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Abstract

This Pre-Conceptual Design Report (pCDR) presents the compelling scientific case for up-
grading the Continuous Electron Beam Accelerator Facility (CEBAF) at Jefferson Lab to 12 GeV.
Such a facility will make profound contributions to the study of hadronic matter. In particular, it
will allow breakthrough programs to be launched in four main areas:

o The experimental study of gluonic excitations in order to understand the fundamentally new
dynamics that underpins all of nuclear physics: the confinement of quarks. Theoretical conjec-
tures, now strengthened by lattice QCD simulations, indicate that the most spectacular new
prediction of QCD — quark confinement — occurs through the formation of a string-like “flux
tube” between quarks. This conclusion (and proposed mechanisms of flux tube formation)
can be tested by determining the spectrum of the gluonic excitations of mesons.

e The determination of the quark and gluon wavefunctions of the nuclear building blocks. A vast
improvement in our knowledge of the fundamental structure of the proton and neutron can be
achieved. Not only can existing “deep inelastic scattering” cross sections be extended for the
first time to cover the critical region where their basic three-quark structure dominates, but
also measurements of new “deep exclusive scattering” cross sections will open the door to a
comprehensive characterization of these wavefunctions using the framework of the Generalized
Parton Distributions; these data will provide access to information on the correlations among
the quarks. These studies will be complemented by detailed measurements of elastic and
transition form factors, determining the dynamics underlying the quark-gluon wavefunctions
through measurements of their high-momentum-transfer behavior and providing essential
constraints on the wavefunctions.

e Exploring the limits of our understanding of atomic nuclei. A broad and diversified program
of measurements that (taken together with the hadron studies outlined above) aims to provide
a firm intellectual underpinning for all of nuclear physics by answering the question “How
does the phenomenological description of nuclei as nucleons interacting via an effective in-
teraction parameterized using meson exchange arise from the underlying dynamics of quarks
and gluons?” It has two main components:

The short-range behavior of the Nucleon—Nucleon (N — N ) interaction and its QCD
basis. Experiments aimed at identifying the physics of strong QCD that gives rise to the
N — N force and exploring the short range behavior of the N — N force through a novel
program of deep inelastic scattering.

Identifying and exploring the transition from the nucleon/meson description of nuclei to
the underlying quark and gluon description. This program will explore and determine
the limits of applicability of the nucleon/meson description of nuclei, identifying the
distance and energy scales at which it fails and the physics of nuclei is better described
directly via strong QCD.

o Tests of the Standard Model of electro-weak interactions and the determination of fundamental
parameters of this model. Precision, parity-violating electron scattering experiments made
feasible by the 12 GeV Upgrade have the sensitivity to search for deviations from the Standard
Model that could signal the presence of new physics. Planned studies of the three neutral
pseudoscalar mesons, the 7%, 1 and 7/, will provide fundamental information about low energy
QCD, characterizing the strengths of the chiral anomalies.

This science program has expanded significantly in the two years since the project was first pre-
sented to the Nuclear Sciences Advisory Committee (NSAC) in the form of a White Paper [WP01]
produced as part of the 2001-2002 NSAC Long Range Planning Process. While focusing on science,
this pCDR also provides a detailed description of the required detector and accelerator upgrades
so that it can serve as an overview of the entire plan for the 12 GeV project.






PREFACE

When the scientific case was made for the facility that became CEBAF, there was unanimous
agreement on the importance of a continuous-beam electron accelerator but a great deal of discus-
sion about the optimum beam energy. A subcommittee of NSAC (the Nuclear Science Advisory
Committee of the U.S. Department of Energy and the National Science Foundation) chaired by Pe-
ter Barnes concluded [Ba82] that the accelerator’s design energy should be 4 GeV, rather than the
2 GeV favored by some, because the higher energy would permit its experimental program “to study
the largely unexplored transition between the nucleon-meson and the quark-gluon descriptions of
nuclear systems”. In anticipation of the future need to extend this experimental program to even
higher momentum and energy transfers, the CEBAF accelerator was designed in the mid-1980s so

that future extensions to energies of order 25 GeV would be straightforward.

As CEBAF’s scientific program has progressed, the wisdom of these design choices has become
increasingly clear. This White Paper outlines the scientific case for the upgrade of CEBAF to
12 GeV, and documents the accelerator and experimental equipment improvements necessary to
carry out the scientific program. It is the result of lengthy discussions within the Jefferson Lab
community that began as the 4 GeV program was just underway in the mid-1990s. In this preface

we remind the reader of the main activities leading to this plan for the 12 GeV Upgrade.

As CEBAF neared completion and its experimental program was about to begin, the CEBAF
User Group began an examination of the physics accessible with an upgraded CEBAF energy. This
decision led to the organization of a workshop held at Jefferson Lab from 14 to 16 April 1994. It
was organized into four working groups centered around four main physics topics, by an organizing
committee consisting of T. Barnes, R. Ent, B. Frois, R. Holt, R. Milner, P. Mulders, J. Napolitano,
M. Petratos, and P. Stoler. Each working group was represented by one or two plenary speakers
who were asked to summarize the outstanding physics issues that could be addressed by an upgrade,
and by many shorter parallel contributions dealing with specific issues. Members of the organizing
committee then summarized their presentations and their personal views on the physics case for
an upgrade of CEBAF to higher energies. The result was the “yellow book” report, CEBAF at
Higher Energies, edited by Paul Stoler for the CEBAF User Group and Nathan Isgur for Jefferson
Lab, which marked the first step toward the goal of defining the physics program that would form
the basis of an upgrade of CEBAF.

The compelling science which emerged from this workshop led to a study of the upgrade
options by a laboratory strategic planning group, and to two “village meetings”. These studies
indicated that a cost-effective upgrade of CEBAF is possible. These conclusions were presented to
NSAC, which responded in the recommendations of its 1996 Long Range Plan that “the community
looks forward to future increases in CEBAF’s energy and to the scientific opportunities that would

bring”.

With this encouragement, the users held a second workshop from 15 to 18 June 1998. This



workshop, organized by Steve Dytman, Howard Fenker, and Phil Roos, was structured to review
the physics motivation for the Upgrade, but to focus on the specification of the equipment and
instrumentation necessary for measurements at 12 GeV. It began with plenary sessions on physics,
on the issues faced by Halls A, B, and C at 12 GeV, on the preliminary designs of a new Hall D
for photoproduction, and on state-of-the-art detector and polarized-source developments. Next
came parallel sessions organized by physics topic on photoproduction, high-Q? reactions, hadrons
in the nuclear medium, and inclusive and semi-inclusive reactions. These were followed by parallel
sessions organized by hall. More than 180 scientists participated in the workshop; their work is
recorded in Physics and Instrumentation with 6-12 GeV Beams, edited by the three organizers. A
remarkable feature of this workshop was the quick consensus reached on the set of detectors needed

to exploit the vast new physics potential of the 12 GeV Upgrade.

In anticipation of the 2001 NSAC Long Range Plan, the User Group organized a special
workshop in January 2000 that was devoted to delineating the 12 GeV program for the existing
experimental halls. It commissioned five follow-on working groups to develop crisp scientific cases
and identify key experiments or key experimental programs in five target areas focused on these
halls. Following the January workshop, at their March 2000 meeting the User Group Board of
Directors appointed a White Paper Steering Committee: Lawrence Cardman, Rolf Ent, Nathan
Isgur, Jean-Marc Laget, Christoph Leemann, Curtis Meyer, and Zein-Eddine Meziani.

Prior to and in parallel with this effort, the new Hall D Collaboration produced a design for a
new meson photoproduction facility designed to discover and investigate the properties of gluonic
excitations. Their design underwent a rigorous review in December 1999 by a distinguished external
committee; the collaboration emerged from the review having received high praise for both their

physics goals and their experimental design.

In 2000 the users reviewed an early draft version of this White Paper at their annual June
meeting, which was once again devoted to the Upgrade. At that meeting, key experiments were
selected from the many ideas that emerged from the planning for the Upgrade. These experiments
were developed in greater detail, for inclusion as part of the scientific case for the Upgrade, and
presented to the Jefferson Lab Program Advisory Committee at a special meeting of that committee.
The PAC commented on each proposal in a manner similar to their review of research proposals

for the present accelerator. In summarizing their review, the PAC noted:

The laboratory and the user community have developed an impressive scientific case
that demands this new capability. The Jefferson Lab Program Advisory Committee was
charged by the laboratory to review this science, and to review the plans for the associated
experimental equipment.

The committee concludes that an outstanding scientific case has been identified which
requires the unique capabilities of the JLab 12 GeV upgrade. The results of these exper-

mments are likely to significantly change the way we think about nuclear physics and the
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strong (nonperturbative) limit of QCD. Two major new thrusts can produce definitive
results: the experimental verification of the origin of quark confinement by QCD fluzx
tubes as predicted by lattice gauge calculations, and the determination of the quark and
gluon wave functions of the nuclear building blocks. The full technical capabilities of the
upgrade are required for this progress. New research domains are also opened up that
show great promise in leading existing research efforts to new levels of understanding.

The proposed experimental equipment is well suited to addressing these new physics
opportunities. The choices capitalize on the powerful existing equipment at the laboratory
without compromising the physics goals.

The Program Advisory Committee was excited by the research potential that the
12 GeV upgrade makes possible. The scope of the upgrade is very well matched to the
problems we see driving the field for the next decade. The time has come to bring these

opportunities to nuclear physics.

The White Paper was improved, based on the PAC discussions, on discussion at the NSAC
Long Range Plan Town Meeting held at Jefferson Lab in December 2000, and on additional com-
munity input, and a final version was published in February 2001 as a formal submission to the
larger nuclear physics community as part of the Long Range Planning process. That White paper
served to document both the science and the technical aspects of the proposed Upgrade, and pro-
vided essential information for the discussions of the Upgrade that were held as part of the formal
“resolution” meeting of the NSAC LRP held in SantaFe, NM during the week of March 25, 2001.

The formal report of the NSAC Long Range Plan included the Upgrade as one of its four

major recommendations:

We strongly recommend the upgrade of CEBAF at Jefferson Laboratory
to 12 GeV as soon as possible. The 12 GeV upgrade of the unique CEBAF facility
18 critical for our continued leadership in the experimental study of hadronic matter.
This upgrade will provide new insights into the structure of the nucleon, the transition
between the hadronic and quark/gluon description of matter, and the nature of quark

confinement.

The Long Range Plan further indicated that it considered the project “ready to initiate con-
struction”, and included it in the basic funding scenario developed for the field: “The Jefferson
Lab Upgrade is included as a construction project starting in fiscal year 2005, leading into a modest

increase for Jefferson Lab operations later in the decade.”

FEncouraged by the NSAC recommendation, the Jefferson Lab community began a two-year
effort to further refine the science case and the design of the experimental equipment in preparation
for the writing of a Conceptual Design Report for the Upgrade. Each of the groups working in
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the present experimental halls, and the GLUEX collaboration began work in earnest to prepare
pre-Conceptual Design Reports (pCDR’s) with the goal of outlining the physics that motivated
their equipment designs, documenting the technical aspects of the equipment designs at a level
that it could be reviewed thoughtfully against the planned science program, and developing de-
tailed examples of experiments addressing the science issues that could be carried out using their
equipment. There were a series of workshops and collaboration meetings held during the first half
of 2002 devoted to this effort.

The July 2002 User’s Group Meeting was devoted to a series of workshops on both the scientific
motivations for the Upgrade and on the equipment designs. At that meeting the User’s Group Board
of Directors appointed an editorial board that was given responsibility for writing this document, a
pre-Conceptual Design Report for the experimental equipment that summarized all aspects of the
proposed Upgrade except for the technical details of the accelerator and civil construction portion
of the project. The Board was also given responsibility for preparing presentations on the science
case to a special session of the Program Advisory Committee that was to be held in conjunction
with the Winter 2002-3 Meeting and provide independent review of the proposed programs and
equipment.

Goal of this pCDR is to present the science case for the upgrade “across the halls”, consolidating
the physics by topic (not surprisingly, in many of the areas of interest there are key experiments
that are best done using different equipment). It also aims to present a condensed version of the hall
equipment to provide technical details for anyone interested in evaluating specifics. The Editorial
Board was divided into groups and each group was given responsibility for text on a science or

equipment topic. Specifically:

1. Gluonic Excitations and the Origin of Quark Confinement
Curtis Meyer, Alex Dzierba, Ted Barnes, Carlos Salgado (and David Richards re lattice)

2. Developing a Unified Description of Hadron Structure
(a) Valence Quark Structure and Parton Distributions

Zein-Eddine Meziani, Sebastian Kuhn, Oscar Rondon, Wally Melnitchouk

(b) The Generalized Parton Distributions as Accessed via Deep(ly) Exclusive Reactions
Volker Burkert, Charles Hyde-Wright, Xiangdong Ji

(c) Form Factors and Polarizabilities - Constraints on the Generalized Parton Distributions
Paul Stoler, Mark Jones, Bogdan Wojtsekhowski, Anatoly Radyushkin

(d) Other Topics in Hadron Structure
(duality, single-spin asymmetries, Q2 evolution of the GDH sum rule, etc.) Gordon
Cates, Latifa Elouadrhiri, Thia Keppel, Sabine Jeschonnek
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3. The Physics of Nuclei

(a) Probing the Limits of the Nucleon-Based Description of Nuclei
Haiyan Gao, Roy Holt, Carl Carlson Rocco Schiavilla, Larry Weinstein,and Paul Ulmer

(b) The High-Density Frontier in Cold Nuclei
John Arrington, Doug Higinbotham, Jean-Marc Laget, and Will Brooks

(c) Symmetry Tests in Nuclear Physics

i. Standard Model Tests
Paul Reimer, Mike Ramsey-Musolf, Paul Souder, and Dave Mack

ii. Spontaneous Symmetry Breaking

Aron Bernstein, Ashot Gasparian, Jose Goity
4. The Experimental Equipment

a) Hall A: J.-P. Chen, Kees de Jager
b) Hall B: Volker Burkert

(a)
(b)
(c) Hall C: Howard Fenker
(d)
)

d) Hall D: Curtis Meyer and Alex Dzierba

(e) Experiment-Specific Equipment: Group by Group

Work by this group, and by each of the major hall collaborations, continued over the second
half of 2002, and culminated with a series of presentations to a special session of PAC23 devoted
to the Upgrade plans. During this period the pCDR’s for each hall were written and distributed
to the larger community and the PAC. These documents contained extensive details on the exper-
imental equipment, and a presentation of the science motivating the equipment choices, including
the development of many “example” experiments that used the equipment. The PAC Upgrade
meeting included two sessions: a public presentation of the science programs that took place at
the laboratory on January 17-18, 2003; and an executive session that reviewed the technical plans
for the hall equipment and then discussed the science and equipment, which was held in Duck, NC
on January 19-22, 2003. The presentations of the science were made by members of the pCDR
Editorial Board

The PAC was charged to: comment on the intellectual framework presented for the 12 GeV
pCDR; review the new research programs that are under consideration for being highlighted in
the executive summary of the pCDR; ask if we omitted any key science initiatives that could be
supported by a 12 GeV electron beam; and see if the experimental equipment proposed (is) well

matched to the key physics experiments motivating the Upgrade. Their report concluded:

Overall it is the judgment of the PAC that the envisioned JLab Upgrade offers an

outstanding opportunity for exploring new and fundamental physics issues of wide spread



interest to the community of nuclear and particle physicists. In many respects the new
experimental facilities will be unique in the world. They will also impact issues raised at
other facilities. Therefore the PAC enthusiastically endorses the JLab 12 GeV Upgrade
i view of the timeliness and high impact it can have on physics issues of concern to a

broad spectrum of the nuclear and particle physics community.

Based on the PAC review, the Editorial Board began work in earnest on the pCDR. On
December 18, 2002 (as the JLab community was preparing for the PAC23 review) Dr. Raymond
Orbach, Director of the Office of Science of the Department of Energy, as part of the effort to
develop a long-range plan for major facility development in the fields supported by his office,
charged NSAC to “consider what new or upgraded facilities in your discipline will be necessary to
position the Office of Nuclear Physics at the forefront of scientific discovery, and he requested that
NSAC discuss each proposed facility in terms of two criteria: 1) the importance of the science that

the facility would support; and 2) the readiness of the facility for construction.

The Ad-hoc Facilities Subcommittee of the Nuclear Science Advisory Committee met on Febru-
ary 15, 2003 to hear presentations from the proponents of each project in the field. Both the written
submissions to the committee and the presentations made to the committee on behalf of the Up-
grade were based on the work documented in this pCDR, and the executive summary of this

document (in a slightly earlier form) was the key element of that submission.

In discussing the scientific merits of the Upgrade, the NSAC report placed it in “Category 1”

(absolutely central) and noted:

The 2002 NSAC Long Range Plan ”strongly recommend[s] the upgrade of CEBAF
at Jefferson Laboratory to 12 GeV as soon as possible. [It] is critical for our continued
leadership in the experimental study of hadronic matter” This was one of the four major
recommendations of the LRP. The Upgrade has the support of a large and active user
community ( 1100 scientists from 29 countries); it has been enthusiastically reviewed
by numerous outside peer groups and will be unique worldwide. The realization of the
Upgrade will create synergies with other fields of research, most notably with large-scale
computing, high-energy physics, and astrophysics.

The 12 GeV Upgrade will provide answers to questions of fundamental importance,

probing issues that are absolutely central to nuclear science......

and went on to detail the research programs outlined in this pCDR. In discussing the technical
readiness of the Upgrade, the NSAC Report placed it in “Readiness Category 1”7 (Ready to initiate

construction), and noted:

The Upgrade project is a proposal to double the mazximum energy of the CEBAF ac-
celerator at Jefferson Lab, to build a fourth experimental facility dedicated to the study of
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gluonic excitations, and to upgrade the existing experimental facilities. The accelerator
portion of the upgrade is straightforward; CEBAF was designed with such an upgrade
wm mind. The key issues were increasing the performance of the superconducting RF
cavities and cost-effectively increasing the bending power of the recirculation arcs; both
have been addressed successfully. The major equipment in the new end station is a refur-
bished large superconducting solenoid previously used at LAMPF and SLAC. All aspects
of the project, as well as a detailed budget, have been described in reports. The scientific
goals and proposed design of the Upgrade have been positively evaluated by internal and
peer review committees, including the 2001 Institutional Plan Review and the 2002 DOE
SET Review of JLab, which noted that “It appeared that the 12 GeV upgrade project is
technically ready to proceed.” The 2002 LRP considered the project "ready to initiate
construction”. All remaining R€D is focused on cost reduction and/or improved techni-
cal contingency; no RE€D is needed to demonstrate feasibility. The project is fully ready

to initiate construction. A CD-0 package has been generated and is awaiting approval.

The Upgrade has been included in DOE’s long range plans for facility development, which was
announced on November 10, 2003 by Secretary of Energy Spencer Abraham. Included in the Office
of Science’s so-called “20-year plan” (more formally, Facilities for the Future of Science: A 20 Year

Plan, is the recommendation that:

The upgrade to the Continuous FElectron Beam Accelerator Facility (CEBAF) at
Thomas Jefferson Laboratory is a cost-effective way to double the energy of the existing
beam, and thus provide the capability to study the structure of protons and neutrons in

the atom with much greater precision than is currently possible.

The plan identifies as the basic motivation for the facility:

Quarks are the particles that unite to form protons and neutrons, which, with elec-
trons, combine to form the atoms that make up all the matter that we are familiar with.
As yet, scientists are unable to explain the properties of these entitieswhy, for exam-
ple, we do not seem to be able to see individual quarks in isolation (they change their
natures when separated from each other) or understand the full range of possibilities of

how quarks can combine together to make up matter.

On April 12, 2004 Deputy Secretary of Energy Kyle McSlarrow formally announced the De-
partment of Energy’s approval of “Critical Decision Zero” (the statement of mission need) for the
Upgrade project, which authorizes the laboratory and its user community to begin work on the
formal Conceptual Design Report for the Upgrade and to start work on essential R& D in support
of the project. It is anticipated that this pCDR will be the very solid basis for the experimental
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equipment portion of the Conceptual Design Report. Following the signing of “CD-0" the Editorial
Board undertook a final set of “tweaks” to the pCDR to incorporate comments received from the
community as a result of the posting of the draft document in June 2003 for comments from the
entire JLab User community. This final version of the pCDR incorporates as many of those sug-
gestions as was practical. We have not attempted to update the document to reflect developments
in either the science or the equipment since that date (this will be undertaken as part of the effort
to write the full CDR).

The pCDR presented here is based on this long-term effort of the entire JLab community.
It reflects intense discussion at many workshops, the published proceedings of those workshops,
unpublished presentations to those workshops and the PAC, and the published and unpublished
work of many individuals on the physics opportunities that would open up with CEBAF at 12 GeV.

The author list at the end of this document includes the names of all contributors to the effort
known to us. Many of them commented extensively on the earlier drafts, resulting in a much-
improved document. This White Paper would have been impossible without their intelligence,
enthusiasm, time, and just plain hard work. We apologize to anyone whose contributions we have

inadvertently failed to acknowledge.
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1 EXECUTIVE SUMMARY

There has been a remarkably fruitful evolution of our picture of the behavior of strongly interacting
matter during the almost two decades that have passed since the parameters of the Continuous
Electron Beam Accelerator Facility (CEBAF) at Jefferson Lab were defined. These advances have
revealed important experimental questions best addressed by a CEBAF-class machine at higher
energy. Fortunately, favorable technical developments coupled with foresight in the design of the
facility make it feasible to triple CEBAF’s beam energy from the original design value of 4 GeV
to 12 GeV (corresponding to doubling the achieved energy of 6 GeV) in a cost-effective manner:
the Upgrade can be realized for a modest fraction of the cost of the initial facility. This Upgrade
would provide the worldwide community using CEBAF with greatly expanded physics horizons.

