
in 1991, the Department carried out a search for a replacement at the assistant professor
level. After an extensive search, an offer was made to and accepted by Tetsuo Hatsuda,
who left in August, 1993 to accept a tenured position at Tsukuba University in Japan.
The Department then hired Prof. Aurel Bulgac from Michigan State University. More
recently, Prof. Henley and Wilets have decided to continue their work as Professors
Emeriti. This development enabled the Department to negotiate a bridge agreement
with the College of Arts and Sciences which allowed us to hire a new theorist. The
agreement requires that the state fund the position after a specified number of retire-
ments have occurred (approximately five years). Until then, the support will come from
non-college sources. One advantage of this arrangement is that the new faculty member
is required to teach only 50% of the full academic load. As discussed below in item G.,
Southeastern Universities Research Association, which is the Managing and Operating
contractor for the Continuous Beam Accelerator facility (SURA/CEBAF) will provide
a significant part of the funding for the position. We completed an extensive search,
considering about 80 applicants and interviewing five excellent candidates. The unan-
imous choice of the Group, Search Committee, and indeed the entire Department was
Martin Savage.

The other senior investigators in the Group are Profs. Bulgac, Henley, Miller, van
Kolck and Wilets.

B. Research Assistant Professor

The Group’s first Research Assistant Professor appointment was made in the Au-
tumn of 1973. These positions are viewed as longer-term appointments (of course,
subject to the availability of funds) to be filled by individuals who have the same qual-
ifications as regular assistant professors.

The Research Assistant Professor position carries another important advantage. It
has enabled research groups to channel suitably qualified persons into positions on the
regular faculty. Several members of the current professorial staff started their University
of Washington careers in temporary, research-funded positions. In Nuclear Theory, one
example is Dr. Miller, who was promoted to the position of associate professor by
University action in 1981. His position was converted in 1982 to one with full University
support. He was promoted to full professor in 1985.

Budget constraints forced us to leave this position unfilled following 1986, when
George Fuller left the University of Washington for a staff position in the IGPP group at
Livermore. (He presently is a tenured associate professor at the University of California,
San Diego.) In 1991, the DOE provided funds that allowed us to hire S. Huang, an
outstanding young researcher from MIT and Boston University. He has left to work
again at MIT. The opening was filled by Dr. U. van Kolck, an excellent researcher who
did his Ph.D. thesis under the supervision of Steven Weinberg. van Kolck is a leading
expert in the application of chiral perturbation theory to topics in nuclear physics.




C. Postdoctoral Positions

Qur postdoctoral research associates make substantial contributions to the vitality
of our program through their individual research efforts, their collaborations with the
senior investigators, their interactions with the graduate students, and their organization
of, and participation in, seminars and discussions. We have found that this infusion of
new ideas and viewpoints is an invaluable stimulus to the entire research program. The
only “job requirement” we have made historically is a willingness to work hard: the
research associates are free to work on their own projects, with other young researchers,
or with the senior staff, rather than being assigned to a pre-existing program.

Our previous research associates have had excellent success in obtaining academic
positions. Caio Lewenkopf (November, 1995) took a permanent position at the State
University of Rio de Janeiro, Brazil. Calvin Johnson (September, 1995) is now a fac-
ulty member at Louisiana State University. Yang Pang (September, 1990) is now on
the staff at Brookhaven. Tony Williams (September, 1989) took a faculty position at
Florida State University, and now is an assistant professor at Adelaide University, Aus-
tralia. Previously, Dr. Robert Perry (September, 1987) took a faculty position at Ohio
State University (where he has become a PYI), and Dr. Michael Birse (September,
1985) returned to England to assume a “new blood” faculty position at the University
of Manchester. Similarly Dr. R.P. Bickerstaff is a faculty member of the University of
Idaho, while Werner Koepf is at Ohio State Univ. We anticipate that there will con-
tinue to be frequent interactions between our Group and the visitors and young people
associated with the INT.

D. Students

The training of graduate students is an important mission of our University role.
The students also represent an important asset in our research activities and productiv-
ity. We maintain an average level of six students supported by the Grant. In addition,
there are several students working with senior investigators who are not (yet) supported
by the Grant.

E. Visitor Program

The activities of our Group and those of the Nuclear Physics Laboratory, and
the closeness of the INT, have made it possible to attract leading researchers to the
University of Washington for both short and long-term visits. In the past years we
have had to turn down requests from a number of leading theorists due to a lack of
funds, despite our desire to make the most of sabbatical leave and outside fellowship
.opportunities. The advantages of our visitor program have been discussed in the last
several progress reports. The program, which combines DOE, University, and other
support, continues as one of our most effective means of stimulating new activities and
enhancing our research effort. We have requests from many more visitors than we can
accommodate, many of whom are attracted to the UW by both our Group and the INT.
Note that that the INT has only a limited sabbatical program for visitors not connected
with some INT program.




During the FY93-FY96 period of the grant, we had the following long-term visitors:

Ian Aitchison, Oxford University
Peter Blunden, Manitoba
Isabela Porto Cavalcante, Sao Paulo

Bunny Clark, Ohio State
Thomas Cohen, U. Maryland
Giu Do Dang, U. Paris-Sud

Hong Jung, Seoul Women’s U.
Stephane Pepin, Liege

Manoel Robilotta, Sao Paulo
Carlos da Rocha, S&o Paulo

Mitja Rosina, Ljubljani, Slovenia
Chang Liang Song, INT, Seattle
Maria Adamuti—-Trache, Bucharest

Rajagopal Venugopalan, INT, Seattle

There are two local persons with long-term connections to our group. Dr. Mary
Alberg remains as an Affiliate Professor at the University of Washington, is an active
collaborator in our Group, and frequently receives some summer salary support from this
grant. She was a participant in the Spring, 1996 INT program on the Quark and Gluon
Structure of Nuclear Matter. Prof. Robert Puff is a former member of the Group’s
senior faculty who continues to collaborate on problems involving nuclear physics and
relativistic field theory.

We had the following short-term visitors during FY93-FY96:

R. Stephen Berry, U. Chicago

Louis Bloomfield, U. Virginia
Vladimir Braun, Hamburg

Sidney Coon, TRIUMF/U. Arizona
Zbigniew Dziembowski, Temple U.
Paul Ellis, U. Minnesota

Pierre ’Eplattenier, Toulouse

Rajiv Gavai, U. Minnesota
Chengquian Gong, Duke

Xiao-Gang He, U. Oregon

Eberhard Hilf, Oldenburg

W-Y.P. Hwang, Taiwan :
Christopher Jarzynski, U.C. Berkeley
Byron Jennings, TRIUMF

Dmitri Kharzeev, CERN

Victor Khodel, Washington U.
Leonard Kisslinger, Carnegie Mellon
Yuval Kluger, Los Alamos

