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Preface

n a letter dated July 17, 2006, the Department

of Energy’s (DOE) Office of Science for Nuclear

Physics and the National Science Foundation’s (NSF)
Mathematical and Physical Sciences Directorate charged the
Nuclear Science Advisory Committee (NSAC) to “conduct
a study of the opportunities and priorities for U.S. nuclear
physics research and recommend a long range plan that
will provide a framework for coordinated advancement of
the nation’s nuclear science research programs over the next
decade.” This request set in motion a bottom-up review and
forward look by the nuclear science community. With input
from this community-wide process, a 59 member working
group, which included the present NSAC members, gathered
at the beginning of May, 2007, to develop guidance on how
to optimize the future research directions for the field based
on the projected resources outlined in the charge letter from
DOE and NSE. A new long range plan—7he Frontiers of
Nuclear Science—grew out of this meeting.

For the last decade, the top priority for nuclear science
has been to utilize the flagship facilities that were built with
investments by the nation in the 1980s and 1990s. Research
with these facilities has led to many significant new discov-
eries that have changed our understanding of the world in
which we live. But new discoveries demand new facilities,
and the successes cannot continue indefinitely without new
investment.

Based largely on the research of the past decade, the path
that will lead to continued progress and future discoveries in
nuclear science is now clear. Following the path will require
the new and upgraded facilities and detectors outlined in
this long range plan. The U.S. nuclear science community is
committed to this course. Without new investments, future

research in the field will be dominated by scientists in Europe

and Asia. Already Japan has spent over $1.5 billion on new
and upgraded nuclear science facilities in the last decade.
Similarly Europe, led by Germany and France, has spent or
committed close to $2 billion on major new projects. China
is now building new nuclear science research facilities, and
India promises to launch its own new construction projects
soon. The world’s investments in new and upgraded nuclear
science research facilities will soon top $4 billion. During
this same period, the United States has had no major new
construction projects in the field.

By following through on the commitment to double the
funding for physical science research over the next decade,
the United States can provide the resources needed to
maintain its competitive edge in nuclear science. New funds
for the field would be devoted to much-needed facility and
detector construction. Operations at existing facilities would
continue at approximately the same level as today. The size of
the permanent research staff would remain roughly con-
stant. But growth in the number of graduate students would
be accommodated to produce the future workforce for the
country. Projections indicate that an increase of about 20%
is needed over today’s Ph.D. production in order to meet
the demands to fill new positions in industry, medicine, and
national laboratories and to fill replacement positions from
retirements (particularly at universities and national labs).
Furthermore, the investment into new and upgraded facilities
and detectors promises to yield applications in many areas
including energy, medicine, homeland security, and materials
research.

The new plan presented here, 7he Frontiers of Nuclear
Science, gives the guidance that, if followed, will guarantee
that the United States continues to be a leader in nuclear sci-

ence research into the foreseeable future.







Overview and Recommendations

INTRODUCTION

The visible matter in the universe—the material that
makes up stars, planets, and us—has existed for billions of
years. But only recently have we had the knowledge and the
tools necessary to begin to explain its origin, evolution, and
structure. Nuclear scientists around the world have made tre-
mendous strides toward this goal over the past few decades.
And through that effort, we have developed applications
that make our world safer and healthier. But the task is a
great challenge—the strong force that creates matter behaves
like no other force in nature. To fully understand it requires
unique techniques and tools. The United States has long
played a leading role in this quest, and with the new invest-
ments outlined in this Long Range Plan, we will continue to
be a leader in the field well into the future.

Our evolving understanding of nuclear science has been
closely intertwined with the multiple revolutions that trans-
formed physics in the 20th century. Following the initial
discovery of radioactive decay in 1896, a theoretical founda-
tion for the field soon began to emerge with the introduction
of quantum mechanics, together with Einstein’s insight that
mass and energy were truly interchangeable—a fact that
would prove to have huge implications for electrical power
generation and national security. In the middle decades of
the century, the independent particle Shell Model provided
new insights into nuclear structure. The observation of
parity violation in beta decay gave key information that led
ultimately to the electroweak Standard Model. The realiza-
tion that nuclear reactions provide the energy that drives the
cosmos revolutionized our understanding of the universe.
And the discovery of point-like structure inside the proton
and neutron confirmed that these particles are made of more
fundamental building blocks—quarks and gluons—which in
turn led to the development of a theory of the strong interac-
tion called quantum chromodynamics (QCD).

Today, nuclear science is developing knowledge that
could lead to new revolutions in the 21st century. Through
strong recommendations by the Nuclear Science Advisory
Committee (NSAC) in previous Long Range Plans, and
support from the funding agencies, two flagship facilities
were completed in the 1990s: the Continuous Electron Beam
Accelerator Facility (CEBAF) at the Jefferson Laboratory
in Newport News, Virginia, and the Relativistic Heavy Ion

Collider at Brookhaven National Laboratory. The experi-
ments performed at these two facilities have fundamentally
changed our knowledge of QCD and how it defines nuclei as
they exist today, as well as how it determines the properties
of matter that existed in the hot-dense plasma soon after the
Big Bang and in the dense cores of neutron stars. Elsewhere,
nuclear scientists’ recent measurements of neutrino properties
have played a key role in verifying that neutrino oscillations
occur—and hence, that neutrinos have mass. Together with
the still unexplained predominance of matter over antimatter
in the universe, this startling discovery provides our first look
beyond the Standard Model. Nuclear physics is now poised to
discover key ingredients of the New Standard Model through
exquisitely sensitive neutrino studies and fundamental sym-
metry tests that will complement new particle searches at the
Large Hadron Collider (LHC).

Theoretical advances using next-generation computing
facilities, coupled with new experiments on rare isotopes
at National Science Foundation’s (NSF) flagship facility,
the National Superconducting Cyclotron Laboratory at
Michigan State University (upgraded in 2001), are advancing
our understanding of nuclei to new levels—and opening up
the real possibility of developing a truly predictive theory to
describe nuclei and their interactions. Meanwhile, the past
decade has produced major advances in our knowledge of
the evolution of the universe and the origin of the elements.
With these advances, we now know that nuclear reactions
on unstable nuclei are extremely important in astrophysical
environments. In some explosive situations, such as a super-
nova, they dominate. Nuclear scientists around the world
are developing beams of unstable nuclei in part to allow us
to better understand their role in stellar evolution. We are
just beginning to tap the potential of this new technology in
nuclear astrophysics and nuclear structure.

Building on the foundation of the recent past, nuclear
science is focused on three broad but highly related research
frontiers: (1) QCD and its implications and predictions for
the state of matter in the early universe, quark confinement,
the role of gluons, and the structure of the proton and neu-
tron; (2) the structure of atomic nuclei and nuclear astrophys-
ics, which addresses the origin of the elements, the structure
and limits of nuclei, and the evolution of the cosmos; and
(3) developing a New Standard Model of nature’s fundamen-




tal interactions, and understanding its implications for the
origin of matter and the properties of neutrinos and nuclei.

Each nuclear science frontier is guided by overarching
questions that serve to define it. These questions are listed
here and expanded upon in the science sections of the Long
Range Plan.

Quantum Chromodynamics
* What are the phases of strongly interacting matter,
and what roles do they play in the cosmos?

* What is the internal landscape of the nucleons?

* What does QCD predict for the properties of
strongly interacting matter?

* What governs the transition of quarks and gluons

into pions and nucleons?

* What is the role of gluons and gluon self-

interactions in nucleons and nuclei?

* What determines the key features of QCD, and
what is their relation to the nature of gravity and
spacetime?

Nuclei and Nuclear Astrophysics
* What is the nature of the nuclear force that binds
protons and neutrons into stable nuclei and rare
isotopes?

* What is the origin of simple patterns in complex
nuclei?

e What is the nature of neutron stars and dense
nuclear matter?

* What is the origin of the elements in the cosmos?

* What are the nuclear reactions that drive stars and
stellar explosions?

Fundamental Symmetries and Neutrinos
¢ What is the nature of the neutrinos, what are their
masses, and how have they shaped the evolution of
the universe?

* Why is there now more visible matter than antimat-
ter in the universe?

* What are the unseen forces that were present at the
dawn of the universe but disappeared from view as

the universe evolved?

RECENT ACCOMPLISHMENTS

Since the last Long Range Plan was written, many signifi-
cant new discoveries have been made in nuclear science. Only
a small fraction of the exciting work from the past six years
is discussed in the science sections that follow. Here we have
reduced this to an even smaller set simply to provide a flavor
for what nuclear science is about today.

Near-Perfect Liquid

In one of the most surprising discoveries of the past few
years, the hot matter that is formed when gold nuclei acceler-
ated by the Relativistic Heavy lon Collider (RHIC) collide
seems to expand like an almost perfect liquid. A quantity
used to characterize the resistance of liquids to flow—the
ratio of the viscosity to entropy density—is smaller than
for any other known liquid. It is so small, in fact, that it
appears to be very close to a lower limit recently derived
from the techniques of string theory, indicating that the
quark-gluon plasma formed in the collisions at RHIC is a
strongly coupled plasma and not a dilute gaseous plasma as
originally expected. This finding opens a completely new area
of physics—the study of extremely high-energy high-density
plasmas whose microscopic and collective properties are
dominated by quantum phenomena. One of the most impor-
tant scientific challenges for the next decade is a quantitative
exploration of this new state of matter.