Raising the energy of the accelerator to 12 GeV provides three general advantages:

1. It allows crossing the threshold above which the origins of quark confinement can be inves-
tigated. Specifically, 12 GeV will enable the production of certain “exotic” mesons, whose
discovery and spectrum will establish the origin of quark confinement as due to the forma-
tion of QCD flux tubes and whose spectrum encodes information on the mechanism within
QCD responsible for their formation. If these exotic mesons are not found their absence will
present a serious challenge to our present understanding of “strong” QCD, and the meson
spectra that will be accumulated with unprecedented statistics (including spectra of mesons
containing strange quarks and antiquarks) will provide essential information for revising that

theory. With 12 GeV one also crosses the threshold for charmed meson production.

2. It allows direct exploration of the quark-gluon structure of hadrons and nuclei. It is known
that inclusive electron scattering at the high momentum and energy transfers available at
12 GeV is governed by elementary interactions with quarks and gluons. The design energy of
the original CEBAF accelerator has proven to be not fully adequate for study of this critical
regime. This is not unexpected; at the time the energy was chosen, among other things, to
“just” get into the deep inelastic scattering regime. With continuous 12 GeV beams one can
cleanly access hadron structure throughout the entire “valence quark region” and exploit the
newly discovered Generalized Parton Distributions to access experimentally both the correla-
tions in the quark wavefunctions of the hadrons and their transverse momentum distributions.
12 GeV beams will allow us to identify precisely the limits of the long-standing nucleon and
meson based description of nuclei, and to fully access and characterize the transition from

this description to the underlying quark-gluon description

3. In addition to these qualitative changes in the physics reach of CEBAF, the 12 GeV Upgrade
also allows important new thrusts in CEBAF’s present research program, generally involving
the extension of measurements to substantially higher momentum transfers (probing corre-

spondingly smaller distance scales). We also note that most experiments that want to run



at a presently accessible momentum transfer can do so more efficiently (e.g., consuming less

total beam time) at higher electron beam energy.

In the examples highlighted in this executive summary and in the more complete discussions

of Chapter 2, these benefits of the energy upgrade will always be significant.

1.A Physics Overview

Chapter 2 provides a detailed discussion of the science motivation driving the 12 GeV Upgrade; it
is summarized here. The research program of the new facility is focused on four major research
themes that coincide with broad directions of the field of nuclear physics as identified in two key doc-
uments: the 2002 Long Range Plan [NS02] of the Nuclear Science Advisory Committee of the U.S.
Department of Energy and the National Science Foundation and the recent decadal survey [NA99]
of the field by the National Research Council of the National Academy of Sciences. We identify
these themes here to place our research program in this broader context. Each addresses outstand-
ing questions in nuclear physics that the laboratory’s users address with a concerted program of

experimental and theoretical work.

Gluonic Excitations and the Origin of Quark Confinement
Experiments and theory aimed at examining the fundamentally new dynamics that
underpins all of nuclear physics: the confinement of quarks.

How are the Nuclear Building Blocks Made from Quarks and Gluons?

A program of measurements addressing the first question that must be answered in
the quest to understand nuclear physics in terms of the fundamental theory of strongly
interacting matter: quantum chromodynamics (QCD).

On the Structure of Nuclei

Three broad programs that take advantage of the precision, spatial resolution, and in-
terpretability of electromagnetic interactions to address long-standing issues in nuclear
physics. They aim to understand the QCD basis of nuclear physics through investiga-
tions of the origins of the Nucleon—Nucleon (N — N) force and its short range behavior,
and by identifying and exploring the transition from the meson/nucleon description of
nuclei to the underlying quark and gluon description.

In Search of the New Standard Model

Experiments aimed at identifying physics beyond the Standard Model of electro-weak
interactions through precision tests of its predictions, and by measuring low energy
parameters of the theory to deepen our understanding of chiral symmetry breaking.

Fach of these programs is a major motivation for the energy upgrade. The first, a program of gluonic
spectroscopy, will provide data needed: i) to test experimentally our current understanding that
quark confinement arises from the formation of QCD flux tubes; and ii) to explore the mechanism

behind the formation of these flux tubes. If our present understanding is incorrect, the experiment
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Figure 1: In QCD a confining flux tube forms between distant static charges. The Hall D program
is designed to verify this fundamental new feature of chromodynamics.
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has the sensitivity necessary to decisively test first-principles lattice QCD calculations of the mesons
— the simplest of the strongly-interacting systems. The second program will explore the complete
wavefunctions of the nucleons through measurements: i) of quark momentum distributions in the
critical, but previously unreachable, valence quark region; and ii) of exclusive reactions that build
on the framework of the newly discovered Generalized Parton Distributions. The third will address
outstanding issues in nuclear physics, completing a very fruitful area presently under investigation
with CEBAF at 6 GeV and extending this program in important new directions. Finally, the last
program will use precision measurements at modest energies to explore the validity of the Standard
Model of electro-weak interactions and measure key parameters of that theory. In Sections 1.A.1
through 1.A.4 we summarize these four key science drivers of the 12 GeV Upgrade. Section 1.B
then completes the picture by summarizing the accelerator and experimental equipment upgrades

required to accomplish these physics goals.

1.A.1 Gluonic Excitations and the Origin of Quark Confinement

In the early 1970s, evidence that the masses of strongly interacting particles increased without limit
as their internal angular momentum increased led the theorist Yoichiro Nambu [Na70] to propose
that the quarks inside these particles are “tied together” by strings. Numerical simulations of QCD
(“lattice QCD”) have demonstrated [Ba00] that Nambu’s conjecture was essentially correct: in
chromodynamics, a stringlike chromoelectric flux tube forms between distant static quarks, leading
to their confinement with an energy proportional to the distance between them (see Figs. 1 and
2). The phenomenon of confinement is the most novel and spectacular prediction of QCD — unlike
anything seen before. It is also the basic feature of QCD that underpins nuclear physics, from the

mass of the proton and other nuclear building blocks to the NN interaction.

The ideal experimental test of this new feature of QCD would be to study the flux tube directly
by anchoring a quark and antiquark several fermis apart and examining the flux tube that forms
between them. In such ideal circumstances one of the fingerprints of the gluonic flux tube would be

its model-independent spectrum [Lu81] (see Fig. 3): the two degenerate first excited states are the
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Figure 2: Lattice QCD has confirmed the existence of flux tubes between distant static charges for
heavy quarks. In addition to the intense color fields in the immediate vicinity of each quark, one
can see the formation [Ba00] along the line connecting the two quarks of a flux tube of constant
thickness, leading to the linearly rising potential seen on the right [Ba97].

two longest-wavelength vibrational modes of this system, and their excitation energy is required
to be 7 /r since both the mass and the tension of this “relativistic string” arise from the energy
stored in its color force fields. Such a direct examination of the flux tube is of course not possible
experimentally, but such a picture is indicated by lattice calculations, at least at large separations
[Ju02]. In real life we have to be content with systems in which the quarks move. Fortunately,
we know both from general principles [Is85] and from lattice QCD calculations [Ju99] that an
approximation to the dynamics of the full system that ignores the impact of these two forms of

motion on each other works quite well — at least down to quark masses of the order of 1 GeV.

To extend this firm understanding to yet lighter quarks, models are required [Is85], but the
most important properties of this system are determined by the model-independent features de-
scribed above. In particular, in a region around 2 GeV, a new form of hadronic matter must exist in
which the gluonic degree-of-freedom of a quark-antiquark system is excited. The smoking gun char-
acteristic of these new states is that the vibrational quantum numbers of the gluonic “string”, when
added to those of the quarks, can under certain circumstances produce a total angular momentum
J, a total parity P, and a total charge conjugation symmetry C not allowed for ordinary ¢q states.
These unusual J¢ combinations (such as 07—, 17, and 2+7) are called exotic, and the states are
referred to as exotic hybrid mesons [Ba77]. Not only general considerations and flux tube models,
but also first-principles lattice QCD calculations, require that these states have masses around
2 GeV; furthermore, they demonstrate that the levels and their orderings will provide experimental

information on the mechanism that produces the flux tube.

On the experimental front, tantalizing evidence has appeared in recent years both for exotic

hybrids and for glueballs (gluonic excitations with no quarks). For the last two years a group of 90
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Figure 3: Model-independent spectrum of the glue (flux tube) of Fig. 1.

physicists from 26 institutions in seven countries has been working on the design of the definitive
experiment to map out the spectrum of these new states required by the confinement mechanism
of QCD. Photon beams are expected to be particularly favorable for the production of the exotic
hybrids [Is85]. The reason is that the photon can easily fluctuate into a “virtual vector meson”
with total quark spin S = 1.

When the flux tube in this S = 1 system is excited, both ordinary and exotic J©' are possible.
In contrast, when the spins are antiparallel (S = 0), as in pion or kaon probes, the exotic combina-
tions are not generated. (In the approximation that flux tube and quark dynamics separate, hybrid
production would occur by pure flux tube excitation, and these selection rules would be strictly
true. In practice, these two degrees-of-freedom interact with one another to produce corrections to
the rules.) To date, most meson spectroscopy has been done with incident pion, kaon, or proton
probes, so it may not be surprising that the experimental evidence to date for flux tube excitation

is tentative.

In contrast to hadron beams, high-flux photon beams of sufficient quality and energy to per-
form meson spectroscopy studies have not been available, so there are virtually no data on the
photoproduction of mesons with masses in the 1.5 to 3 GeV region. Thus, experimenters have not
been able to search for exotic hybrids precisely where they are expected to be found. The planned
experiment will have a dramatic impact on this situation. Even if initial running is at only 10% of
the planned photon fluxes of 108 /s, the experiment will accumulate statistics during the first year of
operation that will exceed the world’s supply of published meson data obtained by pion production
by at least a factor of 10, and the existing photon production data set by at least a factor of 1000.
With the planned detector (described below), high statistics, and linearly polarized photons, it will

be possible to map out the full spectrum of the decay modes of these gluonic excitations.

The Glue Excitations Experiment (GlueX) is complementary to the recently approved CLEO-c
program at Cornell, which will include the collection of nearly one billion J/v decays. The radiative
J/1¢ decays are expected to be glue-rich, the system recoiling against the radiated photon having
the quantum numbers of a two-gluon system. Thus the glueball search of CLEO-c is complementary
to the hybrid search of GlueX and while GlueX is not ideal for glueball searches, CLEO-c is not
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Figure 4: The results of a double-blind Monte Carlo exercise showing the JF¢ = 1= exotic wave
after fitting (open circles) and the exotic wave input (curve) into the mix of yp — 777~ n events
that were generated in this study.

ideal for exotic hybrid searches. In addition, GlueX and CLEO-c physicists are working together
to develop the software and analysis tools needed to perform the spin analysis of the large datasets
expected in both experiments. The complete mapping of the spectrum of gluonic excitation in
these programs will the definitive data needed to understand confinement.

The performance of the GlueX detector and the flux and linear polarization of the photon
beam determine the level of sensitivity for mapping the hybrid spectrum. A double-blind exercise
was carried out in which an exotic signal, a JP¢ = 177 state with a mass of 1.6 GeV/c? decaying
into pm, was generated along with a mix of three well-established non-exotic states with masses of
1.2, 1.3 and 1.7 GeV/c?. In this exercise the exotic signal was generated at the level of 2.5% of the
total sample. The momenta of the decay products of these particles were smeared according to the
expected resolution of the detector. The acceptance of the detector was also applied. The resulting
data set was passed through a partial wave analysis (PWA) fitting procedure to determine the
relative contributions of each wave. The plot in Fig. 4 shows the input exotic wave as a solid curve
and the result of the PWA fit as points with error bars. The input wave is reproduced extremely
well, and this demonstrates the capabilities of the detector and sensitivity of the experiment. The
experiment is described in Section 3.D; a much more complete discussion of the physics driving the

experiment is given in Section 2.A.

When the spectrum and decay modes of these gluonic excitations have been mapped out ex-
perimentally, we will have made a giant step forward in understanding one of the most important

phenomena discovered in the twentieth century: quark confinement.
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and ud. Shown are the states in each sector with J¢ = 07,17,2%, and 37; relative splittings are
shown to scale with the center-of-gravity of the “ground states” 0~ and 1~ aligned.

The data that will be accumulated as part of the search for gluonic excitation will also provide
new information on the spectroscopy of s§ mesons that is essential for completing our understanding
of QCD. The left half of Fig. 5 shows some of what we know about the spectra of (Jg mesons for
q a light (d) quark and Q = b, c, s, and u. The rigorous results of Heavy Quark Effective Theory
(HQET) should only be applicable for @ = b, ¢, but these data suggest that there is a remarkable
similarity between the dynamics of “true” heavy-light systems and those where () = s or even
(@@ = u or d. It appears that the creation of the constituent quark mass through spontaneous chiral
symmetry breaking is enough to boost any quark into the heavy-quark world, at least qualitatively.
The right half of Fig. 5 shows heavy quarkonia (QQ systems) starting from the heaviest bb system
to the lightest. Once again, even though there is no known rigorous explanation, there seems to
be a great similarity between the spectra of the heavy quarkonia (which have a well-understood

quark-model-like connection to QCD) and light-quark systems.

These interesting data showing possible relationships between heavy- and light-quark systems
exist because nature has presented us with an interesting selection of quark masses. Historically the
quarks have been divided into two groups based on their masses: the light-quark (u, d) world (or, by
extension, the u, d, s world of SU(3)) and the heavy-quark world. It is ironic that in many critical
areas we know much more (both experimentally and theoretically) about the heavy-quark world

than we know about our own world. In this respect, these figures strongly suggest that it would



be desirable to know much more about ss spectroscopy. Given that the photon often fluctuates
into an s5 pair, a great deal of data will automatically be available from this sector as part of the
planned exotic meson program, creating the opportunity to correct this situation. Mapping out the
s§ spectrum presents some challenges. Given that the intrinsic s§ content of the proton is expected
to be small, photon-initiated ss spectroscopy will strongly favor the production of diffractive-type
C = —1 states. The exception will be channels where OZI-violating t-channel exchanges (like those
of the n — 7’ system) can occur. These effects will result in an uneven population of the spectrum.
The very high data rates anticipated should nevertheless lead to a data set of sufficient quality that
the weakly excited states will still be identifiable.

1.A.2 The Fundamental Structure of the Nuclear Building Blocks

The nucleons are the basic building blocks of atomic nuclei. Their internal structure, which arises
from their quark and gluon constituents, determines their mass, spin, and interactions. These,
in turn, determine the fundamental properties of the nuclei. To make further progress in our
understanding of nuclei, it is crucial that we understand in detail how the nucleon’s basic properties

are derived from the theory of strong interactions: quantum chromodynamics (QCD).

Over the past half century much progress has been made toward unraveling the structure of
the nucleon. However, our understanding is fragmented and incomplete, and many puzzles remain.
For example, we only partially understand how the nucleon’s spin is “assembled” from the quark
spins and the quark and gluon angular momenta, and we don’t know the details of the spatial
and momentum distributions of the quarks and gluons within the nucleon. Our understanding of

nucleon structure is, quite simply, very far from the level of our understanding of atomic structure.

The JLab 12 GeV Upgrade will support a great leap forward in our knowledge of hadron
structure through major programs in three areas: nucleon form factors at large Q?, valence quark
structure, and deep exclusive scattering. It will also support important initiatives in a number of
other areas of hadron structure. These data can be understood and interpreted coherently, using
the theoretical framework of the recently-discovered Generalized Parton Distributions (GPDs), to
provide truly remarkable and revealing images of the proton’s structure that will enable us to

understand these fundamental “building blocks” of nuclear physics.

Nucleon Form Factors at Large Q?. The internal structure of the nucleons was first studied
by using elastic electron-proton scattering in which a proton at rest is struck by a virtual photon of
mass 2, and the probability that the proton remains intact is measured. This elastic form factor
can be directly related to the nucleon’s spatial electric charge and current distributions. The first
measurements of the proton’s electric form factor taught us that the nucleon has a finite size of about
one femtometer (10~'%m); Robert Hofstadter was awarded the Nobel prize for this discovery. Form

factors at large @? are difficult to measure because they require very high luminosity. For many



years after Hofstadter’s initial measurements there were no further fundamental breakthroughs in

our understanding of the nucleon because no appropriate facility was available.

The theoretical understanding of the form factors has expanded significantly. It was realized
that they can be interpreted as the Fourier transformations of charge and current (or quark) density
distributions in the transverse plane. This is similar to the Feynman parton distribution, which

can be interpreted in a frame of reference in which the nucleon travels with the speed of light.

Parton Distributions at Large x. A second window on nucleon structure came with the
development of deep inelastic lepton-nucleon scattering (DIS) in the 1970s at SLAC. In these
experiments the hadronic reaction products are not detected. DIS data led to the experimental
confirmation of the existence of quarks and helped to establish QCD as the fundamental theory
governing all strongly interacting (i.e., nuclear) matter. Friedman, Kendall, and Taylor won the

Nobel prize for pioneering this research.

What one infers from DIS data are the quark distributions in momentum space. In frames
of reference in which the nucleon travels with speed approaching the velocity of light, the DIS
cross sections determine the probability of the struck quark having a fraction, x, of the nucleon’s
longitudinal momentum. In such situations the elastic form factors and the deep-inelastic structure
functions provide complementary information. The former gives the coordinate space distribution in
the transverse direction, and the latter yields the momentum space distribution in the longitudinal

direction. Together, they provide parts of a 3-dimensional picture of nucleon structure.

Even though DIS experiments have been pursued vigorously for over 30 years, it is remark-
able that there has never been an experimental facility that could measure the DIS cross sections
throughout the kinematic regime where the three basic (“valence”) quarks of the proton and neu-
tron dominate the wavefunction. The contribution of the valence quarks peaks at x ~ 0.2. However,
if one is in the conventionally defined deep inelastic regime, the probability of finding a quark in the
high-z “valence quark region” is small, and becomes smaller and smaller as x — 1. Moreover, with
“pollution” from gluons and quark-antiquark pairs, it is only for x > 0.5 that the valence quarks
dominate the wavefunction. The 12 GeV Upgrade will allow us to map out the quark distribution
functions in this “clean” valence quark region with high precision. Such measurements will have a

profound impact on our understanding of the structure of the proton and neutron.

Deep Exclusive Scattering and the Generalized Parton Distributions While the elastic
form factors and parton distributions provide the distributions of quarks in the transverse coordi-
nate and longitudinal momentum spaces, respectively, they do not yield a complete picture. To
have this, one would need a joint distribution representing the density of quarks having a fixed
longitudinal momentum and simultaneously a fixed transverse position. Such a distribution has
been discovered recently: the Generalized Parton Distribution (GPD) [Mu94, Ji97, Ra96].



measured
quark distribution (negative) anti-quark
distribution

meson distribution amplitude

Figure 6: Model representation of the Generalized Parton Distribution (GPD) H(z,{,t = 0) in
two dimensions. The known parton momentum densities constrain the distribution at £ = 0. The
new physics is contained in the &- and t-dependence of this surface, which can currently only be
modeled. The dramatic change in the shape of the surface reflects changes in the underlying physics.
As £ increases, the correlations between the quarks and anti-quarks increase leading to meson-like
distributions at large €.

A GPD depends on three kinematic variables: x, which specifies the fraction of the nucleon
momentum carried by partons (as in the Feynman distribution); ¢, which characterizes the momen-
tum transfer to the nucleon (as in the elastic form factors); and £, which measures the difference
in momentum fraction between the initial and final parton. When ¢ = £ = 0, a GPD reduces to
a regular Feynman parton distribution; when integrated over x the GPD gives an ordinary elec-
tromagnetic form factor. There are four leading-order GPDs for each quark flavor. For example,
H(z,&,t) and E(x,&,t) are quark helicity-independent distributions, and H(x, ¢, t) and E(x, &,t)
are helicity-dependent distributions. A model of the H distribution with factorized t-dependence
is shown in Fig. 6. At £ = 0, the physical interpretation of H(x,0,t) is very simple [Be02], as
illustrated in Fig. 7. Its Fourier transformation in ¢ gives the joint probability distribution for a

quark with longitudinal momentum z and transverse position b .

These remarkable functions capture the full richness of the nucleon’s structure. In addition
to providing a consistent theoretical framework for interpreting a broad variety of available data
probing nucleon structure, they provide critically needed access to essential, but almost unknown
aspects of nucleon structure such as the correlations among the quarks and the quarks’ contribution
to the nucleon’s spin. In the remainder of this section we discuss the advances anticipated in each

of the important areas of nucleon structure studies that will be supported by the 12 GeV Upgrade.
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Figure 7: Representations of the proton properties probed in elastic scattering (left), deeply inelastic
scattering (center), and deeply exclusive scattering (right). Elastic scattering measures the charge
density p(b) as a function of the transverse coordinate b; . DIS measures the longitudinal parton
momentum fraction density f(z). GPDs measure the full correlation function H(x,b]).

Form Factors - Constraints on the Generalized Parton Distributions The hadronic form
factors are moments of the GPDs; they provide precise information on the distribution of charge
and magnetization in protons, neutrons and nuclei, and are essential tests of our understanding of
nucleon structure. Using the formalism of the GPDs outlined above (and discussed below), elastic
and transition form factors can be connected directly to the parton structure of the hadrons. They
are complementary to deeply virtual exclusive (DVE) reactions (discussed below), which probe
the GPDs more directly; the form factors uniquely access the GPD moments. Another important
consideration is that while DVE reactions access GPDs only at relatively low [¢|, the form factors
connect at high |t| (=Q? for elastic scattering). High-Q? data are required to obtain the small b

structure of the hadron.