Gastao Krein, Sao Paulo




Peter Dale Kunz, Boulder, Colorado
Tsung-Shung Lee, Argonne

Derek Leinweber, Ohio State and TRIUMF
Zhenping Li, Carnegie Mellon

Harry Lipkin, Weizmann Institute

Hong Jung Lu, U. Maryland

Ma Luo, Iowa State

Joachim Maruhn, Frankfurt

Wally Melnitchouk, Regensburg

Joseph Milana, U. Maryland

Xing-Wang Pan, Drexel

Shashi Phatak, Oregon State

Daniel Phillips, U. Maryland

Gunther Piller, Adelaide

‘Thomas Schaefer, Stony Brook

Andreas Schreiber, Paul Scherrer Institute
Floarea Stancu, Liege

Eric Suraud, Toulouse

F. Institute for Nuclear Theory

In December, 1989, the DOE announced its decision to locate the national Institute
for Nuclear Theory at the University of Washington. The principal investigators were
deeply involved in preparing the INT proposal, and remain strongly involved in INT
activities. Wick Haxton is the director, and George Bertsch and David Kaplan are
Senior Fellows. All three are faculty members of the Department of Physics. The
Group, the Department and the INT’s National Advisory Committee have participated
in the searches that led to these new hires. Ernest Henley also continues to help with
the INT’s administration, serving as Associate Director. Group members continue to
take a role in organizing INT programs, with G.A. Miller serving as local organizer for
the FY96 program on Quark and Gluon Structure of Nucleons and Nuclei.

G. Bridge Agreement With the College of Arts and Sciences and
Joint Agreement With SURA /CEBAF

As mentioned above, the state funding for the new assistant professor is guaranteed
after a suitable number of retirements. The need to generate outside funding caused us
to begin negotiations to obtain partial funding from SURA/CEBAF. This was a natural
choice, given that many of the long standing interests of the group have been consistent
with the intellectual aims of that laboratory. SURA/CEBAF has agreed to support the
position, and have signed the necessary Memorandum of Understanding (MOU) with
the administration of the U.W.

The purpose of the MOU is to broaden and strengthen the cooperation between the
two institutions by facilitating a new tenure track appointment at the U.W. in strong
and electroweak theoretical nuclear physics research.

This faculty position requires teaching only 50% of the normal academic load.




H. Institutional Intellectual Support

With both our Nuclear Theory Group and the INT on campus, the University of
Washington is perceived as an international center for nuclear physics. The connection
with SURA/CEBATF is expected to further improve this perception. Furthermore other
successes of the Department (Hans Dehmelt shared the 1989 Nobel Prize, David Thou-
less shared the Wolf Prize in 1990, Christopher Stubbs won an NAS junior investigator
award in 1996, and Marjorie Olmstead has been awarded the Marie-Goepert Mayer
prize in 1996) have increased the prominence of our physics program. The net result is
unusually strong interest by young people (entering graduate students, postdocs) and
visitors in coming to the University. In particular, many visitors who don’t fit natu-
rally into the organized INT programs request to visit campus under the auspices of
the Nuclear Theory Group’s visitor program. We have had, at most, funds to support
one 9-month sabbatical visitor and a modest number of short-term visitors, and we are
forced to turn down an unusually high percentage of such requests.

Personnel

A. Regular Faculty Supported by the Grant

Aurel Bulgac, Ph.D., Assistant Professor of Physics
Ernest M. Henley, Ph.D., Professor Emeritus of Physics
Gerald A. Miller, Ph.D., Professor of Physics

Martin Savage, Ph. D. Assistant Professor of Physics
‘Lawrence Wilets, Ph.D., Professor Emeritus of Physics

The professional histories of these investigators are displayed in the section on
biographical sketches. It is estimated that State-funded faculty typically devote ap-
proximately 40% of their time to contract activities during the academic year and full
time during the summer. All faculty are supported during the academic year from
university sources.

B. Research Assistant Professor

U. van Kolck continues with the Group, as discussed previously.

C. Research Associates

The FY96 research associates are listed below.

Dr. Derek Leinweber joined our group in August, 1995. He received his Ph.D. in
1990 under R.k. Bhadhuri, Mc Master University. His primary research interests are
in non-perturbative aspects of QCD. His appointment was for one year only, due to
funding limitations.

Dr. Vesteinn Thorsson joined our group in September, 1995. He received his Ph.D.
from Stony Brook in 1992 under Ismail Zahed. He then joined Nordita in Copenhagen
for a first postdoctoral position, until accepting the position at the University of Wash-
ington. His research interests include kaon energies in dense matter and in medium
effective chiral Lagrangians.




D. Graduate Students

Below is a summary of the graduate students with successfully completed studies
produced by our group during FY93-FY96.

William R. Greenberg, Ph.D. 1993 (Miller) “Vector Color Transparency.” Bill took a
postdoctoral position at the University of Pennsylvania, and is now working in the
financial arena in New York.

David Makovoz, Ph.D. 1995 (Miller), “Lattice QCD Calculations For Color Trans-
parency.” David is now a postdoc at Ohio State University.

Students working with members of the nuclear physics group are:

William Beck (Wilets), part-time student working in industry, Semi-classical many body
collisions for nuclei and atoms; capture of antiproton in liquid helium. Ph.D. achieved

in FY97.

Chuan-Tsung Chan (Henley), QCD sum rules and application to mesons and nucleons.

Ph.D. achieved in FY9T.

Michael Fosmire (Bulgac), Scattering properties of sodium clusters.

William Hazelton (Wilets), Calculation of strangeness in the proton. Ph.D. expected
in FYOT.

Jon Karakowski (Miller), Compton scattering on the deuteron.

Jeffrey Thompson (Bulgac), Electronic structure of small clusters.

James Walden (Savage), Inclusive decays of B mesons. Ph.D. expected in FY97.

Mitchell Watrous (Wilets), Electronic screening of nuclear pairs in a finite temperature
plasma under conditions relevant to fusion in laboratory and stellar plasmas. Ph.D.
expected in FY97.




L. Wilets
PROGRESS 1993-96

1. Strangeness content of the nucleon (with W. Hazelton).

The admixture of states containing s-3 quark pairs in the nucleon has been calcu-
lated in the context of the MIT model. Matrix diagonalization, rather than perturba-
tion theory, is employed in order to allow for clustering of quark-antiquark pairs into
meson-like structures — if such occur. The results for observables are compared with
experiment and with meson-based models. Previous perturbation calculations by two
other groups were found to contain errors.

2. Many-nucleon/many-bag system in a periodic approximation
(with W. Hazelton).

Using a variation of the Chromo-dielectric Soliton Model (CDM), infinite nuclear
matter is being studied. The scalar and dielectric fields have fcc symmetry, and the
quark structure is periodic in the basic tetrahedron of 12 quarks. The model ground
state has 3 quarks per site in (n,p), (T,]) in the tetrahedron. Configuration mixing
(which leads to color, flavor, spin, and quark percolation) obtains through quark hopping
among sites; we allow for two hops. We work in the m-representation for color, isospin
and spin. Although it appears at first to be a gigantic problem, it has been reduced to
a tractable size. Work on the problem has been temporarily sidetracked by attention
to item (1). '

3. The chirally invariant chromo-dielectric soliton model
(with S. Pepin, Fl. Stancu and W. Koepf).

Solutions to the static 6-quark (N-N) problem and applications to the EMC effect
have been published. We have addressed the dynamics problem both for head-on and
general 3-D collisions. The main objective of the work is to combine the results with
existing few and many nucleon calculations to calculate the quark substructure of nuclei.
One application is the EMC effect: we found that as nucleons collide the confinement
volume for quarks increases, as expected, but the quark momentum distribution does
not decrease as some had predicted. This is due to configuration mixing. Thus the
expanding nucleon in matter does not explain the EMC effect.