Spin of the Nucleon

Protons and neutrons—the nucleons at the heart of every
atom—are complex, dynamic objects composed of quarks
and gluons that are bound tightly together by the strong
force. Each feature of the nucleon’s rich internal structure
that we have discovered has taught us much about QCD.
Theory and experiment working in concert can teach us, for
example, whether the quarks form clusters such as mesons
within the nucleon, and how quarks of different flavor may
be differently distributed in space and/or momentum. One
property of intense interest is the intrinsic angular momen-
tum—the “spin”—of the nucleon: it is precisely 1/2 (in
units of h/2m), and if we are to claim any understanding of
QCD, we must be able to identify how this value arises from
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the nucleon's internal structure. Recent measurements at
Jefferson Lab (JLAB) and at DESY in Germany have shown
that the up quarks have their spin aligned with that of their
parent proton, while the down quarks’ spins prefer the oppo-
site direction, and the strange quarks have little polarization
at all. Summing all flavors together, the quark spins account
for only about 30% of the proton’s spin. Recent, much-
anticipated measurements at RHIC have narrowed down the
contribution from the spin of the gluons, leaving the sharing
of the nucleon spin still as an open puzzle. Its solution could
lie within the grasp of future experiments at RHIC and at
JLAB after its 12 GeV CEBAF Upgrade. However, with
current technology we cannot access all of the regions where
quarks and gluons reside in the nucleon. Should Nature have
chosen to build the nucleon’s spin with large contributions
from regions inaccessible to current experiments, a complete
understanding of the proton spin would require development

of new tools to attack this fundamental problem.

Jet Quenching

QCD jets occur in all kinds of very-high-energy colli-
sions, arising from the hard scattering of incoming quarks
and gluons and their subsequent breakup into a characteristic
spray of particles that are measured in a detector. Jets have
been observed at RHIC in proton-proton, deuteron-gold,
and gold-gold collisions. But a dramatic change occurs in the
jet distributions from gold-gold collisions. When collisions
are nearly head-on, the typical pattern of back-to-back jets,
which are clearly seen in proton-proton and deuteron-gold
collisions, disappears and only one jet is observed. This jet
quenching indicates that the scattered quarks and gluons that
would produce the second jet undergo large energy loss—cor-
responding to a density that is 100 times that of normal
nuclei—as they traverse the matter formed in the collision.
Recent results further suggest that the energy lost by the
high-energy jets may appear as a collective “sonic boom.”
If this suggestion proves correct, it will allow determina-
tion of the speed of sound in this new matter. The effect
of jet quenching may open a new way for us to probe the
gluon density distribution of the matter—the quark-gluon

plasma—rformed in these violent collisions.

Charge Distribution of the Neutron

‘The neutron, as its name implies, is an electrically neutral
particle. But the neutron has magnetic properties that are
similar to its electrically charged counterpart, the proton,
which suggests that its internal charge distribution is quite
complex. A sustained effort worldwide over the last decade
(including experiments at JLAB and the Bates Laboratory at
the Massachusetts Institute of Technology) that utilized new
polarized beams and targets has resulted in a much clearer
picture of the neutron’s charge distribution. The core of the
neutron is positively charged. The neutron becomes electri-
cally neutral due to the significant cloud of negative charge
produced by virtual mesons that surround the core. These
new results provide very strong constraints for theory—par-
ticularly lattice QCD calculations—that aim to reproduce

the electric and magnetic properties of the neutron.

Probing the Limits of Stability

How many neutrons can we add to a stable nucleus
before it cannot hold any more? Answering this question will
provide critical information for theoretical predictions where
experiments cannot reach, and it will yield experimental
constraints for theories of fission that are relevant to future
energy technologies. Today we know the answer to this ques-
tion only for the lightest of the elements. We also have a good
understanding of the converse question—how few neutrons
can a nucleus hold and remain intact. As we push measure-
ments to more neutron-rich isotopes, we learn new features
about the strong interaction, which ultimately dictates where
this limit, called the neutron drip line, occurs in nature.
Recent measurements at the National Superconducting
Cyclotron Laboratory (NSCL) of very neutron-rich isotopes
of Al and Mg indicate that the drip line for these elements
is likely further from the line of stability than previously
thought. Mapping the neutron drip line will provide a wealth
of information on how the strong interaction saturates. It
is also vital in order for us to fully understand the origin of
the elements. Very heavy elements that exist in nature are
thought to have formed during stellar explosions in an envi-
ronment where rapid neutron capture occurs on an element
until it approaches the neutron drip line. Through a sequence
of neutron captures and nuclear beta decays, the very heavi-
est elements, such as uranium, can be made. This r-process
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nucleosynthesis is one of the key astrophysical processes that
we believe must occur—but so far, we have little nuclear data

to constrain it.

Stellar Reaction Rates

In recent measurements, the “N(p,y)”O reaction cross sec-
tion that controls hydrogen burning in stars via the Carbon-
Nitrogen-Oxygen (CNO) burning cycle has been measured
to be about a factor of 2 lower than previously thought. This
increases the derived ages for globular clusters and related
limits for the age of the universe, by about a billion years.
Meanwhile, pioneering measurements of reaction rates with
the present generation of stable-beam and rare-isotope-beam
facilities have employed new techniques to constrain a num-
ber of key reaction rates in nova explosions. This has reduced
uncertainties in modeling the hot CNO and Neon-Sodium
burning cycles and thus the production of long-lived radio-
isotopes such as "*F and *Na—nuclear decays that space-
based gamma-ray telescopes look for in novae remnants. In
a breakthrough for nuclear theory, a6 initio nuclear calcula-
tions are achieving sufficient precision to be able to determine

nuclear reaction rates and resonance lifetimes.

Neutrino Oscillations and Neutrino Mass

Just before the 2002 Long Range Plan was published, the
SNO collaboration completed the first measurements of both
charged- and neutral-current neutrino scattering for solar
neutrinos. These results verified, beyond doubt, that electron
neutrinos produced in the Sun were changing into a different
type of neutrino, thus explaining the puzzling shortage of
events seen in previous solar neutrino detectors and con-
firming the model predictions for solar energy generation.
Similar oscillation effects had been found a few years earlier
for atmospheric muon neutrinos. Now recent observations
from KamLAND have shown that antineutrinos produced
in a nuclear reactor also undergo oscillations. The fact that
neutrino oscillations occur, and therefore that neutrinos
have mass, has had an enormous impact on both nuclear
and particle physics. Together with cosmological determina-
tions of the matter and energy composition of the universe,
these observations have provided the first direct evidence for
physics beyond the Standard Model. In just a few years, the
neutrino mass mixing matrix has been established, and the
three mixing angles are now known or constrained. Nuclear
scientists are now working to determine the absolute mass

scale for neutrinos and to ascertain if neutrinos, unlike any

other particle in nature, may be their own antiparticle. If so,
neutrinos may hold the key to explaining the predominance

of matter over antimatter in our universe.

Precision Electroweak Studies

Precise measurements of electroweak interactions of
leptons and nuclei can uncover footprints of the funda-
mental symmetries of the New Standard Model. The E821
collaboration recently completed the world’s most precise
measurement of the muon anomalous magnetic moment
at Brookhaven; the result deviates from the best Standard
Model prediction now available. The E158 experiment
at SLAC has carried out the first measurement of parity
violation in electron-electron scattering, providing the most
stringent test to date of the energy dependence of the weak
mixing angle, one of the most important parameters of the
Standard Model. Together with increasingly refined measure-
ments of neutron and nuclear beta decay, these precision mea-
surements have stimulated considerable theoretical progress.
Nuclear theorists have substantially improved the precision
of Standard Model predictions and completed extensive new

calculations using supersymmetry and other candidates for
the New Standard Model.

PLANNING FOR THE FUTURE

As nuclear scientists have pushed the boundaries of
technology with new accelerators, more powerful computers,
and new detectors, we have made major discoveries about
the nature of the strong and electroweak interactions. This
new Long Range Plan focuses on the new science we must
confront to further improve our understanding of these basic
interactions, as well as on the tools needed to carry out this
program and open up the path for even more discoveries.

Long-range planning by the NSAC began nearly 30 years
ago. Today the process is community driven. It starts with
Town Meetings that are organized by the Division of Nuclear
Physics of the American Physical Society. In developing this
Plan, four Town Meetings were held to cover the science in
our three frontier areas (studies in QCD are so broad that
two meetings, with joint and parallel sessions, were held
at the same time and location to cover it), and a separate
Town Meeting was convened to discuss education issues. In
addition, sessions were organized at each Town Meeting to
discuss education and applications of nuclear science. White

Papers, which were written following the Town Meetings,
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served as input to the 59-member working group of nuclear
scientists, which included NSAC members, who gathered

in Galveston, Texas, from April 30 to May 4 to develop the
recommendations for the Plan. The outcome of the Galveston
meeting is a set of four recommendations that provide a
roadmap for the development of new and existing facilities
that, when implemented, will maintain U.S. leadership in

this critical area of science.

RECOMMENDATION I

We recommend completion of the 12 GeV
CEBAF Upgrade at Jefferson Lab. The Upgrade
will enable new insights into the structure of the
nucleon, the transition between the hadronic
and quark/gluon descriptions of nuclei, and

the nature of confinement.

A fundamental challenge for modern nuclear physics is
to understand the structure and interactions of nucleons and
nuclei in terms of QCD. Jefferson Lab’s unique Continuous
Electron Beam Accelerator Facility has given the United
States leadership in addressing this challenge. Doubling the
energy of the JLAB accelerator will enable three-dimen-
sional imaging of the nucleon, revealing hidden aspects of its
internal dynamics. It will complete our understanding of the
transition between the hadronic and quark/gluon descriptions
of nuclei, and test definitively the existence of exotic hadrons,
long-predicted by QCD as arising from quark confinement.
Through the use of parity violation, it will provide low-energy
probes of physics beyond the Standard Model, complement-
ing anticipated measurements at the highest accessible energy
scales.