For nucleon elastic scattering there are four form factors — two for the proton (G%, and G%,),
and two for the neutron (G'% and G';); taken together they determine the charge and current
distributions of the nucleon. They are the first moments of the GPDs. It is important to extend
the measurement of the four nucleon form factors to the highest possible Q% and to express all four
in terms of common GPDs. Only the magnetic form factor of the proton, G%,, has been measured
to high Q*(~ 30 (GeV/c)?) with relatively good accuracy. With the 12 GeV upgrade, G%,/GH,
can be measured up to 14 (GeV/c)?2. Knowledge of neutron form factors at high Q? is equally
important. For the neutron, G%, would be extended up to about 14 (GeV/c)?, and for G% to
5 (GeV/c)2

Recent JLab results (Fig. 8) show the potential for discovery with increasing Q?; before this
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Figure 8: The result of the JLab measurement of G%,/GY, (black squares), and the range of the
projected measurements. The dashed curve corresponds to the purely soft GPD of Burkardt [Bu02],
and the solid curve results when an additional short range component is added. The difference
between these two curves demonstrates how high Q2 form factor data will constrain our knowledge
of the short range behavior of the nucleon wave function.

experiment it was thought that G%, was roughly equal to G%,/u. These data demonstrate that
charge and magnetization distributions in the proton are quite different. It provides a challenge
for theory to explain these results. By extending the Q? range of this data by over a factor of two,

JLab at 12 GeV will probe the proton’s structure to distances as small as 0.1 fm.

Real Compton Scattering (RCS) at high |t| and wide angles involves the measurement of
cross sections and longitudinal and transverse polarizations. In the GPD picture the observables
involve the (1/x) moments. The recent JLab data have been interpreted in this framework. The
high |t| behavior of the GPDs and therefore the transverse distribution of quarks at small impact
parameters in the nucleon will be significantly constrained by extended RCS measurements. With
the 12 GeV upgrade it will be possible to extend |¢| and s up to 20 (GeV/c)?. The RCS form factors
Ry, Ry, and R4 are expected to scale with s and |t| according to pQCD. The higher |¢| data could
provide important information on this transition to pQCD, and an essential complement to Virtual
Compton Scattering data.

Resonance transition form factors access additional GPD components that are not directly
probed by elastic scattering or Real Compton Scattering. The form factors for the transition to the
first excited state of the nucleon (the N — A transition) are connected to the isovector components
of the GPDs. With the 12 GeV upgrade the dominant N — A form factor would be extended
to almost 18 (GeV/c)?. Similarly, the multipole ratio E1y/Mi, which at small |t| is related to
the deformation of the nucleon and the A, would be extended up to about 12 (GeV/c)2. One

might see the ratio depart from its current near zero value to approach the pQCD prediction that
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Figure 9: A projected measurement of the neutron polarization asymmetry A7, determined by the
spin structure of the valence quarks, made possible by the proposed 12 GeV Upgrade. The shaded
band represents the range of predictions of valence quark models; the solid line is the prediction of
a perturbative QCD (pQCD)-based quark model.

Ei14/Mi, = 1in this Q? range. The transition to S11(1535) will also be studied. The Sj; amplitude
is expected to scale with Q3. Current data to Q% = 4 (GeV/c)? do not yet show the expected scaling
behavior. The upgraded facility would allow extensions of the data up to about 20 (GeV/c)2.

Valence Quark Structure and Parton Distributions The 12 GeV Upgrade will allow us to
map out the quark distribution functions with high precision in the “clean” high-z region where
the three basic (“valence”) quarks of dominate the proton and neutron wavefunction. Such mea-
surements will have a profound impact on our understanding of the structure of the proton and
neutron. They will also provide essential inputs for calculating hard cross sections at high energy
hadron colliders such as the LHC or the Tevatron, in searches for the Higgs boson or for physics

beyond the Standard Model.

Figure 9 shows an example of a measurement that can be done with the proposed Upgrade.
The neutron polarization asymmetry A7 is determined by the spin wavefunction of the quarks, and
most dynamical models predict that in the limit where a single valence up or down quark carries all
of the nucleon’s momentum (z — 1), it will also carry all of the spin polarization (so, e.g. for the
neutron, A} — 1 as x — 1). Existing data on A} end before reaching the region of valence quark
dominance, and show no sign of making the predicted dramatic transition A} — 1 (the recent data
from the Hall A experiment E99-117 show the first hint of a possible upturn at the largest x value).

There are similar paucities of data on all other DIS observables in this region.
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Figure 11: A projected measurement of the

ratio of momentum distributions of valence d
quarks to u quarks made possible by the pro-
posed 12 GeV Upgrade. The shaded band rep-
resents the uncertainty in existing experiments
due to nuclear Fermi motion effects.

solid (green) curve uses wavefunctions from a va-
lence quark model, while the dashed (blue) uses
pQCD-constrained fits to the world data set.

Figures 10 and 11 show two more examples of the power of the 12 GeV upgrade for the study
of valence quark structure (in both cases focused on d-quark structure). For the down quarks in
the proton even the sign of the polarization at large x is not known (see Fig. 10). The polarization
of individual quark flavors can be determined by detecting final state hadrons (such as pions or
kaons) in coincidence with the scattered electron. These “semi-inclusive” deep inelastic scattering
experiments will, in addition, allow us to study the “sea” quarks belonging to the quark-antiquark
pairs at lower z, independently of the valence quarks. They will also provide access to new, hitherto
unmeasured distributions such as the “transversity”, which describes the distribution of transversely

polarized quarks in a transversely polarized nucleon.

Even in unpolarized DIS, where the available data are best, there are unresolved issues. To
extract the ratio of such a simple and basic a property as the relative probability of finding a d quark
vs. a u quark at high x requires measurements on both the proton and neutron. However, high-x
neutron information, which is obtained from deuterium data, is difficult to disentangle from nuclear
effects that bind the neutron and proton in the deuterium target. Figure 11 shows the precision with
which this fundamental ratio (which is intimately related to the fact that the proton and neutron,
and not the A, are the stable building blocks of nuclei) can be measured with the proposed Upgrade.
The proposed experiment will utilize a novel technique, currently being pioneered at JLab; a recoil

proton detector “tags” scattering events on a nearly on-shell neutron in a deuteron target. The
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mirror symmetry of A = 3 nuclei could be exploited through simultaneous measurements of the
inclusive structure functions for *He and 3H to provide an independent measurement of this ratio.
Both methods are designed to largely eliminate the nuclear corrections, thereby permitting the

neutron-to-proton ratio (and thus the d/u ratio) to be extracted with unprecedented precision.

The measurement of structure functions over the large kinematic range made available with
the 12 GeV Upgrade will also allow moments, or z-weighted integrals, of both spin-polarized and
unpolarized structure functions to be determined accurately. Certain moments of polarized struc-
ture functions, for example, are related to the color-electric and magnetic polarizabilities of the
nucleon, which characterize the response of the gluon fields to the nucleon’s polarization. These
moments are also directly calculable from first principles using lattice QCD simulations, and will
thus provide critical tests of QCD itself.

The Generalized Parton Distributions as Accessed via Deeply Exclusive Reactions
The Generalized Parton Distributions tell us a great deal more about the physics of partons than
do the individual Feynman distributions and the form factors. For example, one can determine the
quark angular momentum distribution from the GPDs. The total quark contribution to the spin
of the nucleon can be determined by the following sum rule [Ji97]:
g_1 g_ 1/ q q

The quark spin part contribution, AY, has been measured for the last decade through polarized
deep-inelastic scattering. Therefore, an experimental determination of J? allows a measurement of

the quark orbital angular momentum, a quantity hard to determine otherwise.

One of the striking findings that has emerged from the theoretical study of the GPDs is that
they can be measured through a new class of “hard” exclusive processes: Deeply Virtual Compton
Scattering (DVCS) and Deeply Virtual Meson Production (DVMP). Both of these reactions are a
subset of deep inelastic scattering in which specific exclusive final states are measured. As shown
schematically in Fig. 12, in DVCS the electron knocks a quark out of the proton by exchanging
a deeply virtual (massive) photon. The quark then emits a high energy photon and is put back
into the proton. In DVMP a ¢q pair is created, and a quark is returned into the proton while the
q picks up a quark from the vacuum to form a meson. At sufficiently high energy and virtuality
of the exchanged photon (Bjorken regime) these hard processes can be described by perturbative
QCD, and the cross sections can be used to extract the “soft” information of the nucleon described
by the GPDs.

At energies and momentum transfers currently available at JLab, photons are produced not
only via DVCS but also (even more copiously) via the electromagnetic Bethe-Heitler (BH) process.
The two processes interfere, and the BH term, which is completely determined by the well known
elastic form factors, “boosts” the much smaller and unknown DVCS term, which is determined

by the GPDs, to comfortably measurable levels. During the past two years DVCS has become an
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Figure 12: The “handbag” diagrams for deeply virtual Compton scattering (left), and for deeply
virtual meson production (right). Four GPDs describe the “soft” proton structure part. They
depend on the longitudinal quark momentum fraction x, and two more variables: the longitudinal
momentum imbalance of the quark before and after the interaction, £, and the momentum transfered
to the proton, t.

established tool of GPD studies with experimental results from CLAS [St01] at JLab and from the
HERA experiments H1 [Ad01], ZEUS [Sa01], and HERMES [Ai01]. These data are well described
in a consistent GPD analysis in leading order (LO) and next to leading order (NLO) QCD [Fr01],
supporting the applicability of the GPD formalism to exclusive photon production even at relatively
low Q2. However, with the present maximum beam energy of 6 GeV these experiments are limited
to a modest fraction of the interesting range of the kinematic variables. An example of the much
broader kinematic coverage in Q?, xp, and t for the DVCS program, achievable with the equipment
proposed for the 12 GeV upgrade, is shown in Fig.13. Similar coverage can be achieved for the

GPD program in meson production.

Polarized beam asymmetry measurements allow the extraction of GPDs or linear combinations
of GPDs at fixed kinematics x = £, while cross section measurements determine integrals of GPDs
at fixed values of € and ¢. Different combinations of GPDs can be measured using polarized targets.
DVCS off unpolarized protons cannot separate contributions from different quark flavors or separate
the spin-dependent from the spin-independent GPDs. DVMP is another tool to study GPDs; it
can make these separations. Vector meson production, (e.g. p and w) permit the isolation of
the spin-independent GPDs and separate u and d quark contributions, while pseudoscalar meson

production (e.g. 7%, n) accesses the spin-dependent GPDs.

A full program to extract GPDs from measurements requires coverage of a large kinematic
range in £, t, and @2, and measurement of several final states together with the use of polarized
beam and polarized targets with longitudinal and transverse polarization. The 12 GeV upgrade
of the electron accelerator and of the equipment required for the GPD program will provide the
kinematic coverage needed for a broad program of DVCS and DVMP. Doubling the energy of the
current accelerator in conjunction with the very high luminosity will allow access to the highest Q>
and £ values of any facility worldwide. These unprecedented capabilities will allow a comprehensive
program of DVCS and DVMP to be carried out.
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Figure 13: Beam spin asymmetry for ép — epy. Projected data and error bars for kinematic
coverage of DVCS/BH asymmetry measurements. The left panel shows the lower ¢ portion of
azimuthal asymmetries that can be accessed simultaneously. The curves represent a specific model
for the GPDs. The right panel shows projected data at the highest Q2 for cross section differences.
In kinematics, where the DVCS cross section is large, absolute cross section measurements will be
possible giving access to moments of different combinations of GPDs.

The results of this program, together with results at smaller £ from other laboratories, will form
the basis for the ultimate extraction of the GPDs. Recently, it has been realized that the GPDs
provide the quantum phase-space (Wigner) distributions of the quarks and gluons [Ji03c, Be03a].
A phase-space function represents a correlated momentum and coordinate distribution and is much
more powerful than the momentum or coordinate space distribution alone. While quantum phase-
space distributions have been widely used in many different areas, they have not been studied
systematically for subatomic systems. Using a GPD parameterization fitted to measured form fac-
tors and parton distributions, Belitsky et al. [Be03a] obtained the phase-space charge distributions
shown in Fig. 14. These quark images are 3D pictures of the quark charge distribution for selected
Feynman momentum z, corresponding to the full distribution seen through Feynman momentum
(“color”) filters. At very small z, the quarks spread out in the direction of the momentum, going
as far as 1/x. At large z, the quantum nature of the distribution becomes very clear and the image
looks like a diffraction pattern. At intermediate x where the valence quarks dominate, the image
is like what we normally think of the proton.

An alternate visualization of nucleon structure, showing the quark-flavor distribution and the
spin-flavor polarization for the v and d quarks in unpolarized and transversely polarized protons,
is shown in Figure 15. These distributions were constructed by Burkardt [Bu02] from models for
the GPDs H(x,§ = 0,b,) and E(z,£ = 0,b,). Even five years ago it was unimaginable that we
would ever be able to obtain such detailed and revealing images of proton structure.
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x=0.01 x=0.40 x=0.70

Figure 14: A model u-quark phase space charge distribution in 3D coordinate space for three
Feynman momentum fractions: x= 0.01, 0.40, and 0.70. In the upper pictures the vertical axis
corresponds to the longitudinal direction selected by the virtual photon that defined x. The pic-
tures are rotationally symmetric in the transverse direction, which is shown here as the horizontal
axis. The lower set of figures show the shape of a constant density contour for the corresponding
distribution above.
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Figure 15: The quark spatial and spin distributions in the transverse plane from model calculations.
The left panels show the v quark longitudinal momentum and helicity distributions in transverse
impact parameter space. The panels on the right show the corresponding images for the d quarks
in the proton. A strong correlation between the transverse size and the longitudinal momentum
is evident. For small quark momentum fractions x, the proton has a large transverse size, and it
becomes very dense at large x. The right columns in each panel show the quark spin distributions
in a transversely polarized proton. u and d quarks exhibit a strong and opposite spatial asymmetry.
Quarks in a transversely polarized protons have a strong spin-flavor polarization, especially at high
x. The general features of these plots are model independent.
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Other Topics in Hadron Structure In addition to the broadly focused programs described
above, the 12 GeV Upgrade will support important research directions into other aspects of hadron
structure. Three examples presented here are the use of semi-inclusive scattering to access quark
transverse momentum effects, measurements of the evolution of the spin structure of the nucleon
with distance scale, and the study of duality — the emergence of the nucleon as an object in its own

right from its quark-gluon substructure.

Transverse parton distributions  The transverse momentum dependent (TMD) parton
distributions [Ra88, Mu96] are a class of functions that represent information on the transverse
hadron structure; they are complementary to the GPDs and encode information on the orbital
motion of quarks. Experimentally, TMDs can be accessed in measurements of azimuthal distribu-
tions of final state photons or hadrons in semi-inclusive deep inelastic scattering. From this quark
transverse momentum distributions can be obtained. A theoretical understanding of this new in-
formation is now emerging. It has been shown [C093, Br02] that initial and final state interactions
at the parton level are probed. TMDs also provide a new avenue for probing the chiral nature of
the partonic structure of hadrons [Co02]. Single spin asymmetries are sensitive to this information
even at lower energies [Ba02, BeO1]. The first experimental data show significant asymmetries using
polarized targets (HERMES at DESY, and SMC at CERN), and polarized beams (CLAS at JLab).
Already at the 4-6 GeV energies at JLab, the data are consistent with a partonic interpretation.
At the 12 GeV Upgrade the single spin asymmetries with polarized beams and polarized targets
could become another pillar in the study of the quark spatial and spin distribution in the trans-
verse momentum plane, with the ultimate goal of unraveling the new parton physics encoded in
the GPDs and TMDs, especially in the effort to understand the orbital motion of quarks.

The extended GDH integral and sum rule  The extended GDH integral[Ji01, Dr00],
I(Q?), can be measured from arbitrarily small Q?, where behavior is dominated by hadronic degrees
of freedom, to arbitrarily large Q?, where behavior is dominated by quark degrees of freedom[Am02].
A weighted integral over the difference of the spin-dependent total cross sections for virtual pho-
toabsorption, I(Q?) is firmly tied theoretically by the GDH sum rule at Q> = 0[Ge66, Dr66],
and by both experimental and theoretical constraints as @2 — oo. As such, it is an excellent
proving ground for quantitative tests of our understanding of the transition from perturbative to
non-perturbative regimes. Accurate determinations of I(Q?), however, require measurements over
a wide range of Q? at energies corresponding to both the resonance region as well as deep inelastic
scattering. At 6 GeV, measurements are confined largely to the resonance region. With the 12 GeV
upgrade, studies of the extended GDH sum rule will have the kinematic coverage necessary to probe
the high-energy piece of the extended GDH integral. The program will compliment real-photon
studies planned at SLAC, and bring GDH studies to a new level of quantitative precision.
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Duality: the transition from a hadronic to a quark-gluon description of Deep
Inelastic Scattering  For many years, particle and nuclear physicists have noticed a striking
similarity between data measured at extremely high energies, where electrons scatter from quarks
in relative isolation, and data at lower energies, where electrons scatter from a proton that responds
coherently. This observed similarity is known as quark-hadron duality. This quark-hadron duality
at low energy naturally examines the transition between strongly interacting matter and the quark-
gluon descriptions of perturbative QCD. Recently, there has been significant progress in quantifying
and understanding duality. To further understand the phenomena underlying duality, however,
studies with different flavor and spin filters (including L /T separations) are needed with the much
wider range of kinematics accessible with 11 GeV electrons. For structure functions where duality
is demonstrably valid, parton distribution functions can be extracted at higher x than possible if
traditional limits defining the quark-gluon regime are imposed. Duality studies are also crucial in
establishing kinematics where fragmentation can be applied in the interpretation of semi-inclusive

scattering experiments.

1.A.3 The Physics of Nuclei

A great deal of nuclear properties and reactions over a wide energy range — from the few keV regime
of astrophysical relevance to the MeV regime of nuclear spectra to the tens to hundreds of MeV
regime measured in nuclear response experiments — can be understood quantitatively by describing

nuclei as assemblies of individual nucleons bound by effective interactions.

The dominant two-body interaction has a component at large internucleon distances (> 2 fm)
due to pion exchange, which is theoretically well understood. The main feature of this one-pion-
exchange component is its tensor character, which leads to a strong coupling between the nucleons’
spatial and spin degrees of freedom. These spin-space correlations make nuclei markedly different
from other systems where the dominant interaction is independent of the particles’ internal degrees
of freedom (spin and isospin), such as the Coulomb interaction in atoms and molecules and the van
der Waals interaction in liquid Helium.

At short internucleon distances, the two-body interaction is thought to be influenced by heavy-
meson and quark-exchange mechanisms, and by the excitation of nucleon resonances. It is poorly
understood, although it is well constrained phenomenologically (at least below the pion production
threshold) by the large body of pp and np elastic scattering data. It is predominantly characterized

by a strong repulsion.

The interplay between these two aspects of the nucleon-nucleon interaction—its short-range
repulsion and long-range tensor character—have profound consequences for the spatial and spin
structure of nuclei [Fo96]. For example, the deuteron, the simplest nucleus consisting of a proton
and neutron bound together, has a toroidal shape when the proton’s and neutron’s spins are

opposite, and a dumbbell shape when their spins are aligned. This picture of the deuteron has
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been confirmed experimentally, in its broad outlines, by the recent measurement of the tensor

polarization of the deuteron in elastic eD scattering at Jefferson Lab.

These short-range and tensor correlations are reflected in many nuclear properties. For exam-
ple, the density distributions in nuclei of two-nucleon states with deuteron-like quantum numbers
are very small at small internucleon separations and exhibit strong anisotropies depending on the
relative orientation of the two nucleons’s spins; in the region r < 2 fm, they are found to dif-
fer from those in the deuteron only by an overall scale factor depending on the mass number of
the nucleus [Fo96]. Another example of the impact of correlations is the increase in the relative

probability of finding, within the nucleus, a nucleon with a very high momentum.

The N — N interaction at large distances is well-represented by pion exchange; at short and in-
termediate distances, meson-exchange mechanisms (with phenomenologically determined couplings
and short-range cutoffs) provide a good representation that leads naturally to effective many-body
currents. There is a great deal of experimental evidence for the presence of these meson-exchange
currents in nuclei from measurements of the charge and magnetic form factors of the hydrogen
and helium isotopes, deuteron electrodisintegration at threshold, and low-energy radiative capture

reactions involving few-nucleon systems.

While the description of nuclei outlined above provides a coherent and deceptively simple
framework for the understanding of their properties over the range of energy and momentum

transfers measured so far, it leaves unanswered several crucial questions:

e How do these effective interactions involving nucleons and mesons arise from the underlying

dynamics of quarks and gluons 7

e Down to what distance scale does the short-range structure of nuclei implied by these inter-

actions remain valid ?

e How does the transition from the nucleon-meson- to the quark-gluon-based description of

nuclei occur and what are its signatures 7

Answers to these questions, taken together with an understanding of the QCD basis for the
structure of the hadrons (the focus of the second major research thrust of the Upgrade, as outlined
in Section 1.A.2 above) will provide an intellectually firm foundation for our understanding of
nuclear physics that is analogous to our understanding of the physics of atoms, molecules and

condensed matter based on the underlying theory of quantum electrodynamics.

The Short-Range Behavior of the N — N Interaction and Its QCD Basis The 12 GeV
Upgrade will provide unique opportunities for an understanding of how the N — NN interaction

emerges from the underlying quark-gluon structure of the individual nucleons, identifying of the
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responsible mechanisms through, for example, studies of the phenomenon of color transparency in
exclusive processes, color van der Waals-type interactions in ¥-meson photoproduction, and quark
propagation and hadronization in the nuclear medium. The details of the short range behavior of
the N — N force will also be explored by a novel program of deep inelastic scattering aimed toward
identifying the heretofore elusive (to experiment) short range correlations among the nucleons.
Relevant experimental programs are outlined below, and described in detail in Chapter 2. Much of
the information gained from these experiments will also be useful in the second major program in
the physics of the nucleus, completing our understanding of the transition from the meson-nucleon

description of nuclei to the underlying quark and gluon description, which is outlined below.