4. The “non-hole” in He
(with M. Alberg, J. Carlson, S. Pepin, F1. Stancu and W. Koepf).

The measurement and analysis of electron scattering from 3He and *He by Sick
and collaborators reported 20 years ago remains a matter of current interest. They
claimed a depression in the central point nucleon density, which is not found in few-
body calculations based on realistic potentials. We find that using wave functions from
such calculations we can obtain good fits to the He charge distributions under the
assumption that the proton charge size expands toward the center of the nucleus. The
relationship to 6-quark CDM calculations, item 3) above, is discussed. The expansion
required is larger than than the predictions of mean field bag calculations by others or




our CDM calculations in the independent pair approximation. The interest here is the
search for a “smoking gun” signal of quark substructure.

5. Classical equations of motion incorporating the Pauli and Heisenberg
principles (with W. Beck).

These equations, first proposed here, are being applied to many-electron systems.
The work has been applied to the capture and trapping of antiprotons by He, now
published. The model has been fine-tuned to obtain excellent fits to stopping powers of
protons on various atoms (H, He, O, Ne). Numerous other applications, such as capture
and pickup in atomic collisions and capture of exotics on molecules are being calculated.

6. Shielding of nuclei in a finite temperature plasma (with M. Watrous).

Screening of two nuclei in an electron gas is being studied; application is to the
fusion process in stellar and laboratory plasmas. Finite density electron Green’s func-
tions are employed plus contour integration over the complex Matsubara poles. The
one-center problem is nearly completed, illustrating the tractability of the method. The
two-center problem using prolate spheroidal coordinates is next.

7. Dynamics of the evolution of a flux tube to a plasma tube to mesons
(with R.D. Puff).

The study is addressed to structures formed in relativistic heavy ion collisions,
including jets. A flux tube generates ¢g pairs and begins to collapse and oscillate.
Electric pressure is augmented or replaced by plasma pressure. Oscillations are damped
by quark collisions, calculated by the Boltzmann equation. The characteristic time
for the process depends strongly on the assumed initial tube radius. Mean energy per
meson 1s also obtained.

8. p-p to A-A and A-¥ collisions (with M. Alberg, E.M. Henley and D.A. Kunz).

Analysis of experimental data in terms of a quark model using both vector and
scalar interactions has yielded the best fits for A-A to date. Two essential features of
the calculation are the use of both vector and scalar interactions, and adjustment of
the final state interaction which cannot be well deduced from the N-N interaction on
the basis of current techniques using SU(3) symmetry. Several papers and conference
proceedings have resulted. The work is continuing, with the prediction of a complete
set of spin observables and extension to other rare processes.

9. Relativistic meson-nucleon field theory
(with G. Krein, M. Nielsen, R.D. Puff, M.E. Bracco, A. Eiras, G. Krein and C. da
Rocha).

There has been renewed interest in meson-nucleon RFT. More than 20 years ago my
students, collaborators and I studied various processes. The nucleon propagator dressed
by planar meson diagrams was solved without cut-off. In addition to the continuum
spectral function, a pair of complex conjugate poles appeared. These are physically un-
acceptable, but consistency demanded their inclusion in calculating physical processes
and were found to play a crucial role in pi-nucleon and N-N scattering, nucleon magnetic
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moments, etc. Nutt, for example, obtained (1974) a better chi-squared for N-N scatter-
ing (with fewer parameters) than the Paris Potential, and the poles were found to be-
responsible for the satisfaction of the Adler low energy pi-nucleon scattering theorem.

With the collaborators listed above, we have returned to the question of the origin of
ghost poles, on the premise that they should disappear or recede with improved ap-
proximations — or to find if they are inherent to local relativistic field theories. They
do appear also in QED. Dressing of the pion propagator hardly effects the poles. In-
troduction of vertex form factors can eliminate the poles, although when vector mesons
are included a small region of negative spectral function appears (like in QED). With
da Rocha and Krein we have also studied pi-nucleon scattering incorporating chiral
symmetry through the linear sigma model.
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A. Bulgac
PROGRESS 1993-96

My interests concern various aspects of many-body properties. For the sake of uni-
formity with the contributions presented by my colleagues here I shall present a short
overview of the results obtained by my collaborators and me for this period, even though
I joined the Nuclear Theory Group in Seattle during this funding period.

Coherent Effects, Parton Distributions and Baryon Rich Matter in Central
High Energy Heavy Ion Collisions

L. Frankfurt and I [1] presented arguments that the parton distributions measured in
heavy ion collisions depend on the trigger for the centrality of the collisions as a result
of coherent effects specific for the collisions of energetic composite particles. Percolation
phase transitions in central heavy ion collisions are predicted and methods to form and
to investigate such baryon rich matter are suggested.

A Systematic Surface Contribution to the Ground State Binding Energies

V. Shaginyan and I [2, 3] have shown that if between the particles of a many body
system there is a weak (perturbative) interaction, its contribution to the ground state
binding energies is significantly enhanced by the presence of the surface. The naive first
order perturbation estimate of the contribution of such an interaction severely underesti-
mates the actual magnitude of the binding energy corrections, arising from an enhanced
surface polarizability. We exemplify this mechanism by computing the contribution to
the nuclear ground state energy coming from the Coulomb interaction between nucleons.

Coupling Between Slow and Fast Degrees of Freedom in Systems with Complex
Spectra

G. Do Dang, D. Kusnezov and 1 [4, 5, 6, 7, 8, 9, 10] considered the question of the
microscopic origin of dissipation in collective motion of a quantum many body system
in the framework of a parametric random matrix approach to the intrinsic dynamics.
There are noticeable violations of the fluctuation—dissipation theorem and the energy dif-
fusion has a markedly non—Gaussian character. Such features do not support a Langevin
or Fokker-Planck approach to dissipation in large amplitude motion of many Fermion
systems.

Dynamics Beyond the Adiabatic Approximation

D. Kusnezov and I [11] explored the dynamics of mixed classical-quantum Hamilto-
nians, a class of systems that frequently appears in the study of physical systems charac-
terized by both slow and fast modes, a typical example being nuclei. Traditionally such
systems are studied within the adiabatic approximation and as a rule they display level
crossings. We show that level crossings can have peculiar effects on the dynamics and,
in the regime between the adiabatic and diabatic limits in both classical and quantum
approaches, the full dynamics has a series of non—intuitive features, such as qualitative
modification of the Landau—Zener mechanism, onset of chaotic behaviour and anomalous
diffusion.
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The Shape of the Fermi Surface

J. Thompson and I [12] have shown that in the surface region, where the matter
density falls off, the local momentum distribution of a many Fermion system is markedly
anisotropic. The local Fermi surface has a predominantly prolate shape, with its long axis
normal to the surface. We study this behaviour in the case of spherical and semi-infinite
many Fermion systems.