RECOMMENDATION II

We recommend construction of the Facility for
Rare Isotope Beams (FRIB), a world-leading
facility for the study of nuclear structure, reac-
tions, and astrophysics. Experiments with the
new isotopes produced at FRIB will lead to a
comprehensive description of nuclei, elucidate
the origin of the elements in the cosmos, pro-
vide an understanding of matter in the crust of
neutron stars, and establish the scientific foun-
dation for innovative applications of nuclear
science to society.

We now have a roadmap to achieve the goal of a com-
prehensive and unified description of nuclei. Essential new
data on exotic isotopes, which only FRIB will provide, will
allow us to understand the nature of the forces that hold
the nucleus together, to assess the validity of the theoretical
approximations, and to delineate the path toward integrat-
ing nuclear structure with nuclear reactions. Advances in
astrophysics and astronomy are driving the need for new
and improved information on rare isotopes, including those
near the very limits of nuclear stability that will be available
for the first time with suitable rates at FRIB, to understand
the chemical history of the universe and the synthesis of
elements in stellar explosions. Rare isotopes are needed to
test the fundamental symmetries of nature, and are essential
for the many cross-disciplinary contributions they enable in
basic sciences, national security, and societal applications. To
launch the field into this new era requires the immediate con-
struction of FRIB with its ability to produce ground-breaking

research, and effective utilization of current user facilities,

NSCL, HRIBF and ATLAS.

RECOMMENDATION III

We recommend a targeted program of experi-
ments to investigate neutrino properties and
fundamental symmetries. These experiments
aim to discover the nature of the neutrino,
yet-unseen violations of time-reversal sym-
metry, and other key ingredients of the New
Standard Model of fundamental interactions.
Construction of a Deep Underground Science
and Engineering Laboratory is vital to U.S.
leadership in core aspects of this initiative.

The discovery of flavor oscillations in solar, reactor, and
atmospheric neutrino experiments—together with unex-
plained cosmological phenomena such as the dominance
of matter over antimatter in the universe—calls for a New
Standard Model of fundamental interactions. Nuclear
physicists are poised to discover the symmetries of the New
Standard Model through searches for neutrinoless double
beta decay and electric dipole moments, determination of
neutrino properties and interactions, and precise measure-
ments of electroweak phenomena.

The Deep Underground Science and Engineering
Laboratory (DUSEL) will provide the capability needed
for ultra-low background measurements in this discovery-
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oriented program. Experiments also will exploit new capa-
bilities at existing and planned nuclear physics facilities.
Developing the New Standard Model using the breadth of
new experimental results will require enhanced theoretical
efforts.

RECOMMENDATION IV

The experiments at the Relativistic Heavy Ion
Collider have discovered a new state of mat-
ter at extreme temperature and density—a
quark-gluon plasma that exhibits unexpected,
almost perfect liquid dynamical behavior. We
recommend implementation of the RHIC II
luminosity upgrade, together with detector
improvements, to determine the properties of

this new state of matter.

‘The major discoveries in the first five years at RHIC must
be followed by a broad, quantitative study of the fundamental
properties of the quark-gluon plasma. This can be accom-
plished through a 10-fold increase in collision rate, detector
upgrades, and advances in theory. The RHIC II luminosity
upgrade, using beam cooling, enables measurements using
uniquely sensitive probes of the plasma such as energetic jets
and rare bound states of heavy quarks. The detector upgrades
make important new types of measurements possible while
extending significantly the physics reach of the experiments.
Achieving a quantitative understanding of the quark-gluon
plasma also requires new investments in modeling of heavy-
ion collisions, in analytic approaches, and in large-scale

computing.

FURTHER INTO THE FUTURE

Gluons and their interactions are critical to QCD. But
their properties and dynamics in matter remain largely
unexplored. Recent theoretical breakthroughs and experi-
mental results suggest that both nucleons and nuclei, when
viewed at high energies, appear as dense systems of gluons,
creating fields whose intensity may be the strongest allowed
in nature. The emerging science of this universal gluonic
matter drives the development of a next-generation facil-
ity, the high-luminosity Electron-Ion Collider (EIC). The
EIC’s ability to collide high-energy electron beams with
high-energy ion beams will provide access to those regions

in the nucleon and nuclei where their structure is dominated

by gluons. Moreover, polarized beams in the EIC will give
unprecedented access to the spatial and spin structure of
gluons in the proton.
An EIC with polarized beams has been embraced by the
U.S. nuclear science community as embodying the vision
for reaching the next QCD frontier. EIC would provide
unique capabilities for the study of QCD well beyond those
available at existing facilities worldwide and complementary
to those planned for the next generation of accelerators in
Europe and Asia. While significant progress has been made
in developing concepts for an EIC, many open questions
remain. Realization of an EIC will require advancements in
accelerator science and technology, and detector research and
development. The nuclear science community has recognized
the importance of this future facility and makes the following
recommendation.
We recommend the allocation of resources to
develop accelerator and detector technology neces-
sary to lay the foundation for a polarized Electron-
Ion Collider. The EIC would explore the new QCD
frontier of strong color fields in nuclei and precisely

image the gluons in the proton.

INITIATIVES

As part of the planning process, a number of initiatives
were discussed. Three of those merited special consideration
by the working group and are considered to be very impor-
tant to the future of the field.

Nuclear Theory

Experimental and theoretical developments in nuclear
science go hand in hand, sometimes led by experiments
and other times by theory. A very strong theory program is
critical to the success of our field. Recent successes in areas
such as the internal structure and interactions of hadrons,
the properties of hot and dense matter, the explosion mecha-
nism of supernovae, the internal structure of nuclei, and the
nuclear equation of state have come from the application
of large-scale computing to problems in nuclear theory. We
strongly endorse the ongoing programs at Department of
Energy (DOE) and National Science Foundation (NSF) to
provide resources for advanced scientific computing,.

Beyond continued support for a healthy base program, we
recommend the funding of finite-duration, multi-institu-
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tional topical collaborations initiated through a competi-
tive, peer-review process. In addition to focusing efforts on
important scientific problems, these initiatives are intended
to bring together the best in the field, leverage resources of
smaller research groups, and provide expanded opportunities

for the next generation of nuclear theorists.

Accelerator Research and Development

Much of the experimental research in nuclear science is
based at particle accelerator facilities. The future program
is tied strongly to developments in accelerator technology.
Accelerators also are used in many applications outside of
nuclear science. We must support the development of new
capabilities that will enable future discoveries. Advances in
accelerator science and technology and the ability to attract
students to this field will be strongly enhanced by targeted
support of proposal-driven accelerator Research and
development supported by DOE and NSF nuclear physics.

Gamma-Ray Tracking

Gamma-ray detector arrays with high efficiency and high
resolution have had a major impact on our understanding
of nuclear structure over the past decade. But conventional
arrays do not maintain their power when the particles
undergoing decay move at high speeds. Now a new technol-
ogy that allows for tracking of gamma rays promises to make
the same high resolution, and even higher efficiency, possible
for fast particles. A 1n detector array, GRETINA, is being
built based on this new technology, and its first element has
verified that the device will work as planned. The implemen-
tation of a 4n gamma-ray tracking detector, GRETA, will
revolutionize gamma-ray spectroscopy and provide sensitivity
improvements of several orders of magnitude. Thus the con-
struction of GRETA should begin upon successful com-
pletion of GRETINA. This gamma-ray energy tracking
array will enable full exploitation of compelling science
opportunities in nuclear structure, nuclear astrophysics,

and weak interactions.

THE PROGRAM TODAY

Realization of the program that follows from implement-
ing the principal recommendations of this Plan will take
nearly a decade. During this time, we must maintain an
active program by effectively utilizing our existing U.S. facili-

ties and those available elsewhere in the world.

Research and Operations

Progress in nuclear science depends critically on a healthy
research program, and on the operation of the broad range
of facilities needed to carry out that program. Research is
carried out by individual faculty members, large university
groups, and groups at national laboratories. Each of these
components plays an important role in the research enter-
prise. In particular, the integration of research and teaching
at universities provides a natural environment for the educa-
tion and training of the future scientific workforce.

University-based accelerator facilities support a compelling
and diverse portfolio of research in nuclear structure, nuclear
reactions, nuclear astrophysics, and fundamental symme-
tries. The infrastructure at universities—either in support
of operations and research at local accelerator facilities or
participation in development of detectors, instrumentation,
and equipment for collaborative research projects—enables
university scientists to contribute significantly to new initia-
tives in the field. Support for the university facilities and
research infrastructure is essential to enable them to remain
significant partners in the nation’s scientific endeavors.

Operation of the major user facilities is an indispensable
component of the U.S. nuclear science program. Strategic
investments in new and upgraded facilities have positioned
the nation in a world leadership role in many areas of nuclear
science. Exploiting these facilities provides extraordinary
opportunities for scientific discoveries, preserves scientific
output, and educates young scientists vital to meeting
national needs. Specifically, it is critical: to sustain effec-
tive facility operations at CEBAF and RHIC in support of
their world-leading research in QCD and at levels that allow
equipment upgrades to proceed in a timely way; to opti-
mally operate NSCL, taking advantage of its world-leading
capabilities with fast rare-isotope beams; and to invest in the
ATLAS and HRIBF user facilities with their unique low-
energy heavy-ion and rare-isotope beams.

International Collaboration

For many decades, nuclear scientists in the United States
have sought the best facilities in the world to carry out their
research. Some examples of this include measurements
done by U.S. researchers studying QCD at high-energy
physics facilities such as DESY in Germany, Fermilab, and
SLAC; experiments carried out on nuclei far from stabil-
ity at facilities including ISOLDE at CERN, GANIL in
France, RIKEN in Japan, and GSI in Germany; experiments
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involving relativistic heavy-ion beams at the SPS at CERN;
and the underground laboratories throughout the world that
have housed neutrino detectors. Certainly the United States
has benefited from the influx of researchers from abroad
who have participated in, and often led, experiments at U.S.
facilities.