Color transparency. The nature of hadronic interactions can be investigated via tests of
the prediction of “color transparency”. Color transparency is one of the few direct manifestations
of the underlying color degrees-of-freedom in nuclear physics. Under the right conditions, three
quarks, each of which (alone) would have interacted very strongly with nuclear matter, could form
an object that passes undisturbed through the nuclear medium. A similar phenomenon occurs
in QED, where an eTe™ pair of small size has a small cross section determined by its electric
dipole moment. In QCD, a ¢ or gqq system with a small color dipole moment is predicted to
have similarly reduced interactions due to cancelation of the color fields of the quarks. While the
qq case is completely analogous to the QED example, color transparency in the ggq case would
be one of the rare demonstrations of the SU(3) nature of the underlying color degrees of freedom.
While the nucleonic example is more exotic, meson production may provide a more practical setting
for observing this phenomenon. Intuitively, one expects an earlier onset of color transparency for
meson production, as it is much more probable to produce a small sized configuration in a g system
than in the qqq system. Color transparency can be observed experimentally by measuring a reduced
attenuation of particles as they exit a nucleus, or by measuring a decrease in production of particles
produced via two-step rescattering mechanisms, which allows the use of few-body nuclei. A series
of attenuation and rescattering measurements for both protons and mesons will allow us to separate
the necessary ingredients: formation of the small sized configuration, the reduced color interaction
of these configurations, and the evolution of these exotic configurations back into ordinary hadrons.
The observation of color transparency and characterization of the non-perturbative evolution of a

mini-hadron to its physical size will lead to a better understanding of the dynamics of confinement.

Learning about the NN force by the measurement of the threshold YN cross
section and by searching for i)-nucleus bound states. Threshold 1 photoproduction is
a unique process since the small c¢ state is produced by the interaction of its calculable small
color dipole moment with a nucleon (in which it is presumed to induce a large, but uncalculable,
color dipole moment). This simple color van der Waals—type force is a prototype for a potentially
important component of the NN force. It is quite possible that this interaction is sufficiently strong

that ¥ N or 1-nucleus bound states exist. Such relatively long-lived objects might be detected in
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subthreshold 1 production off nuclei. Based on the same picture, one could also look for ¢ N states.
Each exchanged gluon may also couple to a colored cluster and reveal the hidden color part of the
nuclear wave function, as well as multiquark correlations, a domain of short range nuclear physics
at high density where nucleons lose their identity. Finally the formation time of the 1 is quite short,
and takes place over a distance that is much shorter than the size of the nucleus; this permits a
more reliable determination of the ¢ — IV scattering cross section, an important input in the search
for signatures of the quark-gluon plasma. Only the high intensity and duty factor of the beams
available from an upgraded CEBAF make it possible to exploit the potential of discovery of such

an almost virgin field.

Quark propagation through cold QCD matter: nuclear hadronization and trans-
verse momentum broadening.  The properties of isolated quarks are generally experimentally
inaccessible due to quark confinement in hadrons. In hard interactions, such as in deep inelastic
scattering, the struck quark in a nucleon must separate from the rest of the residual system. When
this separation distance is comparable to nuclear radii, it is possible to study the properties of the
propagating quark by varying the radii of the nuclear targets and observing modifications of the
final hadronic states. The distances over which the struck quark transforms into a new hadron can
be characterized as a function of multiple variables. This provides completely new information on
how the color field of the hadron is restored in real time through the fundamental process of gluon
emission. The analogous process has been studied and understood in QED. The propagating quark
is expected to experience some interaction with the nuclear medium. One prediction is that it un-
dergoes multiple soft scatterings mediated by gluon emission. In this picture, the quark experiences
a medium-induced energy loss that may be experimentally accessible and which may exhibit exotic
coherence phenomena. This process measurably broadens the transverse momentum distribution
of the hadron emerging from larger nuclei. It is anticipated that a quark-gluon correlation function,
and the quark energy loss, can be extracted from the measured broadening. The topics of color field
restoration by gluon emission, quark-gluon correlations, and quark energy loss, offer fundamental
and interesting insights into the nature of QCD and confinement. In addition, they are of very
high interest in the study of relativistic A-A and p-A collisions, where they are basic and essential

ingredients that must be understood.

Short-range correlations in nuclei: the nature of QCD at high density and the
structure of cold, dense nuclear matter. The upgrade will allow substantial extensions to
JLab’s studies of high-momentum components of nuclear wavefunctions and short-range nucleon-
nucleon correlations. With a variety of measurements made in the three existing halls, the upgrade
will answer several questions about nuclear many-body theory and map out the strength and nature
of two-nucleon and multi-nucleon correlations in nuclei. These short-range correlations represent
high density droplets of nuclear matter with instantaneous densities comparable to those at which

the zero temperature quark-gluon phase transition is expected to occur (Fig. 16). The structure of

24



Early universe

RHIC

T~170 MeV Quark-gluon plasma

/
Hadron / »

gas / o Color

/ - superconductor
,f-//'NucIear Neutron Star
p ’ ’,’
« matter

e

”
L8 8 B B &0 &0 § B § |

JLab @ 12 GeV T

Temperature
Vacuum

Baryon density

~5-10
nuclear density

Figure 16: Phase diagram for nuclear matter. With the energy upgrade, JLab will be able to probe
cold nuclear matter at extremely high density. The red band indicates the phase transition from
hadronic to quark matter.

nucleons and the distribution of high-momentum quarks may be substantially altered in this region,
where significant overlap of nucleons should allow direct interaction between quarks in different
nucleons. These measurements will allow us to determine if such modification of nucleon structure
is responsible for the EMC effect, and will help us understand the quark-gluon phase transition at
high density. This complements RHIC studies of this same transition at high temperature, while
at the same time providing us information on the structure of matter at extremely high densities.
Probing these high density components in nuclei is the only way to directly study high density
nuclear matter, and what we learn here will be important in understanding neutron stars and other

compact astronomical objects.

Identifying and Exploring the Transition from the Meson/Nucleon Description of Nu-
clei to the Underlying Quark and Gluon Description. The hadron to parton transition
region is another interesting and important open question in nuclear physics. Low energy nuclear
physics has been described successfully using effective interactions among nucleons, i.e. in terms
of hadronic degrees of freedom. On the other hand, at sufficiently high energy, perturbative QCD
(pQCD) describes hadronic reactions in terms of quark and gluon degrees of freedom. Very little is

known about the transition between these two regimes, in particular there are no clear indications
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from theory as to the energy range in which it should occur; it must be mapped out by experiment.

An important search for this elusive transition region can be carried out with the 12-GeV
upgrade envisioned for Jefferson Lab. The strategy outlined below is to search for it in the simplest
systems, 7.e. in the pion and nucleon, since these are the hadronic building blocks of nuclei at low
energy, and in the deuteron and Helium isotopes, since these nuclei are particularly amenable to
theoretical interpretation. Some proposed signals for the transition region are observation of scaling
and hadron helicity conservation (in addition to other possible signals, such as color transparency,
which is described above). The proposed high-current 12-GeV electron beam coupled with relatively
large acceptance detectors will be essential tools in searching for these exotic effects. Relevant
experimental programs are outlined below, and described in detail in Chapter 2. Much of the
information gained from these experiments will also be useful in developing an understanding of
the short range behavior of the N — N interaction and of how it emerges from the underlying

quark-gluon structure of the individual nucleons.

The onset of scaling behavior in nuclear cross sections Scaling in the differential
cross section do/dt, and hadron helicity conservation have been pursued experimentally for many
years as providing signatures of the transition from the meson/nucleon description of nuclei to the
underlying quark and gluon description. The deuteron photodisintegration reaction, vd — pn, is
one of the simplest reactions for studying explicit quark effects in nuclei. In recent years, extensive
studies of deuteron photo-disintegration have been carried out at SLAC and JLab [Na88, Sc01].
Figure 17 shows the scaled differential cross-section (s''do/dt) for deuteron photodisintegration as
a function of photon energy. The available data [ScO1] seem to show scaling at 70° and 90°, and
suggest the onset of scaling at higher photon energies at 52° and 36°. The threshold for this scaling
behavior corresponds to a transverse momentum slightly over 1 GeV. Theoretical efforts [FrO1,
Ko93, Gr01, Rapc]| to describe this behavior agree qualitatively with the data, but do not reproduce
them precisely. While none of the theories agree with all of the data as well as one would like, they
do indicate that quark models can approximately reproduce the cross section data, and therefore re-
establish the importance of the deuteron photodisintegration process in the study of the transition
region. The Upgrade will permit the extension of these data to photon energies near 8 GeV, as
shown in the figure, permitting a confirmation of the apparent constant transverse momentum

onset of scaling behavior.

Helicity conservation in nuclear reactions While global scaling behavior has been
observed in many exclusive processes [An76], no experimental evidence supports hadron helicity
conservation, which was predicted in the same approach, in the similar energy and momentum
transfer region. The hadron helicity conservation arises from the vector coupling nature of the
quark-gluon interaction, the quark helicity conservation at high energies, and the neglect of the non-
zero quark orbital angular momentum state in the nucleon. The parton orbital angular momentum

was considered for the first time by Chernyak and Zhitnitsky [Ch77a] for form factors. Recently,
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Figure 17: Available data projected results for a differential cross-section measurement of deuteron
photodisintegration.
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Ji, Ma, and Yuan [Ji03] derived a generalized counting rule for exclusive processes at fixed angles
involving parton orbital angular momentum and hadron helicity flip. This generalized counting
rule opens a new window for probing the quark orbital angular momentum state inside the nucleon
by employing exclusive processes. A natural connection between the study of the parton-hadron
transition through exclusive processes and generalized parton distributions typically probed through

deeply virtual processes is therefore established.

Polarization measurements can play a crucial role in understanding reaction mechanisms of
exclusive processes at large momentum transfers. Therefore, they are important measurements
in the transition region that will provide insights into the underlying mechanism governing the
onset of the scaling behavior and test the hadron helicity conservation rule. Furthermore, the
combination of precise differential cross-section and polarization measurements allows unique access
to the parton orbital angular momentum inside the nucleon based on the newly-derived generalized
counting rule [Ji03]. The upgrade would permit the extension of polarization data from deuteron
photo-disintegration [Kr01] to ~ 4 GeV, and from 7p — pr° reaction to approximately 8 GeV.

The charged pion form factor To complete our understanding of ‘strong’ QCD one
essential piece of information is an understanding of how the dynamics of the strong interaction
makes a transition from being dominated by the strong QCD [C195a] of confinement to perturbative
QCD. This transition should occur first in the simplest systems. In particular, because of its simple
qq valence structure, the pion and its electromagnetic form factor is unique in that the transition
is estimated to take place in the region where data may be taken; there are many calculations,
including some based on NLO pQCD, for this transition. Figure 18 shows available data on the

pion form factor, and how well the proposed 12 GeV Upgrade can explore this transition.

Pion photoproduction from the nucleon and in the nuclear medium Due to its
simplicity, the pion form factor provides our best hope for direct comparison with rigorous QCD
calculations. As can be seen from Fig. 18, the pion form factor is still dominated by non-perturbative
effects at a few (GeV/c)?. An earlier onset to the scaling associated with pQCD may be seen by
forming ratios of differential cross sections from exclusive processes. The simplest of such ratios is
the charged pion photoproduction differential cross-section ratio, Ccll—f(yn — 7T D) fl—i(yp — 7 n).

In such a ratio, non-perturbative effects may cancel and one may expect the 7~ /7 ratio to
give the first indication of the onset of pQCD. Calculations of this ratio have been performed in the
framework of handbag mechanism [Hu00, Hu03], in which the amplitude is factorized into a parton-
level subprocess 7q, — Pq, and generalized parton distributions (GPD). The GPD part of the
contribution describing the soft hadron-parton transitions indeed cancels in this ratio provided the
assumption of negligible quark helicity flip contributions and the dominance of a helicity conserving
amplitude of the parton-level subprocess vq, — Pqp for pseudoscalar meson production [Hu03]. The

most recent charged pion ratio data [Zh03a] from experiment E94-104 for momentum transfers up
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to 5.0 (GeV/c)? indicate that indeed one of the helicity conserving amplitudes dominates. This
ratio measurement can be extended to a [t| value of about 10 (GeV/c)? with an 11 GeV beam.
Figure 19 shows both the available data and projected results for this ratio at 11 GeV, together
with a prediction of Huang and Kroll [Hu00].

Nucleon photopion production processes are also essential probes of the hadron/parton transi-
tion region. Because they decrease relatively slowly with energy compared to other photon-induced
processes (quark counting rules predict a s~7-dependence for the differential cross-section), the cross
sections of these processes are advantageous for the investigation of an observed oscillatory QCD
scaling behavior. This behavior is thought to arise from the interference of the hard pQCD (short-
distance) amplitude and the long-distance (Landshoff) amplitude; it is analogous to the QED effect
of Coulomb-nuclear interference observed in low energy charged particle scattering. The relatively
higher rates for these processes will allow investigations of the ¢ and pr dependence of scaling be-
havior and the study of the s dependence. Recent results from deuteron photo-disintegration [Sc01]
show for the first time an angular dependent onset for the scaling behavior in photoreactions and
pr seems to be the physical observable governing the onset of the scaling behavior. Therefore, it
is essential to carry out similar studies in other photon induced exclusive processes. Photopion
production from nuclei also allows the search for novel pQCD effects such as nuclear filtering and

color transparency.

1.A.4 Symmetry Tests in Nuclear Physics

Precision parity-violating electron scattering experiments made feasible by the 12 GeV Upgrade
have the sensitivity to search for deviations from the Standard Model that could signal the presence
of new gauge bosons Z's, the existence of leptoquarks, or particles predicted by supersymmetric
theories, i.e. physics beyond the Standard Model. Planned studies of the three neutral pseudoscalar
mesons, the 7°,  and 7/, will provide fundamental information about low energy QCD, including
certain critical low energy parameters, the effects of SU(3) and isospin breaking by the u, d, and
s quark masses, and the strengths of the two types of chiral anomalies. These two programs are

described briefly below, and in detail in Chapter 2.

Standard Model Tests Precision electro-weak measurements are potentially sensitive to physics
beyond the Standard Model even below the energies needed to produce new particles directly.
At the same time, they can provide new insights into novel aspects of hadron structure. For
these reasons, the ongoing JLab program of Standard Model tests using parity violating electron
scattering, exemplified by the approved weak proton charge experiment, will be extended to 12 GeV

with exciting new opportunities.

Of clear importance will be an improved measurement of the weak charge of the electron. In

principle, an uncertainty which is half that of the anticipated SLAC E158 error can be achieved. A
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a 12 GeV Mpgller experiment at Jefferson Laboratory.

measurement with this precision would be a powerful tool in the search for “new physics”, and even
a result in agreement with the Standard Model would have significant consequences. For example,
such a result would severely constrain the viability of SUSY models that lack a candidate particle
for dark matter, the non-luminous and unexplained source of 90% of the mass of the universe
(see Fig. 20). However, a precision measurement of such a small asymmetry (40 ppb) will require

extraordinary control of systematic errors and 200 days of running time.

In contrast, parity violation in deep inelastic scattering (DIS) is characterized by much larger
asymmetries implying shorter running times. The measurement of this reaction by Prescott et
al. established the Standard Model as the theory of the neutral weak interaction. A recent study
of neutrino-nucleus DIS by the NuTeV collaboration suggests that the Standard Model is incom-
plete. An 11 GeV measurement of parity violating DIS could help determine whether the NuTeV
“anomaly” is an artifact of poorly understood hadronic physics or a true indication of new physics.

It could also provide a new window on higher-twist structure functions.

Properties of Light Pseudoscalar Mesons via the Primakoff Effect Two basic phenomena
in QCD, namely the spontaneous breaking of chiral symmetry and the chiral anomalies, are mani-
fested in their most unambiguous form in the sector of light pseudoscalar mesons. The anomalies

particularly drive the two-photon decays of the 7°, 7, and " and also provide a large fraction of the
n n
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1’ mass. The effects of explicit chiral symmetry breaking by the non-vanishing u, d, and s quark
masses also show through in the masses of these neutral pseudoscalars as well as in some of their

decays. Indeed, important information about quark masses can be obtained from these mesons.

The advent of a 12 GeV electron beam at Jefferson Laboratory will make it possible to extend
the current development of a high precision measurement of the 7° — ~v decay width via the
Primakoff effect to include the 77 and " mesons. It will also enable a measurement of the transition
form factors of these mesons. These measurements would have a significant impact on our knowledge
of the ratios of quark masses, and particularly on ratios involving the differences in the masses of
the v and d quarks. As indicated in Fig. 21, an important limitation on our knowledge of a ratio
of the light quark masses is the experimental discrepancy between the 1 width determined by the
~ — n reaction in eTe~ collisions and that determined by a previous Primakoff experiment. An

improved measurement of the Primakoff cross sections would significantly improve this situation.

More precise measurements of both the n and 7" widths would provide stringent tests of both
QCD and QCD based models, particularly for the magnitude of n — 77/ mixing as shown in Fig. 22.

At a more general level, these measurements impact the issue of whether the 77/ meson can be
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considered to be an approximate Goldstone Boson in the combined chiral and large N, expansions.
The proposed measurements of the 7°,  and 7’ transition form factors at very low Q? (~ 0.001-
0.5 GeV?) would provide a first measurement of these important quantities. The 1’ form factor
slope specifically tests the U(3) flavor symmetry implied by the large N, limit. In this limit, the
same low energy constant in chiral perturbation theory determines all three transition form factor

slopes.

The proposed instrumentation for this program involves an upgraded version of the photon
detection system used in the 70 lifetime experiment. This instrumentation will be of general utility
for both this program and future experiments, and will provide a new and powerful experimental
window on QCD at Jefferson Laboratory in an arena where the basic theory is well established.
In addition, more precise knowledge of the transition form factors of the pseudoscalar mesons is
required for a better determination of the so called light-by-light scattering contributions to the
anomalous magnetic moment of the muon, which is one of the most sensitive quantities to new
physics beyond the Standard Model.

1.B Upgrade Project Summary

While this Pre-Conceptual Design Report is focused on a description of the science driving the
12 GeV Upgrade, in order to provide a complete overview, this section gives a brief summary of
the laboratory’s plans for the accelerator, based on a 25 May 1999 internal JLab report, Interim
Point Design for the CEBAF 12 GeV Upgrade and additional work that has been carried out to
refine the design since that report was issued. It also outlines our plans for the new detector and

detector upgrade projects necessary to carry out the program.

The key features of CEBAF that make the Upgrade so cost-effective are easily defined. By
the summer of 1994, CEBAF had installed what was the world’s largest superconducting radio-
frequency (SRF) accelerator: an interconnected pair of antiparallel linacs, each comprising 20
cryomodules, with each cryomodule in turn containing eight SRF accelerating cavities. On average,
these cavities exceed their design specifications by 50% in the two critical performance measures:
accelerating gradient and ). It is the success of this technology that has opened up the possibility
of a relatively simple and inexpensive upgrade of CEBAF’s top energy. This technological success
would not be so readily multiplied if considerable foresight had not also been exercised in laying out
the CEBAF tunnel “footprint”, which was designed so that the magnetic arcs could accommodate
an electron beam of up to 24 GeV. The latent accelerating power of the installed SRF cavities has
already brought CEBAF to close to 6 GeV, 50% above its design energy, and recent successes in
SRF development have led to the production of two cryomodules that are more than a factor of 2
more powerful than the original design. A staged development program is underway that is aimed at
a cryomodule that exceeds the original specification by a factor of 5 using higher-performing seven-

cell cavities but fits into the same space as the original cryomodules based on five-cell cavities).

33



The cryomodule developed as the first step in this program shows initial performance that is a
factor of 4 better than the original specifications, consistent with the design goals. Using the space
already available in the linac tunnels to install ten of the final-design cryomodules 12 GeV can be

attained at a modest cost.

The equipment planned for the Upgrade project takes full advantage of apparatus developed
for the present program. In each of the existing halls, new spectrometers are added and/or present
equipment upgraded to meet the demands of the 12 GeV program. Then a new hall, Hall D, will

be added to support the meson spectroscopy program.

In Hall A, the Upgrade will add a large angular- and momentum-acceptance, moderate-
resolution magnetic spectrometer (to be called the Medium-Acceptance Device, or MAD) and
a high-resolution electromagnetic calorimeter. The spectrometer will provide a tool for high-
luminosity, high-z studies of the properties of nucleons with an 11 GeV beam, and will also be used
for selected investigations of the GPD’s, where high luminosity and good resolution are needed.
Details are provided in Section 3.A of this document. In Hall B, the CEBAF Large Acceptance
Spectrometer (CLAS), which was designed to study multi-particle, exclusive reactions with its com-
bination of large acceptance and moderate momentum resolution, will be upgraded to CLAS™ and
optimized for studying exclusive reactions (emphasizing the investigation of the GPD’s) at high
energy. It will also be used for selected valence quark structure studies involving neutron “tagging”
or polarized targets capable of supporting only very low beam current. Most importantly, the

2 571, The present toroidal magnet,

maximum luminosity will be upgraded from 1034 to 103> cm™
time-of-flight counters, Cerenkov detectors, and shower counter will be retained, but the tracking
system and other details of the central region of the detector will be changed to match the new
physics goals. Details are provided in Section 3.B. In Hall C a new, high-momentum spectrometer
(the SHMS, Super-High-Momentum Spectrometer) will be constructed to support high-luminosity
experiments detecting reaction products with momenta up to the full 11 GeV beam energy. This
feature is essential for studies such as the pion form factor, color transparency, duality, and high-Q?
N* form factors. The spectrometer will be usable at very small scattering angles. See Section 3.C
for details. Finally, in Hall D, a tagged coherent bremsstrahlung beam and solenoidal detector will
be constructed in support of a program of gluonic spectroscopy aimed at testing experimentally
our current understanding that quark confinement arises from the formation of QCD flux tubes.

This apparatus is described in detail in Section 3.D.

1.B.1 The Accelerator

The accelerator portion of the Upgrade is straightforward. The basic elements can be seen in
Fig. 23, and the key parameters of the upgraded accelerator are listed in Table 1. The Upgrade
utilizes the existing tunnel and does not change the basic layout of the accelerator. There are
four main changes: additional acceleration in the linacs, stronger magnets for the recirculation, an

upgraded cryoplant, and the addition of a tenth recirculation arc. The extra arc permits an
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Figure 23: The configuration of the proposed 12 GeV CEBAF Upgrade.