Excitation of Collective Plasmon States in Fullerenes

N. Ju, J.W. Keller and I [13, 14| considered the excitation of collective plasmon states
in isolated fullerenes (gas targets). The large number of active electrons in a carbon
cluster and the strong Coulomb interaction among them leads to a rich spectrum of
collective states. States with total angular momentum up to L = 8% have a strong
collective character. The equivalent of both = and ¢ plasmons in graphite are predicted
for a whole range of carbon clusters Cyg 60,70,100- In the low-energy region a strong
dynamical screening is obtained, in good agreement with measured absorption spectra.
The theoretical results compare very well with experimental photoexcitation results in
Ceo, 70 and electron energy loss spectroscopy data on gas targets Ceo, 70.

Stable Deformations in Large Metallic Clusters

C. Lewenkopf and I [15] have shown that only a relatively small number of metallic
clusters exhibit a stable spherical shape. The majority of such clusters tend to acquire a
deformed shape, in order to minimize the fluctuating part of the total energy, due to the
bunching of the single particle electronic levels in a confined geometry. There is a large
number of low lying shape isomers. Often the deformation energy surface develops rather
wide shallow pockets and such clusters are particularly easy to deform. As a function of
the electron number the cluster ground state deformations and isomer energies show some
remarkable regularities.

A Generalized Local Approximation Treatment of the Exchange Corrections

C. Lewenkopf, V. Mickrjukov and I [16] developed a new method to obtain a local pa-
rameterization for the exchange term in the many—body electronic problem. The approach
amounts to the introduction of a coordinate dependent electron effective mass. Numer-
ical results for metallic clusters in the jellium model are compared with other standard
methods.

Finite Temperature Properties of Sodium Clusters

N. Ju and I [17] performed an analysis of the geometric and energetic properties of
sodium clusters with 8, 14, 20, 30, and 40 atoms using an effective many-body interaction
among sodium atoms in the framework of an improved isothermal molecular-dynamics
approach. These clusters undergo two phase transitions and the two transition temper-
atures increase with the cluster size. These phase transitions are the equivalents of bulk
melting and of boiling in a finite system. However, finite particle effects are particularly
strong. These clusters show a more pronounced thermal expansion than the bulk, with
significant nonlinear effects. Both the shape and size change rather dramatically with the
temperature. The ionic degrees of freedom give a dominating contribution to the entropy,
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thus effectively controlling the thermal behavior of these clusters.
Temperature Dependence of the Optical Response of Small Sodium Clusters

C. Lewenkopf and I [18] studied the temperature dependence of the optical response
of small sodium clusters in a temperature range bracketing the melting phase transition.
When the temperature increases, the mean excitation energy undergoes a red shift and
the plasmon is significantly broadened, in agreement with recent experimental data. Due

to large thermal size and shape fluctuations, the single-particle levels acquire a prominent
width.

Neutron and X—Ray Scattering off Atomic Clusters

M. Fosmire and 1 [19] performed isothermal molecular dynamics simulations for sodium
clusters of size N= 8, 20, 100. Generalized pair correlation functions and static and
dynamic structure factors are calculated for temperatures in the range of 100 — 400 K.
Nagg and Najgo appear to undergo a melting transition, which is observable in both static
and dynamic structure factors. Because of its small size, Nag shows no dramatic change in
its properties with temperature. We conclude that X-ray and thermal neutron scattering
in particular can be used as valuable sources of information on the ionic dynamics and
structure of sodium clusters.

Molecular Dynamics of Rigid Molecules

M. Adamuti-Trache and I [20] developed a Hamiltonian formalism for an ensemble
of rigid molecules in the quaternionic representation. In the quaternionic language, dif-
ferent symmetries of the rigid top dynamics acquire a simple and natural expression.
Subsequently we describe the coupling of the ensemble of rigid molecules to a thermostat.
The isothermal molecular dynamics is defined by introducing additional pseudofriction
coeflicients, according to a generalized Nosé-Hoover prescription.

Parallel Processing for Scientific Computing

Together with my collaborators at MSU [21, 22] I studied various implementations and
techniques for molecular dynamics of very large systems on massively parallel computers.
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E.M. Henley
PROGRESS 1993-96

The focus of my work continues to be related to symmetries, the connection of
quark-gluons to nucleons-mesons, and the changes which occur to hadrons when placed
in a nuclear medium. The motivations are to study the restrictions placed by symmetries
on theories and models, to use symmetries to study structure, to learn of the connection
of QCD to nucleon-meson degrees of freedom, and to study the effect of density on
nucleons and mesons.

1. Symmetries

A. The Electroweak Theory; Parity Nonconservation
(1.) The Weak Parity-Violating # — N Coupling Constant

Experiments agree reasonably well with the "best” values of the weak parity-
violating (pv) p — N and w — N coupling constants obtained from a quark model.!
However, the weak pv # — N coupling is found to be at least three times smaller than
given by this model. W-Y.P. Hwang, L.S. Kisslinger and I have used QCD sum rules
to determine this coupling and find a value an order of magnitude smaller than that of
the quark model' due to a cancellation between a standard term and one not included
in the model. If correct, our work indicates that it will not be possible to find neutral
currents in nuclei. This work has been published recently.?

(2.) The Anapole Moment

Sporadically, M. Musolf, W. Haxton and I are examining corrections to our earlier
work® by including p- and w-exchanges.

B. Time Reversal Invariance

Since CP- or T-noninvariance has only been seen in one system, experimental and
theoretical investigations on this topic are continuing to be of interest.

(1.) T-tests in the $-Decay of ®Li and ®B

An ongoing experiment at the Nuclear Physics Laboratory will test time reversal
invariance (TRI) in these 8-decays by seeking a T-odd axial current which could con-
tribute. The intent is to measure a 27 — 2% decay and to use a correlation involving
one of the « -particles in the decay of the unstable 8Be. S. Ying and I have examined
the TRI test, have included final state electromagnetic corrections, and have studied
the sensitivity of the experiment to TRI failure. This work has been published.*

(2.) The Neutron Electric Dipole Moment

C-T. Chan, T. Meissner and I are using QCD sum rules to study the neutron
electric dipole moment in the presence of the 8-term in the QCD Lagrangian. This
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turns out to be subtle, because both quark mass terms and the UA(1l) anomaly are
required to obtain a non-zero value. At present, good progress in being made and we
hope to complete this work before the end of Summer, 1996.

C. General

(1.) W. Haxton and I have edited a book on Symmetries and Fundamental Interactmns

in Nucle1, published by World Scientific, 1996.

(2.) 1. Halpern and I have begun collaborating on a book on symmetries in nature
and the arts.

D. Charge Symmetry and Charge Independence
(1.) p —w Mixing

T. Hatsuda, T. Meissner and I investigated the momentum (¢?) dependence of
p — w mixing. This mixing for ¢ < 0 is important to understand charge symmetry-
breaking in nuclear forces and nuclei. It has been measured for ¢> ~ m} ~ mZ > 0.
Thus, the ¢? dependence is important. Qur work and that of others has been followed by
considerable discussion in the literature, because the prediction of a large ¢? dependence
has important experimental ramifications. Our work has been published?.