As nuclear science facilities become larger and more
complex, the costs of construction and operation escalate. It
is not only natural but necessary that we maintain a global
view of our field in order to maximize the potential for
future discoveries. New facilities that will impact nuclear
science are coming online in Europe and Japan. In Europe
the LHC at CERN will soon be observing Pb-Pb collisions
in a totally new energy regime. U.S. nuclear scientists already
are involved in preparing several of the large detectors for
these experiments. Construction has now begun at GSI on
the Facility for Antiproton and Ion Research (FAIR). FAIR
will open new possibilities for research in rare isotopes and in
QCD. Also underway in Europe is an upgrade of the facilities
at GANIL in France which will greatly extend the rare-
isotope research capabilities there. In Japan, the Radioactive
Ion Beam Factory (RIBF) at RIKEN has begun initial opera-
tions. As the beam power at RIBF is increased, it will become
the premier facility for producing nuclei far from stability
until FRIB is completed. Also in Japan, the JPARC facility,
which features high-power, high-energy proton beams, is
nearing completion. These new facilities, along with existing
ones such as ISAC at TRIUMF, provide opportunities for
nuclear scientists in the United States to carry out research

abroad that is not possible with our existing facilities.

Education

Education and outreach are fundamental underpinnings
that support the mandate of DOE and NSF to advance the
broad interests of society and to help ensure U.S. competi-
tiveness in the physical sciences and technology. The role of
educating the next-generation workforce in nuclear science is
crucial since the United States is facing a potentially serious
shortage of qualified workers in pure and applied nuclear sci-
ence research, nuclear medicine, nuclear energy, and national
security. A key to increasing the number of new nuclear
science Ph.D.s is to reach potential students while they are
still undergraduates. Outreach by nuclear scientists also is
vital. The public, and even scientists in other disciplines, are

often uninformed or misinformed about nuclear science and
its benefits. The nuclear science community should endeavor
to increase the number and diversity of students who pursue
a graduate degree in nuclear science and to effect a change
in the understanding of the field by the public, through:

(1) the enhancement of existing programs and the incep-
tion of new ones that address the goals of increasing the
visibility of nuclear science in undergraduate education
and the involvement of undergraduates in research; and
(2) the development and dissemination of materials and
hands-on activities that demonstrate core nuclear science

principles to a broad array of audiences.

Applications

The world we live in today is a reflection of the enormous
advances in technology of the past century. Nuclear science
has contributed directly to key areas of this technological
revolution, including energy production and medicine, and
indirectly through training of a scientific workforce. New
applications derived from basic research in nuclear science
continue to be developed. As a recent example, nuclear scien-
tists are directly involved in developing techniques based on
basic nuclear science research for scanning cargo containers
for dangerous materials as they enter our ports or pass our
border stations. While we cannot say what new applications
will be developed in the future, we can say, based on past his-
tory, that there will be many.

Through applications, nuclear science provides a return
on the federal investment made to support the program of
basic research. Recognizing this, we welcome closer ties

between basic research and the applications of our trade.

RESOURCES

NSAC was provided budget guidance by DOE and NSF
in the charge letter that requested this new Long Range Plan.
Specifically, the letter stated: “The projected funding for
DOE is compatible with implementing the 12 GeV CEBAF
Upgrade, and starting construction of a rare-isotope-beam
facility that is less costly than the proposed Rare Isotope
Accelerator (RIA) facility early in the next decade. At NSF

the process has been put in place for developing a deep
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underground laboratory project and bringing this project
forward in a funding decision.”

RIA was the highest priority for new construction in the
2002 Long Range Plan. It was an ambitious project that, if
built, would have given the United States clear leadership in
studies of the physics of nuclei and nuclear astrophysics. It
was tied for third for new construction in the DOE report
Facilities for the Future of Science: A Twenty-Year Outlook
published in 2003. But by early in 2006 it became clear that
the cost of RIA, which was estimated to be about $1.1 billion
in 2005, exceeded funding that would be available in future
budgets. An NSAC subcommittee considered the options for
a new facility for rare-isotope beams—FRIB—that could fit
within future budget projections and in a recent report rec-
ommended that DOE and NSF proceed with a facility based
on a 200 MeV/nucleon, 400 kW superconducting heavy-ion
driver linac.

In assembling this Plan, the working group considered
carefully the need to balance the requirements of the on-
going program with the development of new research tools.
Previous Long Range Plans have recommended substan-
tial increases in research funding in order to develop and
maintain the infrastructure needed to build and operate new
instrumentation. These increases have not occurred at DOE,
but rather research has been funded at close to a constant
effort for the past two decades. At NSF, funding for research
in nuclear science has been close to a constant dollar level
and consequently has eroded with inflation. Thus the need to
increase research funding remains. When faced with a choice
of improving research funding or developing our facilities,
the consensus, as exemplified in the recommendations, was
to maintain a near constant level of effort for the research
program and facility operations, based on the FY2008
President’s budget request, and to invest additional resources
in the tools needed to make new discoveries in the future.

Implementing the four principal recommendations of this
Plan can be accomplished with a funding profile consistent
with doubling the DOE’s Office of Nuclear Physics budget,
in actual year dollars, over the next decade, together with
NSF funding for DUSEL including some of the equipment
for experiments to be carried out in DUSEL. Following
a staged approach, construction funds for the upgrade of
CEBAF at JLAB, Recommendation I, will begin in FY2009

and continue until FY2015. Work toward the construction
of FRIB, Recommendation II, will begin in FY2009 with
major construction funding occurring between FY2012

and FY2017. An NSF panel recently chose the Homestake
mine as the site for DUSEL. Preparation of a full proposal
for this new facility, which is part of Recommendation

111, is the next step in making it a reality. The experiments

in fundamental symmetries and neutrino physics that are
part of Recommendation IIT will need both DOE and NSF
support. Detector upgrades at RHIC, which are part of
Recommendation IV, will proceed over several years, and the
accelerator modifications needed to implement beam cooling,
which will significantly increase the RHIC luminosity, will
be carried out between 2012 and 2015. Following this course,
nuclear science in the United States will continue to have
world-leading facilities into the future.

As part of the charge to develop this Plan, NSAC was
asked to provide information on “what the impacts are and
priorities should be, if funding available provides constant
level of effort (FY2007 President’s Budget Request) in the
out-years (FY2008-2017).” Since starting work on the Plan,
the President’s Budget Request for FY2008 has been submit-
ted to Congress. For purposes of discussion, the FY2008
request level has been used for projection, at constant effort,
into the out-years.

Constant effort funding falls far below the level needed to
carry out the four recommendations in the Plan. The staged
approach of upgrades and new facility construction that has
been put forward already delays projects ready to be carried
out sooner if funding were available. The U.S. nuclear science
program will erode without significant new capital invest-
ments. At present, this need is most acute in research pro-
grams that require intense beams of rare isotopes—essential
for advancing our understanding of both the physics of
atomic nuclei and nuclear astrophysics. Maintaining a U.S.
leadership position in this vital subfield requires the genera-
tion of significant new capabilities for rare-isotope beams
on a timely basis. If budgets were restricted to constant
effort, proceeding with any of the new initiatives presented
in this Plan would be possible only by reduced funding for
operations and research, with clear adverse and potentially
dire consequences for core components of the U.S. nuclear

physics program. Since nuclear science, like all areas of basic
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research, evolves in time, it is impossible now to forecast
what strategy would minimize damage to the field if future
budgets dictated such stark choices.

We have witnessed many major new discoveries in nuclear
science over the last decade that were the direct result of the
construction and operation of new facilities and detectors
during the 1980s and 1990s. We also have seen a growing
use of exciting new technologies developed in nuclear science

both in well-established areas of application, such as medi-
cine, and in important new areas such as homeland security.
Continuing this growth and reaping the benefits it provides
will require new investments. With these investments, the
United States. will maintain its present world-leading posi-
tion in nuclear science. And we will continue to contribute to

the economic growth, health, and security of our nation.
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Quantum Chromodynamics: From the Structure of
Hadrons to the Phases of Nuclear Matter

fundamental quest of modern science is the explora-

tion of matter in all its possible forms. Over the past

century, as this quest has taken us further and further
inward, scientists have discovered that all matter is composed
of atoms; that each atom contains a tiny, ultra-dense core
called the nucleus; that the nucleus is composed of particles
called prorons and neutrons (often referred to collectively as
nucleons); and that these nucleons are members of a broader
class of particles called hadrons, which are complex bound
states of nearly massless guarks and massless gluons. The quest
has even yielded a set of mathematical equations known as
quantum chromodynamics (QCD), which gives us a theoreti-
cal framework for understanding how quarks, gluons, and all
these hadrons behave.

Today, however, we stand at a new frontier: understanding
precisely how the quarks and gluons are assembled to form
the nucleons.

This problem is fundamental and unique in the history of
science. First, the forces described by QCD are far stronger
than the familiar forces of gravity, electricity, and magnetism.
In everyday objects such as cars, tables, and hairbrushes, for
example, the mass of the whole can be found very easily:
just add up the masses of all the parts. This approach works
as well, to very good approximation, for molecules, atoms,
and nuclei. But that does not work at all for a proton or
neutron, where the masses of the quarks and gluons account
for only about 1% of the total mass. The rest arises from the
fiercely strong energy of interaction among the particles, via
Einstein’s famous relation E=mc?.