Table 1: Selected key parameters of the CEBAF 12 GeV Upgrade

Parameter Specification

Number of passes for Hall D 5.5 (add a tenth arc)

Max. energy to Hall D 12.1 GeV (for 9 GeV photons)
Number of passes for Halls A, B, C 5

Max. energy to Halls A, B, C 11.0 GeV

Max. energy gain per pass 2.2 GeV

Range of energy gain per pass 3:1

Duty factor cw

Max. summed current to Halls A, C* 85 uA
(at full, 5-pass energy)
Max. summed current to Halls B, D 5 uA
New cryomodules 10 (5 per linac)
Central Helium Liquifier upgrade 10.1 kW (from present 4.8 kW)

*Max. total beam power is 1 MW.
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additional “half pass” through the accelerator to reach the required 12 GeV beam energy, followed
by beam transport to Hall D that will be added to support the meson spectroscopy initiative.

Motivated by the science, the 12 GeV Upgrade derives its name from the fact that it will deliver
a 12 GeV electron beam to the new end station, Hall D, where it will be used to produce 9 GeV
polarized photons for the new gluonic and ss spectroscopies. The accelerator will, in addition, be
able to simultaneously send electrons of 2.2, 4.4, 6.6, 8.8, or 11.0 GeV to the existing Halls A, B, and
C. The increased physics power of the present halls comes from the qualitative jump in energy and
momentum transfer that the Upgrade brings, and from the enhanced instrumentation capabilities
planned for the detector complements in each of them. In describing the physics in Halls A, B, and
C we will often refer to an 11 GeV electron beam (to be precise about the maximum beam energy

available in these halls) but we will use the phrase “12 GeV” to describe the overall Upgrade.

1.B.2 The Experimental Equipment

Hall A and the Medium Acceptance Device (MAD) With the Jefferson Lab 12 GeV
upgrade a large kinematics domain becomes accessible in deep inelastic scattering. The high lumi-
nosity and high polarization of beam and targets allow a unique contribution to the understanding
of nucleon and nuclear structure, and the strong interaction in the high z region (which is dom-
inated by the valence quarks). To fully utilize the high luminosity available at CEBAF (up to
10%? e - nucleons/cm?/s), a well-matched spectrometer, given the name Medium-Acceptance De-
vice (MAD), which can take this full luminosity while providing large angular and momentum
acceptance, moderate momentum resolution, and good angular resolution, has been designed as
the instrumental upgrade for Hall A. This spectrometer, which is shown in Fig. 24, will be used in

conjunction with the existing HRS Spectrometers in Hall A.

The main elements of MAD are two warm-bore, combined-function (dipole and quadrupole)
superconducting magnets. MAD has an angular acceptance of 28 msr for scattering angles > 35°.
Forward of 35° the distance between the target and the first quadrupole is increased, linearly
decreasing the acceptance down to 6 msr at 12°. This acceptance remains available to scattering
angles as forward as 6° through the use of a septum magnet. One of the existing HRS spectrometers
will complement MAD, with an angular acceptance of up to 12 msr, an angular range between 6°
- 150°, and a maximum momentum of 4.3 GeV/c. MAD can be oriented flexibly in order to
accommodate the septum magnet while retaining a pointing accuracy < 0.5 mrad as is required for

accurate L/T separations. The design characteristics are summarized in Table 2.

A detector package has been designed for the detection of electrons and hadrons. The electron
detection system will consist of four planes of scintillators for triggering, two drift chambers and one
multi-wire proportional chamber for tracking and a gas Cerenkov counter and an electromagnetic
calorimeter for particle-identification purposes. For hadron detection two acrogel Cerenkov coun-

ters and a focal plane polarimeter will be additionally available. Both packages provide excellent
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Figure 24: Three-dimensional CAD drawing of the MAD spectrometer

Table 2: The design characteristics of the MAD spectrometer shown along with HRS performance.

Parameter MAD design HRS performance
Central momentum range 0.4-6.0GeV/c 0.2-43GeV/c
Scattering angle range 6° - 130° 6° - 150°
Momentum acceptance +15% +5%
Momentum resolution 0.1% 0.02%

Angular acceptance

Angular resolution (hor)
Angular resolution (ver)
Target length acceptance (90°)

Vertex resolution

Maximum DAQ rate
e/h Discrimination
7 /K Discrimination

28 msr (>35°)
6 msr (6° — 12°)
1 mrad
1 mrad
50 cm
0.5 cm
20 kHz
0.5 x 10° at 98%
100 at 95%

6 msr (standard)
12 msr (forward)
0.5 mrad
1 mrad
10 cm
0.1 cm
5 kHz
2 x 10° at 99%
100 at 95%
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(e*, 7, K* and p) identification over the full momentum range. Pion rejection as good as a few
times 107° will be provided. The data acquisition system is designed with a new generation of

pipeline digitizing front-end electronics to be able to handle event rates up to 20 kHz.

In combination with the MAD spectrometer, a 100 msr lead-glass calorimeter is available
for studies of nucleon form factors and of Real Compton Scattering. A large acceptance, high
granularity calorimeter with 1296 element array of PbFs crystals is proposed to optimally study
Generalized Parton Distributions through Deep Virtual Compton Scattering. It will also benefit

other experiments, such as photo-production of neutral mesons at large transverse momenta.

In combination with the existing HRS in Hall A MAD will open up a window to a rich pro-
gram of semi-inclusive experiments. The 12 GeV upgrade crosses the charm production threshold.
Threshold charm production will benefit from MAD and the high luminosity. Precision experiments
on nuclei at DIS conditions will become possible, and measurements of fundamental quantities (such
as nucleon form factors) and novel QCD phenomena (such as color transparency) can be extended
to higher Q2. Because the cross sections drop rapidly with increasing Q?, a high luminosity and
a large acceptance spectrometer are crucial for precision measurements. Photoproduction at high
energy provides a powerful tool to investigate the transition from the non-perturbative QCD region
to the pQCD region. Again the rapidly falling cross section with increasing photon energy demands
high luminosity and a large acceptance spectrometer. Precision data in this region will also have a

significant impact on a search of new physics beyond the standard model at very high energies.

Hall B Upgrade and CLAS™. The CLAST" detector is shown in Fig. 25. It is designed
to meet the basic requirements for the study of the Generalized Parton Distributions (GPDs) in
deeply exclusive and semi-exclusive processes. CLAS™ also accommodates the requirements for

measurements of polarized and unpolarized structure functions in inclusive processes. The main
features of CLAS™™ are:

e High operating luminosity of 103°cm=2s~! for hydrogen targets, a ten-fold increase over cur-

rent CLAS operating conditions.

e Improved detection capabilities for forward-going high momentum particles. Charged parti-
cles that bend outwards in the torus field can be reconstructed for angles as low as 5 degrees.
Photon detection will be possible for angles as low as 3 degrees. Acceptance for electrons

ranges from about 8 degrees to 40 degrees.

e Larger momentum range for the separation of electrons, pions, kaons, and protons obtained

through better resolution time-of-flight counters, and a new threshold gas Cerenkov detector.
e Capability to detect the recoiling baryons at large laboratory angles.

e Improved hermeticity for the detection of charged particles and photons in regions where

CLAS currently has no detection capabilities, achieved by instrumenting the regions in front
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Figure 25: Three dimensional CAD drawing of the CLAS™ detector.
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of the coils, and by extending the polar angle range for photon detection to 135 degrees.

e Capability to operate polarized solid state targets.

CLAS™™ makes use of many of the components of the current CLAS detector, such as the Torus
magnet, the forward electromagnetic calorimeters, Cerenkov detectors, and time-of-flight counters.
Also, much of the drift chamber electronics will be reused. A new and essential component of
CLAS™T is the Central Detector. Its main component is a superconducting solenoid magnet,
which has a dual function: It replaces the existing mini-torus for shielding of the Mgller electrons,
and it provides the magnetic field for the momentum analysis of charged particles at large angles.
Time-of-flight scintillators are used to provide particle identification at lab angles greater than
40 degrees. Due to the limited space available excellent timing resolution is essential. Tracking
at large angles is provided by a combination of drift chambers with cathode strip readout and a
microstrip detector near the vertex. Since most charged tracks will have momenta of 1.5 GeV/c
or less, sufficient momentum resolution can be achieved even in the limited space available for
tracking. A compact electromagnetic calorimeter based on tungsten powder and scintillating fiber

technology provides photon detection capability for the angle range from 40-135 degrees.

Some modifications and additional detectors are needed in the Forward Detector as well. The
main new component is a threshold gas Cerenkov counter for triggering on electrons. It will allow
electron and pion separation up to nearly 5 GeV/c. Beyond 5 GeV/c, electrons are identified in the
forward electromagnetic calorimeter. There is also additional electromagnetic calorimetry placed
in front of the torus coils for improved hermeticity. Lead-tungstate crystals have emerged as a good
choice for this detector.

A pre-shower detector will be inserted in front of the existing CLAS electromagnetic calorime-

ters. This detector will allow separation of single photons from 7

— 7 events; this is especially
needed for deeply virtual Compton scattering. All drift chambers in CLAS will be replaced by
new ones that will cover a smaller angle range with a factor of two smaller cell sizes to reduce the

accidental hit occupancy due to photon interactions allowing for a corresponding gain in luminosity.

The existing forward detection system will be modified to extend particle identification and
reconstruction to higher momenta. This will be accomplished by several means: The timing reso-
lution of the scintillation counters will be improved by using smaller scintillator slabs, by adding
an additional layer of scintillators, and by replacing the PMTs by new ones with better timing
characteristics. This is expected to improve the timing resolution to about 60 psec. The existing
gas Cerenkov counter will be modified slightly for improved pion detection capabilities for momenta
greater than 2.7 GeV/c.

Tables 3 and 4 summarize the expected performance of CLAS™ . With these modifications and
additions to the existing CLAS components, CLAS™™ will be able to carry out the core program

for the study of the internal nucleon dynamics and hadronization processes as listed here:
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Table 3: CLAS™T: acceptance and resolution

Forward detector

Central Detector

Angular coverage

Tracks (inbending) 8° —37° 40° — 135°
Tracks (outbending) 5° —37° 40° — 135°
Photons 3° —37° 40° — 135°
Track resolution
Sp/p 0.003 + 0.001p Spr/pr = 0.02
d6(mr) 1 8
dop(mr) 2-5 2
Photon detection
Energy range (MeV) > 150 > 60
06 (mr) 4 (1 GeV) 15 (1 GeV)
Neutron detection
Neff 0.5 (p> 1.5 GeV/c) NA
Particle id
Electron/pion > 1000 (p < 4.8GeV/c) NA
> 100 ( p > 4.8GeV/c) NA
Tt /n~ full range <0.65 GeV/c
K/n full range <0.65 GeV/c
Kt /p, K~ /p <4.5 GeV/c <0.90 GeV/c
T — full range full range
n — Yy full range full range
Table 4: CLAS'™: operating luminosity

Target Luminosity (103*cm=2s71)

H, 10

*He 15

20, “He, 12C, 160,...Ph 20

N H3, NDs (long. polarization) 20

NHjs, NDs (trans. polarization) 2
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Quark-gluon dynamics and nucleon tomography through measurement of deeply virtual Comp-
ton scattering and deeply virtual meson production, both with unpolarized and polarized

hydrogen and deuterium targets.

e Polarized and unpolarized valence quark distributions at high z g, using polarized hydrogen
and deuterium targets, and by employing a novel technique of neutron tagging. Values of xp
up to 0.85 can be accessed in deep inelastic processes. A broad program of semi-inclusive
measurements will allow quark-flavor tagging and give access to transverse quark structure

functions.

e The magnetic structure of the neutron will be probed through magnetic form factor measure-
ments up to 14 GeV?, and the C2/M1 ratio for N — A(1232) up to Q? = 12 GeV2. Higher

mass resonance transitions can be studied in multiple meson decays at high Q2 as well.

e Space-time characteristics of quark hadronization and color transparency can be studied in

nuclei in highly sensitive processes.

e Meson spectroscopy on ‘He, 2He with a small angle quasi-real photon tagger, allows to
S

eliminate baryonic background. Heavy baryon spectroscopy (e.g. E*) can be studied on

hydrogen targets.

Hall C and the Super High Momentum Spectrometer (SHMS) At a 12-GeV Jefferson
Lab, Hall C will provide a new magnetic spectrometer, the Super High Momentum Spectrometer
(SHMS), powerful enough to analyze charged particles with momenta approaching that of the high-
est energy beam. Together with its companion, the existing High Momentum Spectrometer (HMS),
this will make Hall C the only facility in the world capable of studying (deep) exclusive reactions
up to the highest momentum transfers, Q% ~ 18 (GeV/c)2, with appropriate high luminosity. By
extension, only Hall C will be able to fully exploit semi-exclusive reactions in the critical region

where the electro-produced hadron carries almost all of the transfered energy .

Charged particles with such high momenta are boosted by relativistic kinematics into the
forward detection hemisphere. Therefore, the SHMS is designed to achieve angles down to 5.5°,
and up to 25°. The SHMS will cover a solid angle up to 4 msr, and boasts a large momentum and
target acceptance. The existing HMS complements SHMS well, with a solid angle of up to 10 msr,

an angular range between 10.5° and 90°, and a maximum momentum of 7.3 GeV/c.

Hall C’s magnetic spectrometer pair will be rigidly connected to a central pivot that permits
rapid, remote angle changes and reproducible rotation characteristics, which simplify accurate
measurements such as Rosenbluth-type separations. From its inception, the SHMS momentum
and target acceptances were designed to be large and nearly uniform, allowing for both fast and
accurate data collection. The SHMS could operate at a luminosity of 10%? cm™2s™!, with a 40%

momentum acceptance.
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The large momentum acceptance, in combination with the large luminosity, will enable the
measurement of the smallest cross sections, and allow for a complete map of the nucleon’s response
all the way from elastic scattering through deep inelastic scattering. The latter will greatly facil-
itate studies in the transition region from hadronic to quark-gluon degrees-of-freedom, including
a novel determination of the spin and flavor dependence of low-energy quark-hadron duality and
hadronization. The final product of these experiments will be a precise determination of the lowest
moments of both spin- and flavor-dependent quark distributions for Q% < 10 (GeV/c)?, providing

a direct connection with Lattice QCD calculations.

Hall C will also retain its general infrastructure to offer collaborations an opportunity to do
one-of-a-kind experiments, with dedicated experimental setups. Already at 6 GeV, the experimental
program in Hall C will provide for 2 kW cryogenic target running, the use of an ~100 msr electro-
magnetic calorimeter, and a focal-plane polarimeter suited for both HMS and SHMS operation at
12 GeV.

Figure 26 shows the new SMS spectrometer installed in the hall along with the existing HMS
and SOS spectrometers. The overall specifications for the Hall C spectrometer setup for 12-GeV

running are summarized in Table 5.
With the new equipment, Hall C will be able to deliver, amongst others:
e Nucleon elastic and transition form factors up to Q* ~ 18 (GeV/c)?,
e Real Compton Scattering up to s ~ 20 GeV?,

e Deep exclusive pion and kaon electroproduction up to Q% ~ 10 (GeV/c)?, including precise
longitudinal-transverse separations and spin-dependent measurements.

e A charged pion form factor measurement up to Q% = 6 (GeV/c)?2.

e Complete separation of the Fp, Fr, g1, and go inclusive structure functions of the proton (in
the valence quark region) up to Q2 ~ 10 (GeV/c)2

e Precision measurements of the Q?-dependence of nuclear effects in both inclusive structure
functions and (deep) exclusive scattering, crossing the charm threshold.

e A parity-violating deep inelastic scattering experiment with unprecedented precision, to
search for extensions of the Standard Model.
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Figure 26: A CAD drawing of the new SHMS spectrometer installed in Hall C together with the
existing HMS and SOS spectrometers.

Table 5: Summary of the HMS performance and the design specifications for the SHMS.

Parameter HMS Performance SHMS Specification
Range of Central Momentum 0.4 to 7.3 GeV/c 2.5 to 11 GeV/c
Momentum Acceptance +10% -15% to +25%
Momentum Resolution 0.1% — 0.15% < 0.2%
Scattering Angle Range 10.5 to 90 degrees 5.5 to 25 degrees
Target Length Accepted’ at 90° 10 cm 50 cm
Horizontal Angle Acceptance 432 mrad +18 mrad
Vertical Angle Acceptance +85 mrad +50 mrad
Solid Angle Acceptance 8.1 msr 4 msr (LSA tune)

2 msr (SSA tune)
Horizontal Angle Resolution (yptar) 0.8 mrad 2-4 mrad
Vertical Angle Resolution (xptar) 1.0 mrad 1-2 mrad
Vertex Reconstruction Resolution (ytar) 0.3 cm 0.2 - 0.6 cm
Maximum DAQ Event Rate 2,000 events/second 10,000 events/second
Maximum Flux within Acceptance ~ 5 MHz ~ 5 MHz
e/h Discrimination >1000:1 at 98% efficiency  1000:1 at 98% efficiency
7 /K Discrimination 100:1 at 95% efficiency 100:1 at 95% efficiency

1 This length corresponds to what the spectrometer can “see” perpendicular to its optic axis.
The acceptable target length at any accessible scattering angle is, to first order, the projection of this length.
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Hall D and the GlueX Experiment The GlueX experiment will be housed in a new above-
ground experimental hall (Hall D) located at the east end of the CEBAF north linac. A collimated
beam of linearly polarized photons (with 40% polarization) of energy 8 to 9 GeV will be produced
via coherent bremsstrahlung with 12 GeV electrons. This requires thin diamond crystal radiators
(no more than 20 p thick). The scattered electron from the bremsstrahlung will be tagged with

sufficient precision to know the photon energy to within 0.1%.

The GlueX detector (see Fig. 27) uses an existing 2.25 T superconducting solenoid that is
now being refurbished. An existing 3000-element lead-glass electromagnetic calorimeter will be
reconfigured to match the downstream aperture of the solenoid. A threshold Cerenkov counter
followed by a scintillator time-of-flight (TOF) wall will be placed between the solenoid and lead
glass detector. Inside the full length of the solenoid a lead and scintillating fiber electromagnetic
calorimeter will provide position and energy measurement for photons and TOF information for
charged particles. A scintillating fiber vertex detector will surround the 30-cm long liquid hydrogen
target. A cylindrical drift chambers will fill the region between the vertex detector and cylindrical

calorimeter. Planar drift chambers will also be placed inside the solenoid downstream of the target.

This detector configuration has 47 hermeticity and momentum /energy and position informa-
tion for charged particles and photons optimized for partial wave analysis. Extensive Monte Carlo
studies for a wide variety of final states were carried out to certify the design parameters and the

suitability of the detector for carrying out the final analysis.

An active program of R&D has been underway now for at least three years on each of the
subsystems. Rocking curve measurements of diamond wafers have been carried out in the UK, and
the coherent bremsstrahlung technique has been successfully demonstrated in Hall B. Prototypes of
tracking elements and the cylindrical calorimeter have been built and more are planned. Beam tests
in Russia on TOF prototypes have resulted in a finalized design. Prototype flash ADCs have been
built and tested as have TDCs based on F1 chips. Work on optimizing electronics continues. More
beam tests are planned. The magnet refurbishment project at the Indiana University Cyclotron
Facility includes a plan to place detector elements inside the magnet and test them with an energized

magnet.

The primary characteristics of the detector are given in Table 6. The hermetic design for the

detector makes it an ideal tool to

e determine the masses and quantum numbers of mesons in the mass range of 1.5 to 2.5 GeV
e study properties of hybrid mesons produced at rates as low as a percent of normal mesons

e map out the poorly known spectra of s5 mesons

The collaboration has carried out a partial wave analysis using simulated GlueX data. They

are continuing to develop the collaboration, software and analysis tools needed to carry out partial
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Table 6: Summary of the GlueX detector’s characteristics.

Capability

Quantity

Range

Charged particles

Coverage
Momentum resolution ( 5 < 6 < 140°)
Position resolution

1 <60 <170°
op/p =~ 1-2%
o ~ 150-200pm

dE/dx measurements 20 < 0 <140°
Vertex detector o~ 500um
Time-of-flight scintillators or ~ 50 ps
Cerenkov for /K separation 0 < 14°
Barrel time resolution ot ~ 250 ps
Photon detection Energy measurements 1 <6 <120°
Veto capability 0 > 120°

Lead glass energy resolution (E, > 150 MeV)
Barrel energy resolution (E, > 20 MeV)

op/E~2+ 5%/VE
op/E ~ 4.4%/VE

Barrel position resolution o, ~1cm
DAQ / trigger Level 1 200 KHz

Event Rate 15 KHz to tape

Data Rate 100 MB/s

Electronics

fully pipeline

Flash ADCs, TDCs

Photon Flux

Tagged rate

108y/s

wave analysis on petabyte-size data sets starting with several tens of terabyte data sets (from
other experiments) in hand. The collaboration is also developing experience in operating computer
clusters at several different sites and plans to implement GRID tools and technologies which are

deemed necessary to for the experiment.
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Figure 27: The proposed detector for the study of the photoproduction of mesons in the mass
region around 2 GeV.
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2 THE SCIENCE DRIVING THE 12 GeV UPGRADE OF CEBAF

2.A Gluonic Excitations and the Origin of Quark Confinement

2.A.1 Introduction

The primary goal of the GLUEX project is the definitive and detailed mapping of the spectrum of
a new family of particles called hybrid mesons. Linearly polarized photons produced by electrons
from an energy-upgraded CEBAF will be the probe used to uncover this spectrum. This experi-
mental information is absolutely critical in finding the answer to an outstanding and fundamental
questions in physics — a quantitative understanding of the confinement mechanism in quantum

chromodynamics.

The spectrum of mesons and baryons uncovered during the 1960’s led to the quark model
within which mesons are bound states of a quark and antiquark, ¢g, and baryons are bound states
of three quarks, qqq. Further experimental work indicated that quarks are dynamical objects as
well and this led to the development of quantum chromodynamics (QCD), the theory of quarks and
gluons and their interactions modeled after the very successful theory of quantum electrodynamics
(QED). Just as charged particles interact by the exchange of photons, quarks, with their color
charge, interact by exchanging gluons. There are however important and fundamental differences
between the two theories. There are three types of color charge as opposed to one kind of electrical
charge. And the gluons of QCD also carry color charge and can interact with quarks and each other.
In contrast, the photons of QED do not carry charge. Bound states involving quarks and gluons
or qluons alone are thus possible and indeed should exist. QCD also incorporates the experimental
fact that the quarks and gluons do not exist as free particles by requiring that only color singlet
combinations exist as free particles in nature. In addition to the color singlet combinations ¢g and
qqq others are possible, such as qGg (hybrid mesons) and gg or ggg (glueballs). These new states,
collectively known as gluonic excitations, are fascinating since this is the only case of a theory in
which the gauge particle is also a constituent. The analogous states in QED, like atoms of light,
cannot exist. Although there is tantalizing evidence for these gluonic excitations, their spectra have

not been mapped out.