(2.) m —n Mixing

Following the above work, C-T. Chan, T. Meissner and I also investigated the ¢>
dependence of 7 — n mixing and found it to be small®.

(3.) Charge Symmetry in Hyperons

G. Miller and I suggested improved measurements of the semi-leptonic decays of
the I% to test charge symmetry in this system”.

(4.) Charge Dependence of the 7 — N Coupling Constant

T. Meissner and I have used QCD sum rules to investigate the charge dependence
of the pion-nucleon coupling constant. This has become of particular interest because
of a recent experiment and analysis of pion-deuteron scattering. Our work has been
submitted for publication.

2. Connection of QCD (Partons) and Mesons-Nucleons

A. d vs. i in the Baryonic Sea

QCD based quark models of the nucleon which include couplings to mesons or
mesonic degrees of freedom predict an excess of d over @ in the proton (and the
reverse in the neutron). M. Alberg and I have proposed Drell-Yan measurements
(Ttp, T~ P, Y+d,3¥~d) to test this model. -Meson models suggest an even larger ex-
cess of d in the X7 (and @ in the ¥~) which can be measured in ratios of Drell-Yan
cross sections, e.g., XTp — [1]~ X, where [ is a lepton (y, ¢) and X stands for everything
else. SU(3) predicts the opposite. This work is about to be submitted for publication.
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B. The N System

The annihilation of an antiproton on a proton should be able to give information
of quark degrees of freedom. M. Alberg, L. Wilets, D. Kunz and I have continued to
examine quark-based 3P, and 3S; annihilation into strange baryons (AA, LA, AL, TX)
to test this model. It appears that spin degrees of freedom are required to differentiate
quark- and meson-based models. We are examining depolarization measurements in
AA because they appear to be most sensitive to model predictions and spin degrees of
freedom in XA, AY, and XX production. Together with W. Hazelton, we are calculating
the polarization of sea quarks in a shell-model type of description for the quarks in the
nucleon, including strange quarks.

C. Off-Mass Shell Electromagnetic Vertices

M. Frank and I are making slow progress on a quark-based field theoretic investi-
gation of off-mass shell photon-nucleon couplings.

3. Nucleons in a Nuclear Medium

Magnetic Moments

One of the puzzles in nuclear physics is why the properties of nucleons change so
little when placed in a nucleus. QCD sum rules offer an opportunity to investigate these
changes. The magnetic moments of the n and p have been calculated with this technique
and found to agree with experiment. The calculation of these moments in nuclei offers
an opportunity to test the use of QCD sum rules for hadrons at finite densities. It is
for this reason that this investigation has been undertaken.
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G. A. Miller

PROGRESS 1993-96

The relation between quantum chromodynamics (QCD) and nuclear physics is my
focus. The non-perturbative nature of the theory is expected to be responsible for the
existence and properties of nuclei. But the predictions for high momentum transfer
processes, especially color transparency, seemed easier to test using nuclear reactions.
As discussed below, it turned out that color transparency physics is sensitive to some
non-perturbative aspects of QCD. Indeed, color transparency physics and high mo-
mentum transfer nuclear reactions may have implications for diverse aspects of nuclear
physics including: short range correlations in nucleons, dense nuclear matter, nuclear
modification of properties of bound hadrons, and even the convergence of calculations
of nucleon-nucleon potentials and effective nuclear interactions.

Another favorite topic involves fundamental symmetries, which can provide relevant
information about how QCD is manifest in nuclei, and are often of high intrinsic interest.

These interests led me to investigate the following areas: (1) color transparency
physies; (2) fundamental symmetries; (3) physics of confinement and hadronic wave
functions and, (4) quark models of nuclei and nuclear matter.

The above areas are closely related to relativistic aspects of nuclei. Many of these
can be addressed using light front techniques. I have previously applied these techniques
to certain problems, but much of my future work will be devoted to extending the
existing methods to encompass a broad range of topics in nuclear reactions related to

planned studies at CEBAF, HERA and RHIC.

1. Background

Much of the proposed research is based on using fundamental ideas about nucleon
structure to motivate new relevant experiments using nuclei. Concern with stimulating
experiments has been a long-standing interest, so I introduce the present proposal with
a summary of past DOE work.

I began my career by studying pion-nucleus interactions. One suggestion was that
short and medium ranged two-nucleon correlations! and six-quark bag effects? could
have an important effect on (71, 7~) nuclear reactions. In response, experiments were
performed at LAMPF and TRIUMF?3, The measured cross sections were not large
enough to support the novel quark mechanism, but this stimulated other theorists®
to successfully explain the data using two-nucleon correlation effects. Moreover, our
calculations® on the related process of 7~ absorption of a pair of protons bound in 3He
led to new experiments at TRIUMFS5. These confirmed that the absorption reaction
was dominated by physics at small nucleon-nucleon separations.

Colleagues and I also suggested and explained® the first experiments to detect
charge symmetry breaking in a system which has no Coulomb force. We found that
specific spin-dependent neutron-proton scattering measurements are necessary. Exper-
iments at TRIUMF” and the IUCF® have successfully observed this effect.

The EMC observation that the structure function F; of a bound nucleon is different
from a free nucleon generated many different explanations. Qur response was to show®
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that measurements of the production of high momentum u*u~ pairs in proton-nucleus
reactions (nuclear Drell-Yan process) could disentangle explanations of the EMC effect.
A Fermilab experiment to measure the predicted nuclear dependence was undertaken by
LAMPF physicists!®. The results placed very severe limitations on the mesonic content
of nuclei, which remain puzzling!?.

I also need to mention our Cloudy Bag Model treatment!* of the baryon as three
quarks in a bag surrounded by a cloud of pions. Computations of many observables
gave excellent agreement with experimental results, especially in providing a reasonable
pionic cloud explanation of the charge radius of the neutron. We also applied the Cloudy
Bag Modell? to systems of heavy (s,c, or b} quarks bound to light (anti-) quarks, and
strong and electromagnetic decay rates were predicted!®. Those for the decays of the
D* mesons were confirmed by recent experiments'4,

t12

2. Physics of Color Transparency

Color transparency!® is the vanishing of initial and final state interactions in high
momentum transfer (Q?) nuclear reactions in which the resolution is good enough to
ensure that no extra pions are created in the fundamental hadronic two-body reaction.
Examples of such reactions are the (e,e’p), (p,pp) and (e, e’ A) processes involving nu-
clear targets. Several experiments searching for color transparency have been planned
and are underway.

The color transparency postulate is based on three main points: (i) small objects
(ejected wave packets (ejectiles) which, if very small, are point-like configurations PLC)
are produced in high Q% exclusive processes, (ii) the interactions of such small color
singlet objects are suppressed due to the effects of cancellation of gluonic emission
(color screening or color neutrality), (iii) if the small object remains small for long
enough it can escape the nucleus without further interactions. For experiments at
Brookhaven, CEBAF and SLAC the kinematics are such that expansion must take
place. The observational evidence for (ii) is discussed in many references. But points
(i) and (iii) required serious investigation, which we summarize.