Second, the forces described by QCD are highly
nonlinear. So unlike photons, which carry the electric and
magnetic forces and which basically ignore one another, the
gluons that carry the strong force can interact among them-
selves and spawn additional gluons. One bizarre result is that
the strong forces behave in a way that is exactly the opposite
of what happens with gravity, electricity, and magnetism:
the force is weakest when the quarks and gluons are close
together. (The 2004 Nobel Prize in Physics was awarded
for the demonstration of this property, known as asymprotic
[freedom.) This result does allow the predictions of QCD to
be rigorously tested in high-energy scattering experiments,
where the particles do get very close together, and where
standard calculation techniques appropriate to weak interac-
tions can be applied. But it also means that the forces become
stronger and stronger as the particle separations approach

the size of a proton—at which point the gluons prolifer-

ate and begin to produce quark-antiquark pairs. Indeed,

the forces become so strong that the quarks and gluons are
effectively confined inside the nucleons and can never get
out. A quantitative understanding of this confinement defies
traditional mathematical approaches, even though we know
the underlying theory. This poses an enormous theoretical
challenge—to find new ways of solving the QCD equations
in this regime—as well as a matching experimental chal-
lenge: to devise innovative methods to infer the properties of
particles that can never be isolated from one another.

Another, closely related problem on the frontier of nuclear
science is to understand what happens when nucleons “melt.”
QCD predicts that nuclear matter can change its state in
somewhat the same way that ordinary water can change
from ice to liquid to steam. This can happen when nucleons
are compressed well beyond the density of atomic nuclei, as
in the core of a neutron star, or when they are heated to the
kind of extreme temperatures found in the early universe.

In particular, QCD predicts that the universe spent the first
10 microseconds after the Big Bang as a quark-gluon plasma
(QGP), with unbound quarks and gluons roaming freely.
QCD calculations utilizing a technique known as laztice
gauge theory suggest that the quark-gluon plasma condensed
into ordinary hadrons only after the temperature fell below a
critical value of about two trillion degrees Celsius.

The calculations also suggest that this transition was
accompanied by a profound change in the nature of the
“empty” space in which the quarks and gluons moved. To
physicists, space is never truly empty—quantum mechanics
dictates that even the vacuum is filled with quarks and gluons
that appear for a fleeting moment and then disappear, giving
it structure. Below the critical temperature, the “color” force
that binds quarks is long ranged and permanently confines
them into hadrons; above it, the force is screened, and quarks
as well as gluons are unshackled. This change is accompa-
nied by another drastic modification in the structure of the
vacuum. Below the critical temperature, the vacuum forces
a quark to constantly change the corkscrew orientation of
its spin, known as chirality, from left to right and back. Or
to put it another way, the chiral symmetry of the vacuum is
“broken.” But above that temperature the chiral symmetry of
the vacuum is restored, and the chirality remains unaffected.
General theoretical arguments dictate that only massless
particles can have perfect chiral symmetry; thus, the break-
ing of this chiral symmetry by the “ordinary” vacuum we see
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below the critical temperature is intimately connected to the
generation of mass of the ordinary hadrons around us.

Understanding the strong force and its implications for
the behavior of matter is a major component of the enterprise
of nuclear science. Six questions guide this study:

e What are the phases of strongly interacting matter
and what roles do they play in the cosmos? As dis-
cussed above, QCD predicts that soon after the birth
of the universe, a sea of quarks and gluons—the quark-
gluon plasma—coalesced into protons and neutrons.
Can we replicate that transition in the laboratory by
creating a high-temperature, high-density environment
that temporarily frees quarks from their normal con-
finement within protons and neutrons? Experiments to
address this most fundamental question have produced
tantalizing indications of just such a transition. Further
studies will lead to an understanding of matter in the
early universe and provide important clues on matter as

it now exists in the interior of compact stars.

e What is the internal landscape of the nucleons? For
many years, we have known that the nucleons are com-
posite particles made up of quarks and gluons, and we
have partial answers concerning the internal structure
of protons and neutrons from years of measurements
with high-energy probes. New experiments will provide
an unprecedented, tomographic view of the quarks and
their motion inside the nucleons, and map the distribu-
tions of quarks and gluons in space, momentum, type
of quark, and spin orientation.

e What does QCD predict for the properties of
strongly interacting matter? A critical step in the
quest to understand strongly interacting matter is to
confront the results of experiments with the quan-
titative implications of QCD. Doing so is exceed-
ingly challenging because the strong force cannot be
accurately described at the relevant scales by means of
analytical calculations. Future progress will require
extensive numerical simulations on a scale that has
never before been undertaken.

e What governs the transition of quarks and gluons
into pions and nucleons? Nucleons, and the pions
that bind them together into atomic nuclei, must
emerge from nearly massless quarks and gluons. The
process that transforms deconfined matter into hadrons
and nuclei remains poorly understood. Dedicated

measurements are needed to launch a new stage in
understanding both how quarks accrete partners from
the vacuum or debris of high-energy collisions to form
hadrons, and how the interaction among protons and
neutrons arises from QCD.

e What is the role of gluons and gluon self-interac-
tions in nucleons and nuclei? QCD predicts that glu-
ons behave in ways unlike any other known particles.
The self-interactions of gluons are, in fact, so strong
that they confine quarks inside the proton and contrib-
ute substantially to its mass, and possibly its spin. The
excitations of the confining glue may produce a whole
new spectrum of “hybrid” particles that have yet to
be seen. And a universal ensemble of densely packed
gluons may exist in all strongly interacting particles,

including nuclei, but is yet to be observed.

e What determines the key features of QCD, and
what is their relation to the nature of gravity
and spacetime? QCD provides the framework for
understanding the detailed workings of a theory that
combines strong interactions, relativity, and quan-
tum mechanics. It is a rigorously defined theory in
which questions have unique, although often hard to
obtain, answers that can be compared to experiment.
Understanding some of its features has been one of the
richest sources of information used in building funda-
mental theories beyond QCD. Understanding them
more deeply could elucidate recently uncovered intrigu-
ing deep connections between QCD and quantum

theories of gravitation.

In the sections below, we outline recent progress in our
efforts to answer these questions, and we provide a roadmap
for how we plan to make major progress in this field over the
next decade.

We expect to find many new and unpredicted phenomena
as we move forward in this quest. From the study of normal,
atomic matter we have learned that even a fundamentally
simple force, like the electromagnetic interaction, can give
rise to an enormous variety of different materials with many
different phases, which often have surprising properties.

The greater inherent complexity of the strong nuclear force,
together with the special role of the vacuum, similarly prom-
ises a wealth of matter states built from quarks and gluons,
some of them with entirely novel, previously unobserved

properties.
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QCD and the Structure of Hadrons

OVERVIEW

Understanding of the fundamental structure of matter
requires an understanding of how quarks and gluons are
assembled to form the hadrons: the family of strongly inter-
acting particles that includes protons, neutrons, and other
entities found in atomic nuclei, in compact stars, and in the
early universe. Nuclear physicists can probe the arrangement
of quarks and gluons inside the nucleons by accelerating
electrons, hadrons, or nuclei to precisely controlled ener-
gies, smashing them into a target nucleus, and examining
in exquisite detail the final products. The “low momentum
transfer” particles—meaning those that are hardly affected
in direction or energy by the scattering process—provide a
kind of wide-angle, low-resolution image of the structure.
This information allows the experimenters to map the static,
overall properties of the proton and neutron, such as their
shapes, sizes, and responses to externally applied forces—all
of which can then be compared to predictions from QCD-
inspired models, and to numerical solutions of QCD that rely
on advanced computer simulations.

Meanwhile, a higher-resolution probe of the structure
comes from particles that have scored a near-direct hit on
something hard and granular inside the nucleon—a quark—
and been deflected through a relatively large angle. Such
hard-scattering events typically arise through electron-quark
interactions or quark-antiquark annihilation processes. Either
way, the events can be visualized by picturing the nucleon as
a large and ever-changing number of constituents, or partons,
having appropriate distributions of momentum or spin.
Generalized parton distributions (GPD) provide a unified
framework for connecting the gross properties encountered
at low resolution and the partonic description applicable at
high-momentum transfer.

The Jefferson Lab (JLAB) facility in Newport News,
Virginia, which features the Continuous Electron Beam
Accelerator Facility (CEBAF) and a full complement
of experimental tools, is a world-leading laboratory for
research into the fundamental building blocks of atomic
nuclei. Augmenting JLAB are dedicated experiments at
the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory, which uses polarized proton-proton col-
lisions, as well as experiments at DESY, Mainz and CERN.
By now, the use of sophisticated polarized beams, polarized
targets, large-acceptance detector systems, and high duty-

factor beams has become standard practice. Major conceptual

and technical advances have allowed hadron structure studies
to flourish in recent years, with understanding spurred by
results from CEBAF and RHIC.

In this chapter, we outline the recent and expected prog-
ress in revealing the internal structure of hadrons.