The confinement of quarks and gluons within the particles of which they are the constituents is a
unique feature of QCD. But a quantitative understanding of the confinement mechanism still eludes
us. Theoretical progress is being made and lattice QCD, based on first-principle calculations, will
ultimately be able to predict a detailed spectrum, including masses and decays, of hybrid mesons
and glueballs. The experimental information about the spectrum of this new form of matter as
predicted by QCD is an essential ingredient for the ultimate understanding of the confinement

mechanism.

The low-lying glueball states will be searched for in the glue-rich J/4 radiative decays as part
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of the planned CLEO-c¢ project at Cornell’s CESR. However the low-lying glueballs posses JF¢

quantum numbers that are the same as g states and therefore mixing with conventional ¢g mesons
is possible and that can complicate glueball identification. In contrast, hybrid mesons can possess
JPC quantum numbers not possible for ¢qg. These ezotic hybrid mesons thus have a smoking gun
signature. Just as nonets of g mesons made of the three light quarks (u, d and s) exist, nature
should also reveal nonets of hybrids with the same flavor quantum numbers but with now with
the possibility of exotic JF¢. Hybrid mesons should also have widths comparable to conventional
mesons. This is supported by theoretical considerations and by the possible sighting of an exotic

hybrid in 7~ -induced interactions.

Hybrid mesons can be thought of as ¢gg bound states in which the gluon is a constituent. An
attractive alternative picture is one in which a gluonic flux tube forms between the ¢ and g in a
meson. This flux tube forms because of the self-interaction of the gluons and qualitatively accounts
for confinement. It leads to a linear potential, or a force that is constant as the distance between
the quark and anti-quark varies. Infinite energy is required to separate the quarks to infinity, thus
qualitatively accounting for confinement. This notion of a relativistic string or flux tube between
the quarks was introduced in the 1970’s to account for the observed linear dependence of particle
mass-squared (m?) on spin (J). The flux tube concept is supported by lattice QCD studies. Within
this picture conventional mesons result when the flux tube is in its ground state. Hybrid mesons
arise when the flux tube is excited. The lack of information on this spectroscopy is due in part to
the complicated decay modes favored by these states and also due to the apparent suppression of
exotic hybrid mesons in production mechanisms with 7 or K probes. On the other hand production
of exotic hybrid mesons is expected to be favored using beams of photons and essentially no data

exist on the photoproduction of light mesons. The GLUEX project will remedy this situation.

In addition to providing for a linearly polarized photon beam of sufficient energy, the GLUEX
project includes construction of a hermetic detector to allow for particle identification and momen-
tum and energy determination sufficient to allow for complete kinematic reconstruction of events
with a wide variety of final states. This is essential for the spin analysis — partial wave analysis
(PWA) — needed to determine the JP¢ quantum numbers, to map out the flavor quantum numbers
of the hybrid nonets and to test assumptions about the details of confinement that would lead to

predicting specific decay modes.

In this chapter we expand on the following;:

1. Spectroscopy of Light Mesons. This will include a brief review of the conventional quark

model and the status of the light quark meson spectrum.

2. Gluonic excitations and the role in QCD. This will include a discussion of how the gluons
form flux tubes, and how their excitations lead to QCD mesons, in particular exotic hybrids.
This general picture is not restricted to a particular model but follows from the first-principles
QCD calculations.
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. The current evidence for gluonic excitations. The evidence comes from overpopulation of
conventional nonets and from possible glueball and exotic hybrid sightings in pp annihilations

and m-induced interactions.

. Photons are expected to be particularly effective in producing exotic hybrids. Its spin struc-
ture makes the photon a qualitatively different probe from 7 and K beams. The first excited
transverse modes of the flux tube can lead to exotic hybrids only when the quark spins are
aligned. This argument is consistent with expectations from models based on phenomenolog-
ical analyses of existing data that predict cross sections for photoproduction of exotic hybrids
comparable to those of normal mesons. And there are essentially no data on photoproduction

of light mesons so this is terra incognita. The existing photoproduction data will be discussed.

. The complementarity of this study with other planned projects that will study gluonic excita-

tions. We will compare this to searches in the charm quark or beauty quark sectors or ete™

annihilations, in particular the GSI Project and the CLEO-c Project at Cornell.

. The importance of the PWA technique in uncovering exotic mesons. The PWA is a powerful
analysis tool that has been successfully employed in experiments to uncover states which are
not evident from a simple examination of mass spectra (bump-hunting). PWA is absolutely
essential for this project as is the development of the formalism for incident photon beams
and an understanding of the phenomenology. The importance of a hermetic detector with
excellent resolution and rate capability and sensitivity to a wide variety of decay modes will

be discussed.

. Linear polarization of the photon beam is essential for this study. Linear polarization is
important in the determination of the J¢ quantum numbers and it is essential in determining
the production mechanism. Linear polarization can be used as a filter for exotics once the

production mechanism is isolated.

. The ideal photon energy range. In order to reach the desired mass range we need to be
far enough above threshold so that the decay products of produced mesons can be detected
and measured with sufficient precision. High enough energies are also important to avoid
line-shape distortions of higher-mass mesons. We also want to be high enough in energy to
kinematically separate production of baryon resonances from production of meson resonances.
This need for higher energies, however is balanced by the need to limit the maximum energy to
allow for a solenoid-only-based detector to accurately determine the momenta of the highest
energy charged particles. These considerations lead to an ideal photon energy in the range
from 8 to 9 GeV.

. The desired electron energy. Having established the desired photon beam energy of 9 GeV
the electron energy must be sufficiently high compared to the desired photon beam energy to
achieve a sufficient degree of linear polarization. With 12 GeV electrons, the degree of linear

polarization is 40%. If the electron energy drops to 10 GeV the degree of polarization drops
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to 5%. The ratio of tagged hadronic rate to total hadronic rate in the detector drops as the
electron energy approaches the desired photon energy. The conclusion is that an electron

energy of 12 GeV suffices but lower energies will severely compromise the physics goals.

2.A.2 Conventional light mesons

The early version of the quark model described the observed mesons as bound states of a quark
and antiquark, where the quarks were assumed to be the u, d and s quarks. Thus mesons were
grouped in families with nine members — a nonet — characterized by a given J¢ determined by
the relative spin of the two quarks and their relative orbital angular momentum. Within the nonet
three are members of an isotriplet with zero strangeness. Two are members of an isodoublet with
positive strangeness and another two with negative strangeness. And the remaining two members
have zero strangeness and isospin. This flavor pattern holds for all the nonets. Radial excitations

are also allowed.

The rules for allowed values of JC follow from the requirements of a fermion-antifermion
system: the quark spins can be parallel (S = 1) or antiparallel (S = 0) with relative orbital angular
momentum (L), J = L+ S, P = (=1)4™ and C = (=1)%"5. Thus the low-lying nonet with L = 0
and S = 0 leads to JPC = 0~", the pseudoscalar nonet, including the 7, K, n and 1’ mesons. The
nonet with L = 0 and S = 1 leads to JZC = 177, the vector mesons, including the p, K*, w and
JPC = o)

¢ mesons. The combination L = 1 and § = 1 leads to three nonets: scalar ( , axial

vector ( JPC = 17F) and tensor ( JP¢ = 27+).

JFC combi-

Using the rules for determining J¢ for a fermion-antifermion system, certain
nations are not allowed for ¢g systems and these include J©¢ = 0=, 07—, 1=+, 2=, .... Such
combinations are referred to as erotic quantum numbers. Indeed, that such combinations were not

initially observed gave credence to the quark model.

Figure 28 shows our current knowledge of conventional ¢g states. The exact association of
an observed meson with a particular ¢g state within a nonet depends on a good understanding of
the various decay modes of the meson as well as its mass, width and production characteristics.
Figure 28 also shows the expected range of masses for glueballs, hybrid mesons and meson-meson

molecular states. These will be described in more detail below.

The range of masses of the known conventional meson nonets and their radial excitations extend
from the 7 mass up to about 2.5 GeV/c?. Figure 29 shows the spectrum of ¢g states in more detail
including radial excitations. There is also now clear evidence that the observed meson spectrum
includes states which cannot be accommodated within the naive quark model. For example, there
are at least five scalar states reported with masses below 2 GeV/c?. These, along with indications
JPC

of exotic sightings will be discussed below.

52



’ gqgMesons O I Z
| - SN
< » o g g
3.0 =AY
0 S
. = v
The L = 0 boxes include - <
2 nonets each and all others | %
- include 4 nonets each ik O
o | 5
! N =
| &)
2.5 3 | |L=5 || =
_ 47+ ; D
B 3 4** ! -+ O
i 27 || G =4 e -y
C(]\ ;:* 2++ 3 O @
(\-) | 54- : 24* . w
= =2 | 2
O i (=3 | 2
S 50 3 i
U1 1 17
8 0 2% 1=
© - lL=0 | |17 | |3 | -
E O++ == : »
- 1" |1 | 0 =
_ 2™ : 0" —
] L=1 . I KR
1.5 1. §
2)4 - 3 pPP/ww
L=0 | |1+ N
L=1 Threshold positions are i
shownfortne — 5  K'K
molecular states
1.0 - } =
0 | KK
=0 |

Figure 28: A level diagram showing conventional nonets and expected masses of glueballs, hybrids
and molecular thresholds. The vertical axis is in units of GeV/c?. For the qg boxes the L refers to

the angular momentum between the quarks and each

JPC’

refers to a nonet of mesons. Note also

that exotic JP¢, — 01—, 17F, 27~ — occur only among the hybrids for the range of masses shown.
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Light Quark Mesons
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Figure 29: The qg spectrum of states. The assignments of the light colored states are speculative,
while the empty boxes are missing states. The orbital angular momentum of the nonet is plotted
on the vertical axis, while the towers of radial excitations are shown along the horizontal axis.

54



2.A.3 Gluonic excitations and confinement

The Standard Model of elementary particles includes the electroweak theory and QCD, the latter
describing the strong interactions among the quarks and gluons. At short distances — the regime
of asymptotic freedom — perturbative techniques are applicable and QCD describes high energy
experimental phenomena both qualitatively and quantitatively. At large distance scales — the
confinement regime — the situation is far different. Here the successful calculational techniques of
the perturbative regime cannot be used. We must rely on first-principles lattice QCD calculations
or QCD-inspired models. There has been significant theoretical effort in this area recently and
more progress can be expected in the near future, especially as multi-teraflop lattice QCD centers

come into operation.

Understanding confinement in QCD requires a detailed understanding of the role of gluons.
QCD is distinct from QED in that the force carriers of the former (gluons) carry color charge
whereas for the latter the photons are electrically neutral. As illustrated in Fig. 30, the force
between two electrically charged particles falls off like the inverse square of the distance between
the charges. The number of field lines intersecting a unit area midway between the charges and
perpendicular to the line connecting them would decrease as the inverse square of the distance
between the charges. In contrast, the color field lines between a quark and an anti-quark do not
fill all of space as in the case with electrical charges. Rather the field lines form flux tubes. A unit
area placed midway between the quarks and perpendicular to the line connecting them intercepts
a constant number of field lines, independent of the distance between the quarks. This leads to a
constant force between the quarks — and a large force at that, equal to about 16 metric tons. The
potential associated with this constant force is linear and grows with increasing distance. It takes
infinite energy to separate the quarks to infinity and thus, qualitatively at least, this accounts for

confinement.

Lattice QCD calculations support this notion of the formation of a flux tube between the
quark and anti-quark. Figure 31 shows the energy density in the color field between a quark and an
anti-quark in a meson with a separation of 1.2 fm. The density peaks at the positions of the quarks
and is confined to a tube between the quarks. This calculation is for heavy quarks in the quenched
approximation. Figure 31 also shows the corresponding potential between the quarks. The ground

state potential has a 1/r dependence at small distances and is linear for large distances.

This notion of the formation of flux tubes was first introduced in the 1970’s by Yoichiro Nambu
[Na70] to explain the observed linear Regge trajectories — the linear dependence of mass squared,
m?, of hadrons on their spin, J. This linear dependence results if one assumes that massless quarks
are tied to the ends of a relativistic string with constant mass (energy) per length with the system

2

rotating about its center. The linear m~ versus J dependence only arises when the mass density

per length is constant, which is equivalent to a linear potential.

Within this picture, conventional mesons arise when the flux tube is in its ground state.
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Figure 30: Field lines associated with the electrical force between two electrically charged particles
(top) and the corresponding dependence of force on the distance between the charges and the
field lines associated with the color force (bottom) between two quarks and the corresponding
dependence of force on distance.
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Figure 31: A lattice QCD calculation (left) of the energy density in the color field between a
quark and an anti-quark. The density peaks at the positions of the quarks and is confined to a
tube between the quarks. This calculation is for heavy quarks in the quenched approximation.
The corresponding potential between the quarks (right). The ground state potential has a 1/r
dependence at small distances and is linear for large distances.

56



Excitations of the flux tube lead to hybrid mesons that exhibit both the quark and gluonic degrees
of freedom. The first excited state of the flux tube is a transverse excitation. The flux tube, or
string, spins clockwise or counter-clockwise around the ¢q line leading to two degenerate states —
degenerate since the energy should not depend on which way the flux tube is spinning. Lattice QCD
and flux tube models both indicate that the lowest excited flux tube has J = 1 [Be97, Is85a, La97].
The linear combinations of the clockwise or counter-clockwise rotations are eigenstates of parity and
charge conjugation leading to two possibilities for the excited flux tube: JF¢ =1-F or JF¢ = 11—,
Suppose we start with the ¢7 in the S =0 and L =0 (or JP¢ = 0~F — the 7 or K) configuration.
Combining this with J©¢ = 17" or J©¢ = 11~ of the excited flux tube results in hybrid mesons
with JP¢ = 1+ or JP¢ = 17—, These are non-exotic quantum numbers. If, however, we start
with ¢ in the S = 1 and L = 0 (or J¥¢ = 17~ — the vector photon) configuration, the resulting
hybrid meson can have JP¢ = [0,1,2]*~ for the flux tube with J7¢ =17 and J¢ =[0,1,2]~F
for the flux tube with JP¢ = 17—, We note that of these six possible J©¢ combinations, three are
exotic: JPC =0t~ JP¢ =1+ and JPC = 27~ These states will not mix with ¢ and thus have

unique signatures.

Meson production proceeds with an incoming probe interacting with the target particle and
one result of the scattering can be the excitation of the flux tube. If the probe is a ¢g in L = 0 and
S =0 (7 or K), production of exotic hybrids will not be favored. But if the qg probe has L = 0

and S = 1, for example a photon, one expects exotic hybrids to be produced readily.

Finally we consider the expected masses for hybrid mesons. We would expect the mass differ-
ence between the ground state (conventional) mesons and hybrid mesons to be given by the level
spacing between the ground state of the flux tube and the first excited transverse mode and that
is simply given by 7 /r where r is the quark separation. When translated to appropriate units this

corresponds to about 1 GeV/c?.

In this discussion the motion of the quarks was ignored, but we know from general principles
[Is85] that an approximation that ignores the impact of the flux tube excitation and quark motion

on each other seems to work quite well.

2.A.4 Observation of gluonic excitations

Glueballs Lattice QCD calculations indicate that lightest glueball is a scalar with a mass in
the range from 1.5 to 1.7 GeV/c? [Mo97, Ba93, Se95, Ba98]. Indeed there is evidence from the
Crystal Barrel experiment, which studied pp annihilations at CERN, that the f,(1500) is a leading
candidate for a glueball [Am95, Am96]. There are, however, indications that this state is not a
pure glueball but has some mixing with conventional ¢g [Cl01]. There are also strong indications
that the scalar meson sector contains one or more glueballs since there are several more observed
states than can be accommodated in the simple ¢qg model. However, the unique identification of a

glueball is exacerbated by the possibility of mixing with ¢g. Lattice QCD indicates a rich spectrum
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Figure 32: Acceptance corrected effective mass distributions for the (a) 777~ 7~ combination and

(b) 77~ combination (two entries per event) from E852 [Ad98].

of glueballs, all with non-exotic quantum numbers, from 1.5 to 2.5 GeV/c?. The lightest glueball
with exotic quantum numbers is predicted to have J”¢ = 2%~ and to have a mass of 4 GeV/c?
[Mo97].

Exotic hybrid mesons After about two decades of experimental searches there have been reports
of experimental observations of states with exotic J©¢ = 1= by the Brookhaven E852 collaboration
in 77 p interactions at 18 GeV/c. One of these has a mass of (1593 & 8179) MeV/c? and width
of (168 4 20715°%) MeV/c? and decays into p’w~ [Ad98]. This state was observed in the reaction
7 p — wra 7w p at a beam momentum of 18 GeV/c. In Fig. 32, the acceptance-corrected
(average acceptance was 25%) distributions of the 7t7~ 7~ and 717~ effective masses are shown.
The positions of well-established meson states are shown, including the a1 (1260), which does not
show up as a prominent peak in the overall mass distribution. The partial wave analysis (PWA)
performed on these data assumes an isobar model — a parent decaying into a 7w state and an
unpaired 7 followed by the decay of the w7 state. The resulting decomposition into various waves
is shown in Fig. 33. The decomposition clearly shows the w(1800) in the 0~ wave, the a;(1260) in
the 1T+ wave, the m2(1670) in the 2=1 wave, and the a2(1320) in the 2t wave. Evidence for the
exotic 1-F prr is shown in Fig. 34. If an isovector pr resonates in an L = 1 wave, it has J©¢ = 17+,
Also shown in this figure is the effect of leakage of non-exotic waves. Finally in Fig. 35 a coupled

fit to the wave intensities and phase difference between the 171 and 2= waves is shown.

Another state reported by E852 has a similar mass, (1597 + 104_"118) MeV /c?, but with a signifi-
cantly larger width, (340:&401’28) MeV /c2, and decays into 'z~ [Iv01]. It has not been determined
whether these represent two decay modes of the same state or whether they are due to two different

mechanisms.
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the phase difference as well (from E852 [Ad98]).

The E852 collaboration also reported observation of another JF¢ = 1=F state with mass
(1370 + 16130) MeV/c? and a width of (385 + 407%3.) MeV/c? decaying into nr~ [Th97]. If an
nm system is in a P wave, the resulting JF¢ quantum number combination is exotic (17). In
these studies the dominant state observed in the n7 channel is the J¢ = 2% a5(1320) seen in the
D-wave. Critical to the identification of this state is not only showing the presence of a P-wave,
but also that the resulting line shape is consistent with a Breit-Wigner and that the phase motion
of the P, as determined by its interference with the dominant D-wave, cannot be due solely to the
a; (1320) resonance. Soon after the E852 report, the Crystal Barrel Collaboration reported an exotic
JPC = 177 state produced in pn — 7~ 7% obtained by stopping antiprotons in liquid deuterium
[Ab98]. They reported a mass of (1400 + 20130) MeV/c? and a width of (310 + 50755) MeV/c2.

The first claim of an exotic meson decaying into n7® with a mass of 1400 MeV /c? was made by
the GAMS collaboration in the reaction 7~p — nmn [Al88] but a later analysis by the group [Yu95]
led to ambiguous results. The VES collaboration also presented evidence for a P-wave contribution
in n [Be93] and at KEK a claim was made for an exotic n7 state [A093] as well, but with a mass

and width close to that of the a(1320); leakage from the dominant D wave could not be excluded.

In all the observations in m-induced reactions, the nm P-wave enhancements have cross sections
that are substantially smaller than the dominant as(1320) so leakage, usually due to an imperfect
understanding of experimental acceptance, is a source of concern. In contrast, the observed yield of
the 71(1400) yield in pp annihilations is of the same magnitude as the a2(1320). Apart from these
experimental issues, the interpretation of the nature of low-mass nm P-wave amplitude and phase
motion should be guided by the principle of parsimony — less exotic interpretations must also be
considered. In a recent analysis of the n7° system in the reaction 7~ p — nn’n from data using
the E852 apparatus, a P-wave is observed but it is not consistent with a Breit-Wigner resonance.
The observed P-wave phase motion is consistent with n7¥ final state interactions. This could
explain the relatively wide width of the observed 7~ state and could also explain the broad n'n~
enhancement. The 7~p — n7%n and 7~p — nm~p have some notably differences. For the former

charge conjugation (C) is a good quantum number but not for the latter and for the former both
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Figure 36: With a 7 probe (left) the incoming quarks have L = 0 and S = 0. The excited flux tube
from the scattering results in hybrid mesons with non-exotic quantum numbers. With a photon
probe (right) the incoming quarks have L = 0 and S = 1. When the flux tube is excited, hybrid
mesons with exotic quantum numbers are possible.

the ap(980) and a3(1320) are prominently present but for the latter only the as(1320) is strongly
produced. This is an important factor in selecting the physical solutions among mathematically

ambiguous solutions.

The conclusion from these studies is that there indeed are tantalizing hints of gluonic excita-
tions in both the glueball and hybrid sectors but the results are not conclusive. The large statistics
samples of high quality data to be collected with the GLUEX detector will provide the definite
resolution of the murky situation. Furthermore there is good reason to believe that whereas exotic
hybrids may be suppressed in 7 production, they are enhanced in photoproduction where essentially
no data exist. In the glueball sector, the large samples of glue-rich radiative J/¢ decays should

shed light on the spectrum of these gluonic excitations.