A. Ejectile Propagation Through the Nucleus

B.K. Jennings (TRIUMF) and I developed the approach of treating the ejectile as
a coherent superposition of baryonic states'®. In electron reactions the ejectile wave
function depends on proton-baryon electromagnetic transition form factors, and the
ejectile-nucleon interaction depends on baryon-nucleon interactions. These inputs were
initially modeled!®—1% and later constrained by data!®. The expansion of the ejectile de-
pends on the masses of its baryonic components, and determines the energy dependence
of the reactions. Thus, our approach allows us to show how the ordinary low momen-
tum transfer nuclear black disk becomes transparent at large values of the momentum
transfer. The data do not completely determine the ejectile nucleon interaction, so that
there will be unavoidable uncertainty until definitive evidence for color transparency is
found in several different reactions. Our results for the propagation are similar to those
of Strikman and Frankfurt’s quantum diffusion approach?®.

Another effect is the that the degree of color transparency depends strongly on
the (Fermi) momentum of the initially bound nucleon?!. Thus we proposed to include
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all of the known effects, e.g. (1) PLC expansion, (2) quantum interference between
the PLC and the BIC and (3) momentum of the bound nucleon. The resulting cal-
culations obtained a very good description of the existing (p,pp) data. We found??
that color transparency was required to reproduce the size of the cross section of the
(p,pp) reaction?®. A good description of the observed dependence on the “momentum
of the struck nucleon” was also achieved. The calculations were made using assuming
that the experimental resolution was good, so that it will be important to compare this
theory with the expected new, more precisely determined data. We also note that the
model which predicts significant color transparency effects for the (p,pp) experiment is
also consistent with the NE18 data?* for the (e,e’p) reaction, which shows little, if any,
evidence for color transparency.

B. Is the ejectile a small object?

L. Frankfurt (Tel Aviv), M. Strikman (PSU) and I studied the question of small-
sized wavepacket or point-like configuration (PLC) formation, a high Q% process by
constructing operators which measure the transverse size, 2(Q?) of a wave packet?s.
For systems of three quarks, mean field models leads to no PLC formation, but if inter-
quark correlations are present, PLC is obtained. Most realistic models give PLC for
momentum transfers as low as Q? = 1 (GeV/c)?. Even with this result, which favors the
existence of color transparency, there is a significant problem in looking for CT effects
_in experiments at Q? from about one to a few GeV?2. The assumed PLC would expand
rapidly while propagating through the nucleus. This expansion of the wavepacket is
important up to rather large values of ? because of the relatively small Lorentz factor
of the struck nucleon. This brings us to the next subsection, which concerns an effort
to handle this difficulty.

C. Double Scattering Processes and Intermediate Q% Color Transparency

This project started as a collaboration between K.Egiyan(Erevan PI) W.R. Green-
berg, L.Frankfurt(Tel Aviv), M.Sargsyan(Erevan PI), M.Strikman(PSU) and myself2%,
which defined and supports an experiment 94-019 proposed to and accepted by CEBAF.

The effects of wavepacket expansion must be suppressed if one is to observe color
transparency CT at intermediate values of Q2. This can be achieved by using the
lightest nuclear targets, where the propagation distances are small. In this case, the
transparency is close to unity, so the effects of CT in (e, €’p) reactions are small. How-
ever, if we select a process where the produced system can only be produced by an
interaction in the final state, a double scattering event, then the color transparency
effects would be manifest as a decrease of the probability for final-state interactions
with increasing @?. An advantage of looking for such processes is that it is possible
to observe an effect decreasing from the value expected without CT (Glauber-value) to
zero. Thus, the measured cross section is to be compared with a vanishing quantity so
that the relevant ratio of cross sections runs from 1 to infinity.

Therefore, we studied the reactions ® He(e, ¢'pp)?® and D(e, e'pn)??. These experi-
ments involve triggering on a fast proton which carries almost all of the virtual photon’s
three-momentum, and also detecting another “spectator” proton or neutron of momen-
tum between 100 and 400 MeV/c. This value is small compared with the fast proton’s
momentum and large compared with a proton’s Fermi motion inside the target.




24

The scattering amplitude M, including the np final state interaction, can be written
as a sum of Born and scattering terms (ST) with M =< p,,p;|d > +S7T, where 7, (p,)
is the component of the spectator’s momentum that is perpendicular (parallel) to the
direction of the virtual photon. The conventional theory without CT predicts that the
two terms of M have a very different p; dependence for reactions occuring near the
quasielastic peak. For p; = 0, the ratio of the second term to the first is of the order of
—o?% /167 R% and is small and negative. Thus, at low p,, final state interactions reduce
(shadowing effect) the value of the computed cross section. But the first term falls more
rapidly than the second as the magnitude of p; increases. This is because the fall off is
controlled by the large deuteron size in the first term and by the small range of the np
interaction in the second term. As p; increases from zero, the relative importance of the
shadowing grows. However, if p; is further increased, the value of the ratio |—<~ﬁft\r—d>|2
increases due to the rapid vanishing of the denominator! Thus one may observe the
effects of color transparency by performing the experiments with successive values of
Q?, starting at low values where the conventional theory is expected to work. For values
of Q2 large enough to support color transparency, the term ST is reduced and the p;
dependence is predicted to be completely different.

D. Spin dependence of color transparency

Calculations of color transparency effects in electron scattering typically used scalar
photons. Student W. Greenberg (his thesis) took the vector nature of the photon into
account?®. Thus both the «, and oy, forms of photon-baryon coupling are included.
The initial bound wave function 2%:3% and ejected baryonic wave packet are described as
four-component Dirac spinors. We studied the spin dependence of color transparency
in (e, €', p) reactions. In particular, the polarization of the outgoing proton is caused by
the final state spin orbit interaction and therefore vanishes if color transparency occurs.
We studied all of the observables, and found that the expected polarization does vanish,
but at Q? too high to be interesting. This project included a detailed account of the
conventional effects, especially an analysis of the nucleon nucleon scattering amplitudes
needed to obtain the final state interactions.

3. Charge Symmetry Breaking

Charge symmetry is a fundamental symmetry which occurs if the Lagrangian is
invariant with respect to rotating the u into d quarks (or d— u) quarks. Slaus (Za-
greb), Nefkens (UCLA) and I reviewed Charge Symmetry Breaking (CSB)3!, introduc-
ing the quark-based definition. This review was updated by W. van Oers(TRIUMF)
and myself*2. CSB in systems ranging from mesons to heavy nuclei was studied, with
the result that all observed CSB can be explained in terms of the difference between
the down and up quark masses dm and electromagnetic interactions between quarks.
It has long been known that ém can account for the observed value of the isospin mix-
ing between the p® and w mesons. Furthermore, one can compute the CSB-potential
between two nucleons arising from the exchange of a mixed p°®-w meson. The resulting
CSB potential is large enough to explain the Nolen Schiffer anomaly and provides a
spin-dependent potential which makes a significant contribution to the IUCF 183 MeV
experiment.
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However, Goldman and Thomas?®® claimed that the p® — w mixing matrix element
has a significant off-mass shell dependence which renders its effects negligible in nucleon-
nucleon scattering. This conclusion was obtained by several other authors34, but others
do not have the same conclusion3®. My approach®? was to consider the effects of these
theories on the ¢ (square of the p four momentum) dependence of the vp coupling
constant which is measured at ¢? = in photoproduction experiments and has essentially
the same value as at ¢> = M?. Several of the above theories predict a large ¢* variation,
in contrast with the data. In the meantime, significant evidence that p — w mixing has
little variation with ¢ has emerged.