PROBING THE NUCLEONS:
RECENT ACHIEVEMENTS

Some of the most important accomplishments since the
2002 Long Range Plan are:

¢ Recent measurements further constrained the
quark-gluon origin of the nucleon spin. JLAB and
DESY experiments have found that the up quarks have
their spin parallel to the nucleon polarization, while the
down quarks have their spin antiparallel—and the sea
quarks have very little polarization at all. Experiments
at RHIC point to a relatively small gluon polariza-
tion. These measurements indicate that the solution
of the spin puzzle—how the various ingredients of
nucleon structure contribute to its spin—still remains

incomplete.

o The charge distribution of the neutron was mapped
precisely and with high resolution. The measure-
ments confirmed that the neutron has a positively

charged core and a negatively charged pion cloud.

o The era of precision predictions from numerical
solutions of QCD—lattice QCD—in the quark
confinement region was launched. This has been
facilitated by improvements to technical aspects of the
calculations and establishment of dedicated multi-tera-
flop computer installations, following up on the Large-
Scale Computing Initiative outlined in the 2002 Long
Range Plan.

o DPrecision measurements of mirror symmetry (par-
ity) violation in electron scattering set tight upper
constraints on the contributions of strange quarks
to the electric and magnetic properties of the
proton. These results provide one of the most precise
comparisons of experiment with lattice QCD. The pre-
cision achieved in these measurements paves the way
to a generation of experiments in search of the New
Standard Model, with sensitivities comparable to those
expected at the much higher energies of the LHC.
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¢ Pioneering measurements have produced initial
constraints on generalized parton distributions
within the nucleon. The GPDs have been connected
theoretically to six-dimensional space-momentum
maps of the nucleon’s internal structure, linking the
existing spatial maps of proton structure at low energies
and parton momentum distributions at high energies.
Measurements at DESY and JLAB have demonstrated
the experimental access to these GPDs. A roadmap was
introduced to map the quark orbital angular momen-

tum from the next generation of such measurements.

e Sizable spin-orbit correlations were found to affect
both the quark distributions within the proton and
the process by which hadrons form from quarks.
Unexpectedly large left-right asymmetries were mea-
sured in meson production from transversely polarized
protons in experiments at DESY and RHIC. This indi-
cates large spin-orbit correlations of quarks within the
proton and in the hadron-formation process. Vigorous
theoretical work has led to a new framework for treat-
ing the long-neglected components of parton motion
transverse to the proton’s momentum.

o Three-nucleon short-range correlations in nuclei
were directly observed. Clear evidence for two-
nucleon and three-nucleon short-range correlations
was observed in inelastic electron scattering from ‘He,
12C, and *°Fe at JLAB. A fundamental tenet of nuclear
physics is that these correlations dominate the short-
distance structure of complex nuclei, but their short-

range character has been hard to quantify.

THE FUTURE: THE JLAB 12 GEV UPGRADE

Remarkable progress has been made in addressing both
the theoretical and experimental challenges over the past
decade, enabled in large part by the long-term U.S. invest-
ment in two premier accelerator facilities—CEBAF and
RHIC—dedicated to the study of complementary aspects
of QCD matter. In the immediate future, exciting results
will continue to emerge from the continuation of the JLAB
program with up to 6 GeV beam energies and the RHIC spin
physics program. Still greater progress is fueled by planned
upgrades of CEBAF at JLAB, RHIC, and by a future new
Electron-Ion Collider (EIC) facility.

The highest recommendation of this Long Range Plan is
the rapid completion of the energy doubling of JLAB, the
12 GeV CEBAF Upgrade. This will offer 100% duty-fac-
tor electron and tagged photon beams with high intensity,
polarization, and broad kinematic reach, opening new oppor-
tunities for discovery in our field. The combination of these
beams with greatly enhanced detector and electronics tech-
nology will improve data rates by orders of magnitude, pro-
viding critically needed data for the investigation of a broad
range of QCD phenomena that simply have not been experi-
mentally accessible. Exploiting these features will make pos-
sible the full exploration of the valence structure of nucleons
and nuclei and promises the extraction of full “tomographic”
images. Crucial questions concerning the existence and prop-
erties of hypothesized new states of matter, the exotic mesons,
will be answered definitively, and these answers will guide
our understanding of the underlying mechanism of quark
confinement. It will be possible to probe nuclear structure
at its most fundamental level, in terms of the underlying
quarks and gluons. Lastly, using the exceptionally high-qual-
ity beams for which JLAB has become famous, one will seek
the subtle signals of new physics beyond the current Standard
Model of nuclear and particle physics.

In the long term and as the next exciting step, an
electron-ion collider with a center-of-mass energy in the 30
to 100 GeV range and a luminosity of at least 10*/A cm™s™
is envisioned. This collider would complement the detailed
explorations of the valence regime, which will be completed
by the 12 GeV CEBAF Upgrade, by enabling precise and
detailed studies of the nucleons and nuclei in the regime

where their structure is dominated by gluons and sea quarks.

THEORETICAL ADVANCES

Experimental progress is paralleled by major advances in
QCD theory. Numerical calculations on a discrete four-
dimensional spacetime lattice are the only known way to
solve QCD rigorously in the strong coupling regime relevant
to nuclear physics. However, the current formulation of lat-
tice QCD cannot solve all hadron physics problems, even in
principle. For some problems, approaches in which the phys-
ics at different distance scales are systematically separated and
solved one scale at a time are more appropriate. For a large
class of problems, such as hadron formation from quarks
and the structure of hadron excited states, phenomenologi-
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cal methods and modeling are indispensable. Advances in

all these directions have been significant in the past years to
address the question: what does QCD predict for the prop-
erties of strongly interacting matter, or in particular, how
can the distributions of quarks and gluons be treated theo-
retically and related to measurable properties of hadrons, and
what are the detailed mechanisms by which mass is generated
from nearly massless particles?

Lattice QCD

The combination of advances in lattice field theory,
developments in computer technology, and the investment
by DOE in terascale facilities for lattice QCD has given rise
to dramatic progress toward first-principles calculations of
hadronic physics. Lattice QCD calculations that include the
full range of quantum fluctuations have become standard,
and their results can be realistically compared with experi-
mental data after theoretical extrapolation to physical quark
masses.

With modern theoretical and numerical techniques,
fundamental properties of the nucleon were calculated, such
as the nucleon axial charge and the electromagnetic form fac-
tors, and were found to be in good agreement with experi-
mental data. Increasingly realistic calculations for the excited
states of nucleons and mesons give new hope for understand-
ing the physical origin of hadron resonances. Hadron-hadron
scattering is now being explored on the lattice through clever
theoretical formulations, promising an exciting future to bet-
ter understand the force that binds nuclei. These and many
other quantities pertinent to the hadron structure, spectrum,
and interactions have been explored with increasing levels of
sophistication.

Perturbative QCD and Factorization

The asymptotic freedom of QCD makes it possible to use
perturbation theory to treat interactions of quarks and gluons
at short distances. In high-energy scattering, short-distance
and long-distance physics may be separated to leading power
in momentum transfer—an approach known as “factoriza-
tion.” For example, the cross sections for hard electron-proton
or proton-proton collisions that transfer large momentum can
be expressed as a product of a short-distance partonic (quark
or gluon) cross section, calculable in perturbative QCD, and
parton distribution functions that encode the long-distance
information on the structure of the proton. Measurements of

the cross sections, when combined with perturbative QCD

calculations of the partonic hard-scattering cross sections,
will therefore provide insight into the structure of the proton.
Much of what we know today about the proton’s substructure
is based on this approach, which is a cornerstone of the ongo-
ing and future programs at JLAB and RHIC.

Traditionally, the spatial view of nucleon structure
provided by lattice QCD and the momentum-based view
provided by the parton picture stood in stark contrast.
Recent theoretical developments have clarified the connec-
tion between these two views, that of momentum and that of
spatial coordinates, such that ultimately it should be possible
to provide a complete “space-momentum” map of the proton’s
internal landscape. These maps, referred to as generalized
parton distributions, describe how the spatial shape of a
nucleon changes when probing differing ranges of quark
momentum. Projected along one dimension, GPDs repro-
duce the form factors; along another dimension they provide
a momentum distribution. With enough information about
the correlation between space and momentum distributions,
one can construct a full “tomographic” image of the proton.
The weighted integrals, or moments, of the GPDs contain
information about the forces acting on the quarks bound
inside the nucleon. These moments can now be computed
using lattice QCD methods. Not only do they have an attrac-
tive physical interpretation, but they can also be compared
directly to unambiguous predictions from the underlying
theory. Higher-order QCD corrections for many observables
sensitive to GPDs have now also been calculated, strengthen-
ing the theoretical underpinning for extraction of GPDs.

Effective Field Theory

Effective field theories provide a powerful framework for
solving physical problems that are characterized by a natural
separation of distance scales. They are particularly important
tools in QCD, where the relevant degrees of freedom are
quarks and gluons at short distances and hadrons and nuclei
at longer distances. Indeed, at energies below the proton
mass, the most notable features of QCD are the confine-
ment of quarks and the spontaneous breaking of QCD’s
chiral symmetry. Chiral perturbation theory is an effective
field theory that incorporates both; when applied to mesons
it is a mature theory. Perhaps the most striking advances
in chiral effective field theory have come in its application
to few-nucleon systems. This has yielded precise results for
nucleon-nucleon forces and also produced consistent three-

nucleon forces. This opens the way for precision analyses of
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electromagnetic reactions on light nuclei, e.g., the Compton
scattering reactions on systems having two or three nucleons
that will be explored at the High-Intensity Gamma-Ray
Source (HIYS) facility at Duke University.

The Roles of Phenomenology
and Model Building

Models have historically played an important role in the
development of nuclear and hadronic physics as stepping
stones to more fundamental theories. The spin-orbit interac-
tion discovered by Goeppert-Mayer was the underpinning for
the nuclear shell model. The Veneziano model for hadron-
hadron scattering amplitudes spearheaded development of
string theory. The nonrelativistic quark model and the bag
model embody salient qualitative features of hadron spectra
and structure. Model building is a valuable tool for devel-
oping intuition about complex systems and for connecting
results of b initio computations and experimental data.
Figure 2.1 shows the interplay between models and lattice
QCD, and confirms that almost all of the constituent quark
mass in a proton arises from the gluons that propagate with

the quark.
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Figure 2.1: Mass from nothing. In QCD a quark’s effective mass depends
on its momentum. The function describing this can be calculated and is
depicted here. Numerical simulations of lattice QCD (data, at two different
bare masses) have confirmed model predictions (solid curves) that the vast
bulk of the constituent mass of a light quark comes from a cloud of gluons
that are dragged along by the quark as it propagates. In this way, a quark
that appears to be absolutely massless at high energies (m = 0, red curve)
acquires a large constituent mass at low energies.