2.A.5 Photoproduction of exotic hybrids

Why photoproduction? Based on the arguments presented above, the photon is expected to be
particularly effective in producing the smoking gun signature for gluonic excitations: hybrids with
exotic JPC. In this regard, we will compare the effectiveness of the 7 or K as a probe with that of
the photon. In the former case, the meson is a ¢q with spins anti-aligned (S = 0) and in the latter,
the photon is a virtual ¢g with spins aligned (S = 1). In both cases, the relative orbital angular
momentum is zero (L = 0) and the flux tube connecting the quarks is in its ground state. Figure 36
illustrates the differences between a m probe and a « probe. If the scattering results in excitation
of the flux tube, one expects exotic hybrid mesons to be suppressed in w-induced interactions and

enhanced in photoproduction.

Current phenomenology also supports the notion that photons should be more effective at
producing exotic hybrids [Af98, Sz01]. Figure 37 shows an estimate of the photoproduction cross
sections at 8 GeV for the a9(1320) and the exotic m1(1600) [Sz01]. The model uses as input the
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Figure 37: Estimates of the photoproduction cross sections for as(1320) and the exotic 71(1600)
at 8 GeV based on a phenomenological analysis described in [Sz01]. The model uses as input the
ratio of 71(1600) to a2(1320) as observed in E852. The model is compared with photoproduction
of the a3(1320) at 5 GeV.

ratio of m1(1600) to a2(1320) as observed in E852. The model is compared with photoproduction
of the a3(1320) at 5 GeV. Whereas in E852, with a m beam, the 71 (1600) is produced at about 5%
of the rate for a3(1320), in photoproduction the rates for 71(1600) are expected to be comparable
for that of the a2(1320). In the case of the incident 7, the 71(1600) is produced by p exchange and
the suppression at very low-|t| due to angular momentum — spin 0 in and spin 1 out — decreases the
cross section. This is to be compared to photoproduction of the m1(1600) with 7 exchange where
there is no suppression at very low-|t| since now we have spin 1 in and spin 1 out. Furthermore
the NpN coupling at the baryon vertex in the incident 7 case is lower by a factor of 4 compared

to the N7 N in the photoproduction case.

To underscore the differences between existing photoproduction and 7 production, the corre-
sponding largest data sets on 37w production are compared in the plots of Fig. 38. The 37w mass
spectrum from the reaction 7~ p — 7t7 7 p at 18 GeV/c from E852 at Brookhaven is shown.
Also shown is the 37 mass spectrum from the reaction yp — 77 7 n at 19 GeV from SLAC.
We note the large difference in statistics between the two and we also note the differences in the

structure of the spectra.

Current photoproduction data Table 7 is a partial compilation of known photoproduction
cross sections and the numbers of events from the existing experiments. The typical cross sections
range from of order 0.1 ub up to of order 10 ub, with most measurements involving rather small

numbers of events, typically on the order of a few thousand. The extant data from photoproduction
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Table 7: A sample of measured photoproduction cross sections from several references. Note the
small numbers of events in any given channel.

Reaction E, GeV o (ub) Events  Ref.
yp — prtwT 9.3 3500 [BaT73]
yp — prtwT 19.3 20908  [ADb&4]
yp — prtame 2.8 2159  [Ba73]
yp — pr i w° 4.7 1606 [BaT73]
yp — prtaTme 9.3 1195  [Ba73]
P — prta 4758 135+£15ub 3001  [EiT2]
yp — prTrTwe 6.8-8.2 11.8+1.2ub 7297 [Ei72]
vp — nrtatne 4758  46+14pb 1723 [EiT2]
vp — natmtne 6882  40+12ub 4401  [Ei72]
yp — nrtata 16.5-20 3781  [Co933]
vp — prtaw 20-70 14236 [Ats4]
yp — prtm Tt 4-6 40+05ub ~330 [Da73]
yp — prta T 6-8 4.8+05ub ~470 [DaT73]
yp — prtaTata~ 8-12 45+0.6ub ~470 [Da73]
vp — prtrata 12-18 44406ub ~380 [Da73]
yp — prta w T 15-20 6468  [Ab85]
yp — pr T wOmwe 20-70 8100  [At84a]
yp — prtata T 19.5 2553 [B197]
D — ATt 16 1.66+02ub ~200 [Dar3|
yp — AttgT g 6-8 1.8402ub ~200 [Da73]
vp — At tg—gto— 8-12 1.1+£02ub ~200 [Da73]
vp — At tg—gto— 12-18 1.154£0.2ub  ~200 [Da73]
Po—— 1758  23L04pb <1600 [Ei7Y
Yp — pw 6.8-8.2 20+03ub <1200 [Ei72]
D — pw 47 3.0+03ub 1354  [Ba73]
D — pw 9.3 1.9403ub 1377 [BaT3|
Yp — po 4.7 0.41 4 0.09 b 136 [BaT73]
+p — pd 9.3  055+007ub 224  [Ba73]
Yp — nag 4.7-5.8 1.7+ 0.9 ub [EiT2]
Yp — nag 6.8-8.2 0.9+ 0.9 ub [Ei72]
vp — naj 195  0.29+0.06ub ~100 [Co93a]
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Figure 38: (left) The 37 mass spectrum from the reaction 77p — 7r7 7 p at 18 GeV/c from
E852 at Brookhaven. (right) The 37 mass spectrum from the reaction yp — 7trtn n at 19 GeV
from SLAC. The shaded area identifies the portion of the 37 spectrum that included a p meson.

are far too meager to perform the analysis necessary to unambiguously identify gluonic excitations.
For example, after one year of low intensity running at 107 photons/sec, the yield of a(1320) in
GLUEX will be five orders of magnitude greater than the same collected in the SLAC photoproduc-
tion experiment. The yield of the exotic 71(1600) in the published E852 results will be increased
by four orders of magnitude by GLUEX after one year of running.

There are reasonable sized data sets in 27 and 27 photoproduction from the CLAS detector
at JLab that are currently under analysis. However, these arise from unpolarized photon beams

and are produced from an incoherent bremsstrahlung spectrum that peaks at around 5 GeV.

2.A.6 Complementarity with other searches

Gluonic excitations include both exotic and non-exotic hybrid mesons and glueballs. Hybrid mesons
exist in both the light quark (u, d and s) and heavy quark (c and b) sectors. Clearly, existing data
collected with incident 7 beams, central collisions, pp annihilations and eTe™ collisions have not
uncovered a wealth of information about these states. As discussed earlier, the focus of the GLUEX
project is in the light-quark hybrid sector. The initial benchmark states will be the exotic hybrids,
which cannot mix with ¢G and therefore have a smoking gun signature. There are good reasons to
expect that photoproduction will be particularly effective at uncovering the exotic hybrid mesons.

And the existing photoproduction data are meager indeed.

The glueball and heavy hybrid sectors are not accessible to GLUEX. Glueballs are not preferen-
tially produced in photoproduction because they do not couple to photons. Moreover, according to
lattice QCD, the lightest exotic glueball has a mass of 4 GeV/c?. One fruitful area of investigation

are J/v radiative decays since the system recoiling from the photon should be rich in two-gluon
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states. The planned CLEO-c project at CESR will collect a billion J/1) radiative decays.

The direct production of exotic hybrids in ete™ collisions is complicated by the fact that the

angular momentum barrier (the excited flux-tube carries J = 1) suppresses this production mode.

Lattice QCD predictions about heavy-quark exotic hybrids are at least as reliable as for the
light-quark hybrids but the experimental situation is far more problematic. The photoproduction
cross-sections are a few orders of magnitude lower. At the higher energies needed to produce
these more massive states many other uninteresting processes can contribute to background. Fi-
nally, to unambiguously tag a charm or beauty hybrid one must identify detached vertices, further
complicating the experimental challenge.

2.A.7 Production and analysis of hybrid mesons

Kinematics Consider a specific exclusive photoproduction reaction:

vp— Xp (2)

The center-of-mass energy squared, s, and the momentum-transfer-squared, ¢, between the incoming

beam and outgoing X are defined in terms of the four-vectors of the particles:
s=(py+ p:n)2 (3)

t= (pw _pX)2 (4)

The dependence of the cross section on s and ¢ depend on the production mechanism, which is
usually described in terms of the particle or particles which can be exchanged as shown in Fig. 39.
For example, if the exchange particle is the pomeron (diffractive process) the cross section is nearly
constant in s. For meson-exchange processes, cross sections typically fall off with increasing s. The

dependence on t is typically exponential:

dN
SV el
o ¢ (5)

For the process ( 2) at high enough photon beam energy, E,, we can make the approximation
s ~ 2-FE, where E, is in GeV and s is in GeV?2. For fixed s and mass of X, my, there is a

needed to produce X. This [¢|

for fixed E, and decreases with increasing E, for fixed myx. Coupled with the steep dependence

minimum value of ||, or |¢] increases with increasing mx

min’ min
implied in equation ( 5), the dependence of |t|, . on mx will affect event yields. In addition, the

line shape of a resonance can be distorted if there is too rapid a variation of |¢| across the width

man

of a resonance.

Figure 40 shows an example of how the dependence in ¢ is correlated with particle exchange.

The distribution is in [¢/| where ' =t — t,,3,, for the D-waves after a PWA of the nr¥ system from
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Figure 39: Diagram for the photoproduction of particle X. The variables s and ¢ are the center-
of-mass energy squared and the momentum-transfer-squared from incoming photon to outgoing
particle X. The process shown here proceeds through the exchange of a particle in the ¢-channel.

5000
e D,
4000 | 4 Dy
“ * D
o)
> 3000
@ E852
5 2000 |
3 1
1000 | 1% .
& =F= .
¥ ,H\%\
0 " —
0.2

0 0.4

t (GeV/c)

Figure 40: The distribution in || where ¢ = t —t,,,;;, for the D-waves after a PWA of the nm¥ system

from the reaction 7~p — n7’n at 18 GeV/c. The curves are fits to expected Regge exchanges for
the various D-waves.

the reaction 7~ p — nm'n at 18 GeV/c. The curves are fits to expected Regge exchanges for the
various D-waves.

PWA requirements The PWA technique is described in a later chapter. It is important to stress
here that the detector design focuses on hermeticity and resolution to insure nearly uniform coverage
with well-understood acceptance functions for various decay angles for particle X. Kinematic fitting
will also be used to identify exclusive processes. The design focuses on the requirements of the PWA.
The existence of well established resonances will be used as benchmarks for the PWA. They also
provide benchmarks for the phase variation of candidate exotic states. Furthermore, candidate
exotics can appear with multiple decay modes which must give consistent results. As an example,

a meson which decays into 17 should be observed in channels where n — 7t7 7%, 7 — 37°, and
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n — 27. Each of these modes leads to different acceptances and systematics. This provides a

powerful check on PWA results.
Linear polarization of the beam

Linear and circular polarization We start with a review of the relationship between
linear and circular polarization. A right-handed-circularly (|R)) polarized photon has m = 1 while
for a |L) photon m = —1. These are related to the linear polarization states, |z) (in production

plane) and |y) (perpendicular to production plane) by:

2) = = (1)~ |RY) (0

) = %um +|R)) (7)

States of linear polarization are eigenstates of parity. We will use these relations in several

straightforward cases to show how linear polarization:

1. can provide information on decays in lieu of statistics,
2. is essential in isolating production mechanisms, and

3. can be used as an exotics filter if the production mechanism is known.

Linear polarization and statistics  To illustrate how linear polarization provides useful
information in the PWA, consider the case of the photoproduction of a vector meson which subse-
quently decays into two pseudoscalar mesons. Possible examples are p — 77 or ¢ — K K. Suppose
the production mechanism produces the vector with the same helicity as the incident photon (or
s-channel helicity conservation). In the rest frame of the vector the two-pseudoscalar wave function
is described by

Y™ (0, ¢) o sin - ™ (8)

For circularly polarized photons (either m = 1 or m = —1) the square of this amplitude carries
no ¢ information while for in-plane photons there is a cos? ¢ dependence and out-of-plane a sin? ¢
dependence in the decay angular distribution, since in these cases we have the sum or difference
of Y™ and Y;! according to equations ( 6) and (7). Although not essential in determining spin,
a gain of statistics is needed to recover a drop in the degree of linear polarization. For example,
our Monte Carlo simulation studies indicate that when the degree of linear polarization decreases
from 0.40 to 0.2 a factor of two increase in statistics is needed to achieve the same relative error in

determination of spin amplitudes.
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Linear polarization and production mechanism  This is best illustrated by considering
a specific example. Suppose we produce a vector particle (J© = 17) by the exchange of a scalar
particle (J© = 0% — natural parity exchange) or a pseudoscalar particle (J© = 0~ — unnatural
parity exchange). We wish to determine whether the vector is produced by natural (amplitude
Ap) or unnatural (amplitude Agr) parity exchange. In the center-of-mass of the vector particle,
the momentum vectors of the beam photon and exchange particle are collinear. For circularly
polarized photons, the m of the vector is the same as that of the photon. From parity conservation,
the orbital angular momentum between the photon and exchange particle is L = 0 or L = 2 for
natural parity exchange and L = 1 for unnatural parity exchange. So for circularly polarized
photons, with m = +1, the total amplitude is Ay + Ay whereas for m = —1, the total amplitude is
An — Ay. This follows simply from the addition of angular momenta. Circularly polarized photons
allow us to measure only the sum or difference of the two exchange amplitudes. If however, we
have linearly polarized photons along the x-direction, we extract Ay using equation ( 6) and for

polarization along the y-direction, we extract Ay using equation ( 7).

Linear polarization as an exotics filter = Using arguments similar to those above, it has
been shown [Af0Oc| that linear polarization can be used as a tool to filter exotics. For example, a
pm system with [ = 1 has C' = 4. Suppose that one can determine the naturality of the exchange
particle by selecting data within a range of |t|. For a produced C' = + particle with spin one we can
have natural parity (JP¢ = 1= — exotic) or unnatural parity (J©¢ = 17+ - non-exotic). In the
case of natural parity exchange the in-plane polarization selects the J©¢ = 1-F wave while out-of-

JPC¢ = 17F. For unnatural parity exchange the reverse is true. Note that

plane polarization selects
in this case, we are specifying the naturality of the exchange and using linear polarization to select
the naturality of the produced particle. In the previous section, we specified the naturality of the

produced particle and used linear polarization to select the naturality of the exchanged particle.
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2.B The Fundamental Structure of the Nuclear Building Blocks

The nucleons are the basic building blocks of atomic nuclei. Their internal structure, which arises
from their quark and gluon constituents, determines their mass, spin, and interactions. These,
in turn, determine the fundamental properties of the nuclei. To make further progress in our
understanding of nuclei, it is crucial that we understand in detail how the nucleon’s basic properties
are derived from the theory of strong interactions: quantum chromodynamics (QCD). Over the past
half century much progress has been made toward unraveling the structure of the nucleon. However,
our understanding is fragmented and incomplete, and many puzzles remain. For example, we only
partially understand how the nucleon’s spin is “assembled” from the quark spins and the quark and
gluon angular momenta, and we don’t know the details of the spatial and momentum distributions
of the quarks and gluons within the nucleon. Our understanding of nucleon structure is, quite

simply, very far from the level of our understanding of atomic structure.

The JLab 12 GeV Upgrade will support a great leap forward in our knowledge of hadron
structure through major programs in three areas: nucleon form factors at large Q?, valence quark
structure, and deep exclusive scattering. It will also support important initiatives in a number of
other areas of hadron structure. These research programs are described in detail below. The data
on hadron structure that will be obtained using the Upgrade can be understood and interpreted
coherently, using the theoretical framework of the recently-discovered Generalized Parton Distri-
butions (GPDs), to provide truly remarkable and revealing images of the proton’s structure that

will enable us to understand these fundamental “building blocks” of nuclear physics.

Protons and neutrons (nucleons) make up most of the visible matter in the Universe. Their
masses contribute to the gravitational pull that controls the evolution of galactic structure and keeps
our feet firmly on the ground. Their strong interactions fuel the Sun and shape the structure of the
atomic nuclei. The nuclei, in turn, (together with the well-understood electromagnetic interactions
and the associated electrons) determine the chemical elements and their properties. The spin of
both the nucleons and more complex nuclei provides an essential tool, Magnetic Resonance Imaging

(MRI), that is broadly used to examine our bodies without harming them.

Why does strongly-interacting matter have so many fascinating features? The answer lies
in the complex inner structure of the nucleons. According to the fundamental theory of strong
interactions, quantum chromodynamics (QCD), protons and neutrons are ultimately made of simple
particles called quarks and gluons. But QCD is so complex that we are still unable to make reliable

calculations of nucleon structure to the desired accuracy.

The nucleon structure problem is one of the most important missing links in our developing
understanding of the evolution of the universe from the quarks to the cosmos. Its place in that
evolution is analogous to the role that the structure of DNA plays as the key link between molecular
structure and life. While biological behaviors may be traced to the structure of DNA, it is not yet

possible to determine how that structure was formed by the molecules in the first place. Therefore,
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it is indispensable to sequence DNA in order to understand the functions of the biological building
blocks.

Similarly, to understand the properties of the nucleon, we must map out the complete distribu-
tions of quarks and gluons through experiments. This effort began in the mid 1950’s, with the first
measurements of the elastic scattering of high energy electrons from protons, continued through
1970’s, and thrives today. Nearly half a century of study has brought many exciting discoveries and
surprises. The first electron scattering experiments of Hofstadter, et al. determined the finite size
of the proton. Two decades later quarks were discovered inside the nucleon through deep-inelastic
scattering of higher energy electrons. More recently, we have learned from the scattering of still
higher energy electrons that the density of quarks carrying a small fraction of the nucleon momen-
tum saturates, and from the spin dependence of electron scattering from aligned nucleons that the
quarks actually carry very little of the spin of the nucleon. Despite these fruitful results, we are far
from a complete mapping of the quark and gluon distributions inside the nucleon. The information

we have gathered so far provides only a sketchy outline of the full picture.

Our understanding of nucleon structure has evolved dramatically each time a new experimen-
tal tool has become available. The simplest probe of the nucleon’s structure is elastic electron
scattering, in which one measures the probability that the nucleon remains whole after absorbing a
photon. Measurement of elastic scattering form factors (the ratio of the observed scattering to that
predicted for a structureless, point particle) as a function of the photon’s wavelength determines
(in the low-momentum transfer regime) the Fourier transforms of the nucleon’s charge and current
distributions. This measurement is analogous to the study of the internal structure of the human
body using traditional, 2-dimensional x-ray techniques. While much of what we know about the
structure of the nucleon has been learned this way, elastic scattering does not tell us how fast the

quarks are moving or how much momentum and energy they carry.

At higher momentum transfers, the elastic scattering form factors are excellent observables
for exploring the perturbative QCD reaction mechanism (how the nucleon recoils as a whole after
receiving a large momentum kick) and for testing the leading light-cone wave functions. Unfor-
tunately, the form factors and the reaction cross sections become very small as the momentum
transfer increases. To make progress, we need an electron accelerator with both high energy and
high luminosity. JLab with the 12 GeV upgrade will be the first accelerator capable of careful

exploration of the elastic form factors in the large momentum regime.

A second approach to mapping the quark and gluon structure of the nucleon is to study deep-
inelastic scattering (DIS), in which the electron is scattered from individual quarks within the
nucleon, knocking them out and, in the process, destroying the nucleon. A similar technique has
been used in condensed matter physics to study the momentum distribution of atoms in liquid
helium, in atomic physics to measure the momentum distributions of electrons in each atomic
shell, and in nuclear physics to study the momentum distributions of individual nucleons within

nuclei. A DIS experiment measures the distributions of the momentum component of the quarks
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in the nucleon that is along the direction of the probing photon, providing information that is

complementary to the elastic scattering form factors.

Over the last three decades, we have obtained much information about the quark and gluon
(the parton) distributions through DIS and related processes. The results of these experiments have
been summarized in several standard sets of phenomenological fits to the data that parameterize
the distributions of quarks, anti-quarks and gluons as a function of the Feynman variable, x, which
is the fraction of the nucleon’s momentum carried by the parton. One clear deficiency of our
knowledge is the “high-z” behavior of the partons: the part of the distribution that corresponds
to instances when the struck parton was carrying nearly all of the momentum of the nucleon. The
fundamental reason is exactly the same as that for the paucity of form factors at large Q%: one
must have dedicated facility with high luminosity to measure the small cross sections. Once again,
JLab with the 12 GeV Upgrade will allow, for the first time, a systematic study of high-z parton
distributions.

These traditional experimental observables do not, however, tell us the position and momentum
(or phase space) correlations of the quarks and gluons that contain essential information about the
partons in the nucleon. We know that in classical physics the state of a particle is specified by
knowing both its position 7 and momentum p. In a classical gas of identical particles, the single-
particle properties are described by a phase-space distribution f(7,p) representing the density of
particles at the phase-space coordinates (7, p). In quantum mechanics, the notion of a phase-space
distribution seems to contradict fundamental principles: the momentum and position of a particle
cannot be determined simultaneously. Nevertheless, physicists have devised various quantum phase-
space distributions that reduce to f(7, ) in the classical limit. These distributions have proven
extremely useful in a broad variety of studies, including heavy-ion collisions, quantum molecular
dynamics, signal analysis, quantum information, non-linear dynamics, optics, image processing,

and many more.

One of the most frequently used phase-space distributions is the Wigner distribution, W (7, p),
introduced by Wigner in 1932. Integrating this distribution over the particle coordinate 7 yields
the momentum density |¢(p)|?; integrating it over the particle momenta p yields the coordinate
space density |¢(7)|2. For arbitrary 7 and 7 the Wigner distribution is a quantum distribution in
phase-space. It is not positive definite because of quantum interference, and therefore does not
have, strictly speaking, a probabilistic interpretation. However, it can be used just like a classical
phase-space distribution to calculate the average of any quantum mechanical observable. In the

classical limit, it reduces to the positive-definite probabilistic distribution.

Wigner-type phase-space distributions can be devised naturally to describe the coordinate
and momentum space correlations of quarks and gluons in the nucleon [Ji03]. By integrating
over some unobserved variables in these distributions, we can obtain the quark charge and current
distributions, p(7, x) and j(7, x), in the reduced phase-space (7, x), where 7 is the position vector and

x is the Feynman momentum fraction (discussed above in the context of the parton distributions).
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These phase space distributions can also be used to learn about other nucleon properties. An
example is the orbital motion of quarks in the proton: the total quark contribution to the spin of

the proton is connected to the phase space distribution via a sum rule.