Another approach was to investigate the off-shell dependence of p —w mixing in the
charge symmetry breaking nucleon-nucleon potential by examining the complete process
(e.g., p° emission, propagation, conversion to an w, propagation and absorption). T.
Cohen (Maryland) and I found?®® that present models describing the off-shell dependence
of p® — w mixing are not sufficient to determine the charge symmetry breaking nucleon-
nucleon potential because one needs to compute the vertex from the theory that supplied
the propagator. None of the present treatments of the off-shell propagator does this.

E.M. Henley and I also found®” a large charge symmetry breaking effect in the semi-
leptonic decays of ©*.. The two decay rates differ by about 6%, because the baryons
are related by the replacement of two u quarks by d quarks. We proposed that present
experimental data be improved to search for this effect.

4. Physics of Confinement and Hadronic Wave Functions

The issues of color transparency are closely related to those of hadronic wave func-
tions, so our attention was drawn to this area.

A. Lattice QCD study of the time dependence of a wave packet’s trans-
verse size

The opportunity to observe color transparency (CT) is determined by how rapidly
a small-sized hadronic wave packet expands. D. Makovoz and I used SU(2) lattice
gauge theory with Wilson fermions in the quenched approximation to investigate the
expansion3®. The wave packet is modeled by a point hadronic source, often used as an
interpolating field in lattice calculations (not a point-like configuration). The procedure
is to determine the Euclidean time (t), pion channel, Bethe-Salpeter amplitude ¥(r,t),
and then evaluate v?(t) = [ d&*r¥(r,t)r?sin?0%.(r). This quantity represents the soft
interaction of a small-sized wave packet with a pion. The time dependence of #%(%) is
fit as a superposition of three states, which is found sufficient to reproduce a reduced
size wave packet. Using this superposition allows us to make the analytic continuation
required to study the wave packet expansion in real time. We find that the matrix
elements of the soft interaction 42 between the excited and ground state decrease rapidly
with the energy of the excited state, E,. This result favors color transparency, because
it places a lower limit on the rest frame expansion time, 1/(E.-Egs).

A second investigation®® concerned a detailed investigation of the spectral density
in the pseudoscalar and vector channels. These quantities were extracted from the
SU(2) lattice quenched data. We found that within the energy range accessible on the
lattice, the spectral density consists of three sharp poles. The implication is that color
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transparency will occur when the energies involved are large enough to produce the
states at the third pole. This conclusion must be shown to hold for unquenched SU(3)
QCD before one can have confidence in this conclusion about color transparency.

B. QCD Sum Rule Approach to the mesonic wave function ¢(z, x?)

The usual light-cone “wave function” ¢(z) is really ¢(z, pu?) = | e ked(z, ke). But
color transparency effects are controlled by the x; dependence of ¢(z, k). T. Hatsuda,
S. Lee and I used QCD sum rules to investigate this dependence?’. We determined

moments (within an estimated error of £50% ) of the form fol dz ™! f‘“z d*kiklo(z, ke)
for n and [ equal to 0, 2 or 4. Furthermore we showed that the transverse size of the pion
is dictated by the gluon condensate, even though the mass and longitudinal distributions
are dominated by the quark condensate. Our results indicated that fluctuations are
large. This favors the existence of point like configurations. Our moments can be used
to constrain first-principles calculations of the pion form factor.

C. Role of meson exchange in baryon spectra
This work was stimulated by talks by D.O. Riska at the INT. His work with

Glozman*! stressed the importance of explaining baryon spectra using meson exchange
between quarks, instead of the popular gluon exchange mechanism. Therefore Z. Dziem-
bowski (Temple U), Fabre de la Rapelle (Orsay, IPN) and I began an investigation of a
non-perturbative treatment of gluons and pseudoscalar mesons in baryon spectroscopy.
We studied baryon spectroscopy including the effects of pseudoscalar meson exchange
and one gluon exchange potentials between quarks, using non-perturbative, hyperspher-
ical method calculations. We find*? that a model which includes only gluon exchange
can not simultaneously describe the Roper and P-wave excitation energies. Using only
pseudoscalar meson exchange partially cures this problem, but at the cost of using a rel-
atively large pion quark coupling constant. However, one gets a similar agreement with
data in a model with both effects by using a quark-meson coupling constant compatible
with the measured pion-nucleon coupling constant, and a value of a; =~ 0.35.

5. Quark Models of Nuclei

A. The Role of Color Neutrality in Nuclear Physics — Modifications of
Nucleonic Wave Functions

M.R. Frank (INT), B.K. Jennings (TRIUMF) and I investigated® the influence of
the nuclear medium upon the internal structure of a composite nucleon. The interaction
with the medium is assumed to depend on the relative distances between the quarks
in the nucleon consistent with the notion of color neutrality: when all of the three
quarks are in the same place, the interaction with the surrounding medium vanishes.
As a result, the nucleon in matter is a superposition of the ground state (free nucleon)
and radial excitations. The effects of the nuclear medium on the electromagnetic and
weak nucleon form factors and the nucleon structure function were computed using a
light-front constituent quark model. Our approach is to compute the medium-modified
wave function and obtain predictions for many observables. One of our results is that
the nucleon’s mean radius is increased compared to the value in free space. But we
can compute any of the effects of the medium on any observable. The effects of color
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neutrality supply small but significant corrections to predictions of many observables.
These results are similar to earlier work using the same idea??, but our formalism can
be applied to both low and high momentum transfer reactions.

B. Quark-Meson Coupling Model For Finite Nuclei

Quantum chromodynamics (QCD), a theory of quarks and gluons, is the current
paradigm for the strong interaction. Nuclei are bound by the strong interaction, but
hadronic degrees of freedom account for the most of the physical properties. This
contrast suggests both questions and opportunities. One might ask: how and why does
this standard picture of nuclear physics as a system of clustered color-singlet objects
emerge from the fundamental theory? One possible answer has been suggested**, based
on the strong coupling limit. The opportunities arise from the challenge of discovering
small (at normal nuclear densities) but interesting corrections to the standard picture
which arise from the underlying constituents.

Thus the need for a theory of nuclei that incorporates quark-gluon degrees of free-
dom, but also respects the vast body of information substantiating the standard picture,
is apparent. There are many possibilities, and here we wish to focus on the quark-meson
coupling model*® in which nuclear matter consists of color-singlet clusters of quarks and
also mesons. The quarks are assumed to be bound in non-overlapping nucleon bags, and
the interaction between nucleons arises from a coupling of meson fields to the quarks.
The ultra-relativistic quarks are described by a mean-field Dirac equation. The nu-
cleons are assumed to be also described by the Dirac equation in the effective mean
fields arising from meson fields coupling to the quarks in the nucleon. The model is
computationally similar to the familiar QHD model3°, in which the meson fields couple
to point-like nucleons. However, the value of the ¢ and w mean fields is smaller here,
and the effects of the nucleon Dirac sea are therefore reduced.