From Lattice QCD to Hadronic Structure
and Hot Nuclear Matter

Structure from QCD

How does the observed structure of
nucleons and other hadrons arise from
QCD? How does the spin of the nucleon
arise from its constituent quarks and
gluons? What role do the strange quarks
play in the nucleon’s structure? What is the
spectrum of excited states of the nucleon
predicted by QCD? What is the nature
of the nucleon-nucleon and hyperon-
nucleon interaction? What happens to
nuclear matter when you compress and
heat it? These questions go to the heart of
our understanding of the strong interac-
tion and can now be addressed numeri-
cally by lattice QCD.

Quantum Hopscotch

QCD is the accepted theory of the
strong interactions, describing matter in
terms of quarks and gluons. Unfortunately,
while the QCD equations are simple to
write down, they are very hard to solve
in any purely mathematical way, largely
because the quarks and gluons interact
strongly with each other. Lattice QCD is
a technique to solve QCD numerically
instead. The idea is to replace continuous
spacetime with a grid, or lattice, of points,
and to model the motion of the quarks and
gluons as a series of hops from one lattice
point to the next. In lattice QCD one can
vary parameters such as the quark masses,
or the number of quark colors, and see

how hadrons respond—"experiments” not
possible in the real world.

Back to the Real World

By making the lattice fine enough and
by adjusting quark masses to their physical
values, physicists can learn about hadrons
in the real world of smooth and continu-
ous spacetime. They can then test the
accuracy of these calculations by compar-
ing lattice results with experimental data
on, say, the charge distribution in the
nucleon (see page 20, bottom left), or the
contribution of quarks to the nucleon spin.
Scientists can also make predictions for
hadronic properties not readily accessible
to experiment.
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Putting the Heat On

By using asymmetric lattices,
theorists can simulate systems
of quarks and gluons at nonzero
temperature. In its early days, for
example, lattice QCD predicted
the existence of the quark-gluon
plasma, which would announce
its existence through a dramatic
jump in the energy density of QCD
matter at a “critical” temperature
of about 170 MeV (~2x10" K; see
bottom, right). This prediction moti-
vated the start of an experimental
heavy-ion program to discover this
form of matter. Advances in lattice
QCD techniques and computing
power have since enabled increas-
ingly accurate determinations
of the transition temperature, as
well as the quark-gluon plasma
equation of state and a variety of observ-
ables that provide a detailed microscopic
picture of the matter created in heavy-ion
collisions. A recent breakthrough has been
the development of algorithms to simulate
the properties of matter with nonzero net
baryon number density.

Illustration of the lattice QCD approach to calculating nucleon prop-
erties. Using next-generation computing facilities, theorists will be able
to calculate the nucleon’s internal quark substructure using a grid that
is fine enough to accurately simulate our world’s spacetime continuum.

Physicists Innovate
Supercomputer Technology

Reliable predictions of nucleon struc-
ture and the properties of hot and dense
QCD matter require calculations with
physical (that is, small) quark masses and
with large, fine-grained lattices. This can

only be done on supercomputers in
the 10-100 Teraflops class, capable
of executing tens of trillions of
arithmetic operations per second.
To achieve this goal, DOE has sup-
ported supercomputers dedicated
to lattice QCD calculations, includ-
ing both large computer clusters
and an innovative computer, the
QCDOC machine, designed and
built by physicists for QCD. The
unique and innovative technical
solutions to key design problems

in the QCDOC, developed in close
collaboration with scientists at IBM,
turned out to be extremely useful
also for more general applications.
They were adopted in the develop-
ment of the world's currently most
powerful commercially available
supercomputer, the Blue Gene/L,
by IBM. Advances in lattice QCD have thus
helped to re-establish U.S. leadership in the
critically important field of high-capability
computing and thereby enhance our inter-
national competitiveness.
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‘The charge radius of an isovector (proton minus neutron) nucleon,
computed in lattice QCD for a variety of pion masses. The curves
represent the theoretical extrapolation of the lattice data to the real
pion mass and agree well with the measured experimental data.
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The deconfinement phase transition in QCD matter. The graph shows
the energy density from lattice QCD as a function of temperature,
normalized to the fourth power of the temperature in order to exhibit
the rapid change of the effective number of massless degrees of freedom

during the phase transition. Also indicated are the temperature ranges
explored by heavy-ion experiments at the SPS, RHIC and LHC.
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Recent advances in the phenomenology of hadron dynam-
ics have been stimulated both by lattice QCD computations
of hadron properties and quark confinement, and by the
efforts to understand the high-quality data emerging from
JLAB and RHIC. The interplay between lattice calculations
and model studies has resulted in a description of the confin-
ing force between color charges, with force lines representing
a gluon field contained within a narrow, tubular region.

Excitations of the gluon fields lead to a predicted spectrum
of hybrid mesons with exotic quantum numbers—that is,
hadrons having properties that cannot be found in ordinary
mesons. Their experimental discovery is an important goal of
the 12 GeV JLAB physics program.

A new phenomenology has emerged as a result of the cor-
respondence between conformal theories and string theory.
The correspondence provides new classes of models that
relate QCD-like observables to string observables in weak-
coupling gravity. In addition to its intriguing applications to
the matter created in ultra-relativistic heavy-ion collisions,
this mapping was utilized to reproduce high-energy scaling
of parton scattering amplitudes and to make encouraging
predictions for meson wave functions and the resulting light

meson spectrum.

THE DISTRIBUTION OF QUARKS AND
GLUONS INSIDE NUCLEONS

A key effort in nuclear science is to infer the properties
of quarks and gluons that can never be isolated from one
another. Over the last decade, major progress has been made
to address the question: what is the internal landscape of
the nucleons? Recent maps of distributions of quarks and
gluons inside protons and neutrons in momentum, quark
type, spin orientation, and space have been revealing, but
puzzles remain. Pioneering measurements have illustrated the
potential to link the maps in momentum and space. These
efforts will be addressed in turn below.

The Valence Quark Structure of Protons and Neutrons
Some three decades after the inception of QCD as the
accepted theory for strong interactions, major challenges
and mysteries remain. At high energies, the property of
QCD known as asymptotic freedom, which causes quarks to
interact very weakly at short distances, allows for an eflicient
description of observables in terms of quarks and gluons, or

partons. In contrast, at low energies the effects of confine-

ment and spontaneous chiral-symmetry breaking imply a
more efficient description in terms of mesons and baryons,

or hadrons. Despite this apparent dichotomy, scientists have
observed a striking similarity between data measured at

high and low energies. This is referred to as “quark-hadron
duality.” Data accumulated at JLAB have shown that quark-
hadron duality occurs at much lower values of momentum
transfer, in more observables, and in far less limited regions of
energy than hitherto believed. These data provide vital clues
to the long-standing challenge of QCD to describe the forces
at large distances, comparable to the size of hadrons (-1 fm).

In deep-inelastic scattering (DIS) a high-energy electron
or muon is directed at a target (a proton, for example) and
scatters from it via the exchange of a highly virtual photon.
This photon serves as a surgical laser beam, one of such preci-
sion that it strikes a single quark within the target. One of the
important findings from JLAB over the last five years is that
the quark parton model, developed to describe high-energy
(> 20 GeV) deep-inelastic electron scattering, is remarkably
successful in describing scattering data at incident energies of
order 5 GeV. With the 12 GeV CEBAF Upgrade, a rich field
of investigation then becomes possible in the valence quark
region. The three valence #p and down quarks of the nucleon
comprise the backbone of nucleons on which the gluons and
quark-antiquark pairs are formed. The distribution of the
high-momentum valence quarks in the proton and neutron
remains quite uncertain but is essential to our understanding
of nucleon structure. It is especially important to determine
the momentum carried by the valence down quarks as well
as the distribution of spin carried by both the up and down
quarks in the valence region.

Experiments following the 12 GeV CEBAF Upgrade will
indeed define the spin and flavor dependence of the valence
quark distributions with high precision. For example, mea-
surement of the unpolarized cross sections will determine the
ratio of down to up quarks, d(x)/u(x), as a function of quark
momentum fraction x, as shown in figure 2.2. Measurements
of the inclusive spin asymmetry for DIS from high-momen-
tum valence quarks in the proton and the neutron will pro-
vide a precise determination of the polarized valence parton
distributions Ax and Ad. It is equally important to measure
the ratio of antiquark distributions, 4 (x)/ u (x), which is
extremely sensitive to the origin of the light quark sea.
Fermilab experiment E906 is key to accomplishing this goal.
Using proton beams, it will provide uniquely clean access to
the antiquark distributions and measure & (x)/ u (x) at high x
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Figure 2.2: Projected measurement of the ratio of d- and u-quark
momentum distributions, d(x)/u(x), at large quark momentum fraction x,
made possible by the 12 GeV CEBAF Upgrade. The shaded band represents
the uncertainty in existing measurements arising from the motion and
binding of nucleons in a deuterium nucleus.

values where we have no information at all about this ratio.
Together with advances in lattice QCD, these measurements
will allow nuclear physicists to reach a comprehensive under-
standing of the distribution of quarks in the valence region of

the nucleon.

The Spin Structure of Protons and Neutrons

One of the great early successes of the quark model was its
apparently simple account of the intrinsic magnetism of the
proton as arising from the spin alignment of three point-like
valence or “constituent” quarks. This naive view is in stark
contrast with the results of two decades of subsequent mea-
surements of the deep-inelastic scattering of spin-polarized
electron or muon beams from charged partons inside a
spin-polarized proton. These experiments demonstrate clearly
that the spins of all the quarks and antiquarks combine to
account for only about 30% of the proton’s overall spin. The

quest for the origin of the missing spin—in this partonic

view, it can arise in principle from spin alignment of gluons,
or from orbital motion of quarks and/or gluons—is ongoing
and involves experiments over a broad range of energies with
both lepton and hadron beams. Solving the puzzle of the
proton’s missing spin is essential to understanding how the
constituent quarks of the naive quark model are related to
the actual quarks and gluons probed in high-energy experi-
ments. Several important milestones have been achieved since
the 2002 Long Range Plan, but final resolution of the puzzle
will require quite a bit more data and even a new accelera-
tor facility. Along the path to a solution, great advances have
been made in delineating the distinct information about the
nucleon structure and the dynamics of hadron formation
provided by probing quark spin preferences both along and

transverse to the proton’s motion.