Fourier transforms of the phase-space distributions yield observables, referred to as the gener-
alized parton distributions (GPDs) [Mu94, Ji97, Ra96], that are hybrids of the elastic form factors
and the parton distributions. The GPDs are a new class of nucleon matrix elements that generalize
the diagonal matrix elements in the Feynman parton distributions to include the off-diagonal terms.
They depend on the Feynman x (as do the parton distributions), the ¢-channel momentum transfer
(as do the form factors), and a new parameter, the skewness parameter, &, that characterizes the
momentum fraction difference between the correlated partons. GPDs have been studied extensively
theoretically over the last few years, and experiments demonstrating the feasibility of measuring

them have been carried out, but research in this fascinating new area has really only just begun.

The GPDs can be measured via a new class of hard exclusive processes that can be understood
rigorously using perturbative QCD tools. The simplest example is deeply-virtual Compton scat-
tering (DVCS), in which a lepton scatters inelastically from a nucleon producing a high-energy real
photon plus the recoiling nucleon. DVCS can be viewed as a Compton scattering on a single quark
in the nucleon. The cross section can be expressed as a convolution of perturbatively-calculable
coefficient functions (characterizing the hard interaction between the lepton and the quark) and
GPDs. Another example of a hard exclusive processes is deeply-virtual meson production, which
provides powerful way to access different spin and flavor combinations of the GPDs. Recent exper-
imental data from the CLAS Collaboration at JLab and from the HERMES experiment at DESY
demonstrate the feasibility of DVCS experiments and the dominance of the single-quark scattering
mechanism in this reaction at moderately-large Q?. However, detailed measurements of the GPDs
will require a comprehensive, systematic experimental program at a facility with high luminos-
ity and energy. The JLab with 12 GeV Upgrade will offer a first such opportunity, and will be
unmatched by any other facility in the world.

If GPDs are determined directly from experimental data and constrained by measured elastic
form factors and parton distributions, the quantum phase-space distributions of the quark charge
p(7, ) and current j (7, z) can be obtained. These Wigner-type distributions yield full 3D-images of
the quarks in the proton for each fixed Feynman momentum fraction, z, that correspond to an image
of the nucleon as seen through a momentum (or Feynman z-) filter. Since each picture represents
a slice in the phase space, measurements of the GPDs correspond to phase-space tomography. The
skewness parameter, £, has a natural interpretation: it is a measure of the proton deformation
along the direction selected by the virtual photon probe. When the set of quark images for all
values of = is assembled we recover a round nucleon. On the other hand, if we integrate over the
longitudinal coordinate along the direction of the virtual photon, we obtain [Bu02] a 2-D projection
of the 3D-picture in the transverse space, which is related to GPDs at £ = 0. One virtue of these

2D pictures is that they are simply particle densities that avoid the conceptual constraints that
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arise from the quantum mechanical uncertainty principle and from relativistic recoil.

The JLab 12 GeV Upgrade will support a great leap forward in our knowledge of hadron
structure through major programs in at least three areas: nucleon form factors at large Q?, high-x
(valence) quark structure, and deep exclusive scattering. It will also support important initiatives
in a number of other areas of hadron structure. These research programs are described in detail
below. The data they will provide can be understood and interpreted coherently using the theo-
retical framework of the GPDs and quantum phase-space distributions to provide truly remarkable
and revealing images of the proton’s structure that will enable us to visualize these fundamental

“building blocks” of nuclear matter.

2.B.1 Form Factors — Constraints on the Generalized Parton Distributions

One of the primary goals of nuclear physics is to understand the structure of hadrons in terms
of quarks and gluons, the fundamental fields of quantum chromodynamics (QCD). This task is
complicated, since confinement, one of the most important features of QCD, is a non-perturbative
phenomenon. One strategy has been to incorporate another feature of QCD, asymptotic freedom.
This approach was very successful in applications to hard inclusive processes, and made possible the
extraction of much information about hadronic structure in terms of quark and gluon longitudinal

momentum distributions.

It was anticipated that a similar approach would be applicable to form factors and other
exclusive processes at momentum transfers significantly larger than Agcp, so that it would be
possible to use perturbative QCD (pQCD) together with QCD sum rules to map valence distribution
amplitudes of the hadrons. However, several recent experimental results from Jefferson Lab (JLab)
involving exclusive form factors [Fr98a, VoO1, Jo00, Ga02, Na02] have unequivocally demonstrated

that pQCD is not applicable at few (GeV/c)? momentum transfers.

A recent important breakthrough has been the introduction of the formalism of generalized
parton distributions (GPD), which offers a unified framework for accessing the complex structure of
hadrons through a variety of exclusive reactions, and promises to yield the first three dimensional
description of hadrons. Thus, one of the unique opportunities of JLab at 12 GeV will be to study
the structure of hadrons by means of a comprehensive program of exclusive reactions. As described
in the following, the measurement of exclusive form factors at high momentum transfer will be an
essential part of this program, especially in constraining the GPD based description of the nucleon’s

short distance structure.

Exclusive form factors are the fundamental measurable quantities in electron scattering, and
have direct connection to the charge and current structure of hadronic states. Form factor mea-
surements have provided a wealth of information about the structure of nuclei, and, when extended

to the highest accessible Q?, have revealed the short distance features of the nucleon’s structure.
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Figure 41: Schematic diagrams of the form factor reactions discussed in the text that can be
expressed in terms of the GPD formalism: a) elastic, b) transition, ¢) Compton scattering, and d)
high-t meson production.

Similarly, the connection of form factors to the structure of hadrons in terms of their quark-
gluon distributions has been the subject of a great deal of theoretical study. The introduction
during recent years of the concept of generalized parton distributions within the context of soft-hard
factorization is an important breakthrough in connecting exclusive reactions at high momentum
transfer with the full complexity of non-perturbative hadronic structure. This is illustrated in
Fig. 41, where the non-perturbative structure is represented by the lower part of the “handbag”,
which can be parameterized in terms of four functions, the GPDs.! The GPDs are functions of three
variables: the longitudinal momentum fraction, x, of the struck quark; the momentum transfer to
the nucleon, —t; and a skewedness parameter £. There are GPDs corresponding to different current
structures, H and E for the quark spin-averaged, and H and E for the quark-spin dependent

combinations.

The hadronic form factors provide moments of the GPDs, offering important constraints on
our description of the nucleon’s structure. Form factors are complementary to deeply virtual
exclusive reactions. In contrast to deeply virtual exclusive reactions (DVE), form factors uniquely
access the GPD moments independently of £&. This offers an additional simplicity compared to the
integrals involved in deeply virtual processes. The Fourier transforms of GPDs over ¢, constrained
by form factors, are directly interpretable as the transverse impact parameter dependence b, of
the hadron’s quark charge and magnetic moment distributions [Bu00]. Thus GPDs provide 3-

dimensional pictures of hadronic structure not obtainable by DIS, as illustrated further below.

Another important consideration which makes form factor measurements a necessary comple-

ment to DVE is that while deep exclusive reactions access GPDs only at relatively low —t, the

IThe formalism is illustrated for the case of the nucleon, but can also be applied to the pion, see section 2.B.1.
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Figure 42: Form factor reactions discussed in the text that can be expressed in terms of the valence
pQCD formalism: a) elastic, b) transition, ¢) Compton scattering, and d) high t meson production.

GPD formalism for form factors is applicable at high —t (=Q? for form factors), which is specifi-
cally necessary to obtain the small b structure of the hadron. Passing to the limits of very high
Q? or —t the form factors are expected to uniquely access the very simplest short distance valence

quark structure of the hadron through the mechanism of pQCD.

There exists an immense theoretical literature focused on connection of this short distance
meson and nucleon form factors in terms of the quark-gluon structure of the hadron, through
the formalism of wvalence-pQCD (pQCD). Analogously to Fig. 41, schematic representations of
form factor reactions in the pQCD framework are shown in Fig. 42. Some seminal papers have

2. This leads to the famous constituent Q2 or s scaling laws, and

literally thousands of citations
important relationships between helicity leading and non-leading amplitudes. The great theoretical
productivity was matched by considerable experimental effort. Despite the effort, the region of —t
or Q% where the transition from the soft handbag description to hard pQCD description occurs has

not yet been experimentally determined.

The hadron form factor program aims to access the three dimensional structure of the hadron
by studying a variety of form factor like reactions. The GPDs will serve as the common framework
for these studies. At the highest momentum transfers we will try to observe the transition to the
simplest small size configurations connected through the valence pQCD formalism. Some of these
measurements have already been started at more moderate momentum transfers and are having a
profound affect on how we view hadron structure. In the following sections we briefly describe our
experimental program, summarizing the status of available data, and pointing out the dramatic

increase in momentum transfer made possible with the 12 GeV upgrade.

2For example, three papers by Shifman, Zakharov, and Vainshtein [Sh79] on QCD sum rules have been cited
almost 5,000 times, two articles by Lepage and Brodsky [Br79a, Br80] on the pQCD formalism, more than 2,000
times, and an article by Chernyak and Zhitnitsky [Ch77] applying the former two to obtain pion and proton elastic
form factors more than 600 times, and still counting!
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Form Factors at Large Momentum Transfer Our goal is to observe the evolution with
momentum transfer of the non-perturbative hadronic structure from its fully developed complexity
at low momentum transfer, through to its simplest small configurations at the highest possible
momentum transfers. In the following we describe the reactions that we intend to study, and their

kinematic ranges in —t that we be able to cover.

We will begin by discussing the charged pion form factor F_+, since this is the benchmark
reaction due to its relatively simple structure. We then move to the nucleon case and discuss the
various form factors that are accessible, and their specific connection to the GPDs. For example, the
elastic nucleon form factors Fy and Fy are the zeroth moments (z)? of H(z,t) and E(x,t). For the
protons and neutrons these are connected and constrained by isospin invariance. The N — A form
factor G}, is connected to the isovector part of E(x,t), and the N — Sj; to the negative parity
member of the nucleon’s parity doublet. The real Compton scattering form factors Ry ,R4 and
Ry provide the (z)~! moments of H(x,t), H(x,t), and E(z,t), as well as important polarization
observables K, Krr and Py which constrain the GPDs. High —t exclusive meson production
involving different mesons access moments of new nucleon form factors which are sensitive to
different contributions depending on the meson produced. For example, 7 and 71 production
involves H(x,t). Finally, we will discuss the evolution to the highest momentum transfer and
the approach of the aforementioned form factors to pQCD. This involves the questions of pQCD

constituent scaling and helicity conservation, which are contained in these form factors.

Form Factors and Generalized Parton Distributions  Much has been said and written
about GPDs during the past several years, and it is not our aim to go into details about the for-
malism. Rather, after a brief review of the most salient features, and their physical interpretation
in terms of the three-dimensional structure of hadrons, we intend to show how a program of form
factor measurements at high Q2 or —t uniquely provides a connection with the various substruc-
tures of GPD models which are complementary to deep virtual exclusive reactions. In the GPD
picture, the incident real or virtual photon interacts with one of the quarks within the hadron, and
is followed by either of two processes: the quark is re-absorbed into the hadron leaving it either
intact or in a higher resonant state. The GPD formalism, for the first time, provides us with a
unified description of the complex hadronic structure accessed by different exclusive reactions. Be-
cause of the correlations of the initial and final parton wave functions in their definition, the GPDs
are sensitive to the actual hadron wave functions in a way that traditional inclusive process of deep
inelastic scattering (DIS) is not. In particular, while structure functions entering inclusive scat-
tering give information about distribution functions of longitudinal momentum fractions x, GPDs
entering exclusive reactions contain information about the longitudinal and transverse momentum
distributions, x and &k, and through their correlations give a three dimensional snapshot of the

hadronic structure.

The relation between wave functions, form factors and GPDs can be demonstrated through

the well known Drell-Yan expression
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F(t) = / U (2, kL + A )W (k) 9)

where A? = —t. As a simple illustration we choose an effective wave function [Ra98a] with a
Gaussian k| dependence

U(x, k) = ®(x)eF /2003 (10)

where £ = 1 — x and A is a transverse size parameter. This expression for the form factor yields
the following GPD

TTN? o2
1672

H(z,0;A,) = (2)e DLE/ 0N = (p)e= AL /4222, (11)

Note that we took & = 0 here, although generally it need not be so. GPDs at £ = 0 are sometimes
called “nonforward parton densities” [Ra98a]. The correlation of the longitudinal and transverse
momentum distributions is manifestly seen in Eq. 10. As emphasized in Ref. [Bu00], the double

Fourier transform with respect to the momentum transfer A |

H(z,b1) = /0 H(x,0, A2)eid 11 gA | (12)

has the meaning of the parton density distribution in the impact parameter space. The result
is shown in Fig. 43. Note, the limits of the integral in Eq. 12 require the knowledge of the —t

dependence to as high a value of —t as possible.

Factorization of the reaction into a hard kernel and soft GPD is a necessary condition for
the application of the formalism. For deep virtual reactions this requires off-forward kinematics,
with simultaneously high Q? and low —t. A measurement at a particular ¢, zp and Q? involves
an integral over the relevant variables x and knowledge of the skewedness parameter £. The great
power of this approach is discussed in the physics section on deep virtual reactions. For the present
purposes we point out that in the off-forward kinematics the low —t constrains access to rather
low k, , or equivalently, large transverse impact parameter b, . Conversely, form factor experiments
for which the GPD formalism is applied involve high —¢, and therefore access large k|, or small
transverse impact parameter b;. The price is that a specific measurement always involves an
integral (moment) over the full range of . However, the integrals have a simplicity in that they
are independent of skewedness parameter, so that they constrain GPDs at any £. Since different
form factors access different moments of GPDs, and different structural components of the GPDs,

a complete set of measurements will provide the greatest constraints on wave function models.
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Figure 43: The GPD H(z,b;) = u(x,by) obtained by ref. [Bu00] from the GPD H(z,0; A ) in

Eq. 11. Shown are contour plots of transverse density for various slices of longitudinal momentum
fraction z. ux(z,by) is the probability distribution for the proton polarized in the z direction.
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One of our abiding interests is to obtain a three dimensional mapping of the nucleon structure
by modeling the GPDs as a function of x and ¢, constrained by various form factor measurements as
a function of ¢, and structure functions measurements as a function of x. For illustrative purposes,
in the examples which follow, we assume that the handbag can be expressed as an effectively

two-body process, as in Eq. 11.

The Charged Pion Form Factor The form factor of the charged pion F.+ is of key
interest in the study of the quark-gluon structure of hadrons. One of the reasons is that the valence
structure of the pion, being (qq), is relatively simple. Thanks to this relatively simple structure,
direct (model) calculations of the pion wave function are possible, from which a direct connection
to GPD and (p)QCD formalisms can be made. For the same reason it is expected that the value of
the four-momentum transfer squared Q?, down to which a pQCD approach to the pion structure
can be applied, is lower than for the nucleon. Finally, the asymptotic normalization of the pion
wave function, in contrast to that of the nucleon, is known from the pion decay. Therefore, all
models used to calculate the structure of hadrons use the pion form factor as a benchmark. The
interest is especially in the transition from the soft regime, governed by all kinds of quark-gluon

correlations, at low @2, to the perturbative regime at high Q2.

There have been a large number of calculations of F,+. These include perturbative ones,
including next-to-leading order and transverse corrections, QCD sum-rule calculations, and calcu-
lations in a Bethe-Salpeter approach, see ref. [St00, Ra91, Ma00] for some representative examples.
The recent calculations suggest that pQCD contributions start to dominate the pion form factor
at Q%2> 5 (GeV/c)2

The pion form factor is related to the pion GPD as [Ra98a, Mu02]

Fo(t) = /_11 S HY(w, t)dx

One can model the nonforward parton density HZ(z,t) by an expression similar to Eq.(11)
with an exponential t-dependent factor or use an ansatz with a power-law behavior [Mu02]. The
result of a GPD calculation [Mu02] using a simple power-law dependence of HZ(z,t) is shown
together with the existing experimental data and the results of various direct calculations of F .+
in Fig. 44. We note that for elastic scattering —t = Q?, and they are denoted interchangeably. To
date, the most accurate measurement of F+ has been carried out in Hall C using the 'H(e,e'7*)n
reaction [VoO1]. These data extend to a value of Q2 of 1.6 (GeV/c)?. Recently those measurements
were extended to Q? = 2.5 (GeV/c)? [E01004], the largest value that can be reached with a 6 GeV
beam. The measurement of this form factor to @Q? = 6 (GeV/c)? and possibly higher, depending
on the magnitude of F_+, is one of the high priority components of the Hall C 12 GeV upgrade
program. The goal is to observe the transition to the pQCD dominated regime, thereby putting
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Figure 44: The 7 form factor. Recent Hall C data are denoted by black squares. The red diamonds
denote the projected data points with their anticipated error bars in Hall C at 12 GeV. Other
available data are shown as well. The curves are the results of various theoretical calculations: the
GPD based calculation [Mu02] using a power law dependent GPD is shown by a blue; a recent pQCD
calculation (including transverse corrections etc.) [St00] in green; the QCD sum-rule prediction of
ref. [Ra91] in red; and the Dyson-Schwinger result of ref. [Ma00] in black.

severe constraints on valence non-perturbative models and their higher twist corrections, as well as
other model approaches. F_; is extracted from the data by effectively extrapolating the longitudinal
cross section to the (non-physical) pion pole. The larger values of the invariant mass W that can
be accessed with an 11 GeV beam will allow one to take data closer to this pole, and to check the
pole dominance. The combination of the HMS and proposed SMS spectrometers is ideally suited

for such measurements.

Baryon Form Factors and GPDs  The description of baryons in terms of GPDs is more
complex. In case of the nucleon we have four functions H, E, H and E. Examples of form factor
type reactions involving baryons which will be measured are the proton electric to magnetic form
factor ratio Ggp/Gnp, the N — A resonance transition form factors, the N — Sj; transition
amplitude A; /5, and high —¢ Compton scattering from the nucleon. In each case, there is a direct

relationship between the form factor and a GPD.

FElastic Scattering from the Proton For nucleon elastic scattering, the Dirac (helicity non-flip)
and Pauli (helicity flip) form factors are the zeroth moments of the GPDs H and E respectively.

RO=YHO= [ YHeson  BO=YH0=[ LB, (3)

80



where ¢ signifies both quark and anti-quark flavors. We take the reference frame in which the
momentum transfer is transverse so that =0, and denote H%(x,t) = H%(x,0;t), FEi(x,t) =
E9(x,0;t), etc. There exist also other very important and useful sum rule constraints on the GPDs
in egs. 13. GPDs. They are that in the —¢ = 0 limit, H%(x,0) = f,(x), and E9(x,0) = g4(x), that
is, the GPDs coincide with the unpolarized and polarized structure functions which are measured
in deep inelastic scattering. Also, for the proton F7,(0) = 4/3 and FY 4(0) = —1/3, the charges
carried by the proton’s u and d valence quarks, such that 7, (0) + Fﬁd(O) = FP(0) = 1. Also, for
FJ we have Fy, (0) = fpu, and Fyp, a(0) = kp g, the anomalous magnetic moments carried by the

quarks such that k., + kp g = k, ~ 1.79. Similar constraints hold for neutrons as well.

Experimentally, it has been more convenient to present the Sachs form factors, which are linear

combinations of the Fermi and Pauli form factors, defined by the relationships

Gu(Q%) = Fi(Q%) + kFy(Q%) Gp(Q%) = F(Q%) — ThF2(Q%) . (14)

Here, 7 = Q%/4M?, M is the mass of the nucleon (either proton or neutron) and x is the nucleon’s
anomalous magnetic moment. The measurement of either set is equivalent to the measurement of
the other.

Of the four nucleon form factors, the magnetic form factor of the proton Gj,(Q?) has been
the most accessible in the multi GeV range, and had been extracted from ep elastic cross section

measurements with rather good accuracy out to high Q2. This is shown in Fig. 45.

The proton electric form factor G‘%(Qz) is difficult to obtain via a Rosenbluth separation,
which is especially subject to systematic errors, and it had previously been obtained with rather
poor systematic and statistical accuracy out to about 8 (GeV/c)2. Recently, new measurements
were performed in Hall A using a recoil polarization technique, which is not as subject to the same
systematic errors as the Rosenbluth technique. This result, and its possible interpretations have
been the most highly cited and most highly publicized JLab experiment to date, even reaching the
popular press. The ratio G%,/GY,, shown in Fig. 46, actually falls quite dramatically as a function
of @2, which contradicts previously held assumptions about the proportionality of G, and G,
with Q?, and suggests the intuitively baffling idea that the electric charge distribution is spatially
softer (larger size) than the magnetic moment distribution. One is naturally led to the question of
whether G%, /G4, will continue to fall with increasing Q? (even becoming negative!) It is projected
that with the 12 GeV upgrade, G%,/G%, could be measured up to Q* = 14 (GeV/c)?, in either
Halls C or Hall A. Projections are shown in Fig 46. This result has also forced us to go back and

re-evaluate existing G, data, yielding small modifications in the accepted values.

An initial application of GPDs to nucleon form factors [Ra98a] was for the proton Fj, based
on nonforward parton density of Eq. 10, with the constraint H%(z,0) = f?(x). With a single

parameter A having the reasonable value around 300 MeV for the average transverse momentum

81



1.25

1.00

0.25

o

(o)l

o
||||||||||||||||||

/

0 OO Il Il Il Il | Il Il Il Il | Il Il Il Il | Il Il
20 30

Q* (GeV/c)®

o
—
o

Figure 45: The proton magnetic form factor. The data [Si93] , from SLAC, has been adjusted to
account for the recent JLab measurements of G%,/G%,. The dashed curve is obtained [St02] by
applying the phenomenological soft wave function of Ref. [Ra98a] of Eq. 10, and the solid curve
results from the addition of a power law in k| component to account for the quark high momentum
tail.
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Figure 46: The s