P. Blunden and I extended this model to finite nuclei*s. See also Ref. 47. Most of
the previous calculations involved nuclear matter or a local density approximation. In
finite nuclei, it is necessary to treat the the spatial non-uniformity of the meson fields
over the volume of the nucleon as well as the volume of the nucleus. We developed
a perturbative scheme for treating these variations. Qur procedure is to define the
potentials that act on the nucleons in terms of averages of the true potential over the
volume of the nucleon. The perturbation is then the true potential minus the average.
This procedure is more convergent than simply using the value of the true potential at
the center of the nucleon, and with this definition, the leading order term is dominant.
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U. van Kolck

My research plan is oriented towards the use of effective theories in the non-
perturbative regime of QCD. During the past few years, the theory of effective chi-
ral Lagrangians has emerged as a promising tool to systematically describe QCD at
low energies. The aim is an understanding of long-known nuclear features in a frame-
work consistent with QCD, other hadronic processes, and pion production reactions for
which facilities such as Mainz, Saskatoon, IUCF and Uppsala have recently produced
very good threshold data.

In this program, the starting point is the most general Lagrangian involving the
relevant low-energy degrees of freedom (pions, slow nucleons and possibly Delta isobars,
photon) that incorporates the symmetries of QCD. Short-range physics (comparable to
the Compton wavelength of the p meson) is accounted for in a derivative expansion; it
is thus represented by an infinite number of parameters analogous to moments of charge
distributions. Long-range effects are accounted for explicitly in a loop expansion. As
a result, to some desired accuracy only a finite number of interactions and diagrams
needs to be considered. At the current level of understanding of QCD, the parameters
of the Lagrangian cannot be derived from known QCD parameters and we are limited
to fitting and thus relating the various hadronic processes.

Chiral perturbation theory (xPT) has been applied with great success to mesonic
interactions, but the most interesting problems lie now in the baryonic sector. My main
interest is in systems with several nucleons. Such systems present challenges because
xPT breaks down and bound states arise; but because this breakdown is due to infrared
quasi—divergencies, Y PT can still be employed for nucleon-irreducible amplitudes, such
as the nuclear potential or the kernel where external bosons are attached to. Iteration of
the nuclear potential generates wavefunctions, and the cross-section for any scattering
process on a nucleus is obtained by calculating the expectation value of the kernel
between the relevant wavefunctions.

PROGRESS 1993-96

1. Nucleon-nucleon (NN) force

An NN potential was constructed to third order in chiral perturbation theory?,
neglecting isospin violation. This potential has a leading component consisting of static
one-pion exchange and contact (short-range) terms, and sub-leading pieces that involve
one-loop diagrams and two-derivative contact terms. Further one-loop diagrams show
up when the Delta isobar is included explicitly, and first results of a fit to scattering
phase shifts and deuteron data — using a gaussian cut-off of 770 MeV — appeared some
time ago?. A more completed analysis was completed recently®. Most data could be
fit within about 10% through laboratory energies of a 100 MeV; the quality of the fit
was roughly the same for cut-offs of 500 and 1000 MeV, as well as the original 770 MeV
cut-off. :

2. Isospin Violation

Isospin violation can be systematically studied in xPT, by constructing all the
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operators that transform under chiral symmetry in the same way as either quark mass
terms or photon exchange interactions. A simple yet remarkable result* is that no
isospin violating operators appear in the lowest order chiral Lagrangian: isospin is
therefore an accidental symmetry. As a consequence, except for processes — such as
7% N scattering — that vanish in lowest order, isospin violation is suppressed by powers
of (small momentum or pion mass/ QCD scale). Furthermore, the interplay of “indirect”
electromagnetic effects and quark mass effects explains the hierarchy of isospin violating
nuclear forces*. A phenomenological analysis of the resulting isospin violating potential
was carried out recently® . In particular, isospin violation in the 7N coupling constants
was studied at one-loop level, and the relevant counterterm extracted from the Nijmegen
phase shift analysis. Meson-mixing models were also discussed from the point-of-view

of naturalness®.

3. Pion photoproduction

Pion photoproduction on nuclei was also considered in the framework of yPT 7.
The case of neutral pion photoproduction is particularly interesting in that the leading,
single-nucleon contributions vanish, so the role of two-nucleon contributions is enhanced.
The leading remaining contributions come from the so-called O(Q?) single-nucleon pro-
cess and from a few two-nucleon diagrams. The free O(Q?) single-nucleon process was
evaluated before (see, e.g. Ref. 8) without an explicit inclusion of the Delta, and is
known to fail for neutral pion photoproduction on the proton; we therefore used also an
alternative estimate based on the old low-energy theorem®. The two-nucleon diagrams
were calculated for an isoscalar target. We further computed the threshold amplitude
for the deuteron, obtaining similar results when using the fully consistent deuteron
wavefunction of Ref. 3 and the Bonn wavefunction. As expected, two-nucleon contribu-
tions were found to be comparable to the single-nucleon process. The overall result is
in agreement with data when the old low-energy theorem estimate is employed.

4. Pion production in the pp — ppr° reaction

The reaction pp — ppr® was discussed from the point-of-view of a modified chiral
power counting!®. The role of the Delta was stressed and the s-wave pion rescatter-
ing contribution evaluated with the general chiral Lagrangian; both contributions were
found to interfere destructively with the standard impulse contribution. We further
modeled short-range contributions using ¢ and w pair diagrams as in Ref. 11. The final
result is a theoretical cross-section a factor 3-5 smaller than threshold data.
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A dynamical mechanism for the negative polarization of the strange sea of the
proton has been proposed (with J. Ellis and D. Kharzeev). Our model of polarized,
intrinsic strangeness is based on correlations between light valence quarks and vacuum
strange antiquarks. It provides a consistent explanation of the state-dependence of OZI
violations in low energy pp reactions, and is tested in the measurement of target spin

depolarization Dy, in pp — AA at LEAR in FY96-FY97.

A flavor asymmetry in the light quark sea of ©* has been proposed (with E.M.
Henley). The asymmetry appears naturally in the meson cloud model for baryons.
Drell-Yan experiments using ©% beams on proton and deuteron targets could measure
the asymmetry. Existing beam intensities appear to be adequate for the measurement.

A long-standing apparent discrepancy between charge distributions extracted from
experiment and theoretical calculations for 3He and *He has been addressed (with L.
Wilets, J. Carlson, W. Koepf, S. Pepin and Fl. Stancu). The significant depression in
central density derived from experimental data is not reproduced in detailed theoretical
calculations. Our preliminary results show that a variation of the proton form factor
as a function of density, or of proton-nucleon separation, can explain the experimental
results without invoking the “hole” in the central density.

Spin observables in antihyperon-hyperon production have been studied (with E.M.
Henley, P.D. Kunz and L. Wilets). We have extended our earlier work on pp — AA
to include YA + AY and ¥¥ production. We find a significant reduction in the singlet
fraction for XA + AXY due to initial and final state interactions.
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