Quark and Antiquark Helicity Preferences. There have
been two significant recent achievements in clarifying how
quark and antiquark preferences for spin orientation in the
direction of the nucleon’s motion compare with that of the
parent nucleon itself. At JLAB, DIS from a polarized *He
target has improved measurements of valence quark contribu-
tions to the neutron’s spin structure by an order of magni-
tude. The results (see figure 2.3) imply that the up (down)
quark’s preference to spin opposite to the spin of its parent
neutron (proton) persists to higher momentum fractions than
originally anticipated. The nucleon structure models that best
reproduce these new results attribute an appreciable por-

tion of the nucleon spin to orbital motion of valence quarks,
neglected in the naive quark model. These models will be
tested more extensively in similar experiments that require
the 12 GeV CEBAF Upgrade.

In the HERMES experiment at DESY the coincident
production of pions and kaons in polarized deep-inelastic
scattering has suggested that strange quarks in the nucleon’s
“sea” contribute little to the spin of the nucleon. The same
data also provide the first information on the differences in
helicity preferences between up and down antiquarks in
the sea. However, these data are not yet sufficiently precise
to provide a stringent test of structure models that predict
significant differences. More definitive measurements of these
flavor-dependent polarization differences in the sea should
be provided by future measurements at RHIC of interme-
diate vector boson production in polarized proton-proton
collisions.
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Gluon Helicity Preferences. Since the last Long Range
Plan, the era of direct measurements of gluon spin preferences
has been launched. Because the gluons carry no electrical
charge, reactions directly sensitive to QCD interactions

are required. This is accomplished by making use of high-
energy polarized proton collisions at RHIC, and studying

the production of jets of hadrons (signaling a scattered quark
or gluon), individual pions, or high-energy photons. It has
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Figure 2.3: The top panel illustrates the preferred spin orientations of the
up, down, and strange quarks and antiquarks within a polarized proton.
The bottom panel shows a sample of the data from which we have gained
this insight: the fractional polarization of down quarks in the proton is
negative (i.e., pointing against the proton’s spin direction) at each value
of the quark’s momentum fraction x at which measurements have been
made. The curves correspond to different model expectations. The solid
squares indicate the projected precision of the measurements enabled by
the 12 GeV CEBAF Upgrade and JLAB. It is widely expected that the down-
quark polarization will change sign as x reaches unity; the 12-GeV data will
tell us whether our models are correct or not.

been demonstrated that the measured probabilities for each
of these processes to occur is quantitatively understood with
perturbative QCD, thus providing a robust theoretical basis
for extracting gluon polarizations from measured spin effects.
Preliminary results from the most recent measurements in
2006, shown in figure 2.4, clearly rule out previous theoreti-
cal speculations that the small net quark polarization may
have accompanied a gluon contribution exceeding 100% of
the proton spin. However, these data still allow a broad range
of possibilities. The CERN experiment COMPASS supports
these RHIC spin results using a different process (muon-
induced production of hadron pairs) to access the gluon
helicity. Considerably improved constraints are anticipated
with future RHIC measurements at high collision ener-

gies involving coincidences between pairs of jets or photons
and jets. It is conceivable that an appreciable fraction of the
nucleon spin resides in weakly polarized, but very highly
abundant, gluons that carry less than 1% of the nucleon
momentum. Such soft gluons are beyond the kinematic
reach of RHIC, so that testing this possibility awaits a future
Electron-Ion Collider.
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Figure 2.4: Constraints on the gluon contribution to the proton’s spin
from data collected in 200-GeV polarized proton collisions at RHIC in 2006.
The curves show the quality of QCD fit as a function of gluon spin contri-
bution to the proton (in units of spin where the proton’s spinis 1/2) based
on results from neutral m production from PHENIX (blue curve), jet produc-
tion from STAR (red curve), and combined data sets (green curve). The
analyses are done for one model of the gluon polarization as a function

of momentum fraction. Uncertainties from the theoretical analysis are not
included. Assuming that the model is correct in the regions of momentum
fractions outside the range covered by the present data, the net gluon
spin contribution seems to lie between small positive and sizable nega-
tive (opposite proton spin) values. Future RHIC spin measurements are
expected to improve the constraints further.
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Spin Sum Rules. On general grounds, sum rules connect
the static properties of a system to a weighted sum of its
dynamical excitation spectrum. The derivation of sum rules
is often model independent and serves as a powerful tool to
investigate the underlying theory. In the case of the proton
or neutron spin, a well-known example is the Bjorken sum
rule, which at very short distance scale (or large momentum
transfer scale) connects the first moment of the difference
between the proton and neutron spin structure to the nucleon
axial vector coupling constant as measured in neutron beta
decay. The Bjorken sum rule offered one of the cleanest tests
of QCD, and its verification was the highlight of the deep-
inelastic scattering experimental programs at CERN and
SLAC in the previous decade. At very long distance scale (or
zero momentum transfer), this sum rule is replaced by the
more recently measured Gerasimov-Drell-Hearn sum rule,
where the first moment is related to the difference between
the anomalous magnetic moments of the proton and the
neutron.

More recently, the precision results from JLAB on the
proton and the neutron over a wide range of momentum
transfers provided, for the first time, a comprehensive land-
scape of the nucleon (longitudinal) spin structure. The data
show a smooth transition from intermediate to short distance
scales, with a transition to values consistent with perturba-
tive QCD at a much larger distance scale than expected. At
the largest distance scales, chiral perturbation theory makes
predictions for the spin sum rules that are being tested with
these new data. The first moment of the nucleon’s transverse
spin structure was predicted to be zero for all distance scales,
which is consistent with the data within the experimental
uncertainties. Higher moments will allow access to the
nucleon’s “color polarizabilities” at large-distance scales and
spin polarizabilities at small-distance scales. These intrinsic
nucleon properties describe the ability of the nucleon’s con-
stituents to generate a color magnetic field along the direction
of its spin, or to resist a change of motion under an external
electromagnetic field. They will be measured with two newly
planned experiments at JLAB and be computed using lattice

QCD techniques.

Quark Transverse Spin Preferences and Orbital Angular
Momentum. Gluons, like the photons in a laser beam, can
have their intrinsic spin pointing along or opposite but not
transverse to their motion. Gluon spin alignment thus can-

not contribute to the transverse spin of a moving proton.

The Glue at the Heart of Matter

Gluons are Majority “Silent
Partners” in Ordinary Matter

Ironically enough, much of the mass of the visible
universe comes from particles that are not only massless
themselves, but can never even be observed in isolation.
These “gluons” play an apparently selfless role as the “glue”
that binds quarks together inside protons, neutrons, and
all atomic nuclei. But they have the unusual property of
interacting strongly with themselves—a fact that gives
rise to the many unique features of quantum chromody-
namics, the fundamental field theory for quark and gluon
interactions. In particular, the gluon'’s self-interactions cause
them to become overwhelmingly abundant inside protons
(see below), with a cumulative energy that dominates the
proton’s total mass and energy.

What QCD Giveth, QCD Taketh Away

This gluon abundance shows up in the experimental
results quite consistently, growing rapidly as protons are
probed with increasing spatial resolution and with increas-
ing sensitivity to gluons carrying smaller fractions of proton
energy. As their spatial density increases, moreover, the
probability that two gluons recombine into one becomes
comparable to that for one gluon to split in two. This sug-
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The number density of gluons and of various types of quarks and anti-
quarks inside the proton, as a function of momentum fraction carried
by the quark or gluon (parton). The curves are from fits to high-energy
scattering data. The width of each band represents the uncertainty.
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gests that the competition between these two pro-
cesses will eventually lead to a saturation of the gluon
density—a prediction that suggests in turn that protons,
neutrons, and all atomic nuclei should have the same
appearance when viewed at sufficiently high energy. In
effect, they would each become a glob of glue behaving
as a single entity with universal properties. Discovering
this universal gluonic matter is a major long-term goal
of nuclear physics. Achieving that goal will require a
future Electron-lon Collider. In the meantime, however,
our existing QCD laboratories have begun to clarify two
other manifestations of gluon physics: their contribu-
tion to the proton’s spin and their role in excitations of
matter.

The Glue in the Proton’s Spin

Quarks, gluons, and protons all have intrinsic spin,
which is a kind of internal angular momentum. For
example, the proton’s spin is the source of its inher-
ent magnetism, which is exploited in MRl imaging. But
where does the proton’s spin come from? Presumably it
is just the sum of all the contributions from all of its quark
and gluon constituents. Yet recent experiments show
that no more than 30% of the total can come from spins
of the quarks and antiquarks alone. So how much of the
rest comes from the gluons? Since the last Long Range
Plan, several experiments have been launched to help

answer that question. At RHIC, this quest utilizes multi-
tasking detectors built to analyze the daunting debris
when two ultra-relativistic heavy nuclei collide. The
gluon spin studies focus on such simple events as in the
figure above, where two proton beams with controlled
spin orientations produce high-energy quarks or gluons.
In complementary studies at HERA and CERN, electron
or muon beams yield photons that may fuse with gluons
in a spin-polarized proton target. Results over the next
few years may reveal how much of the missing spin is
quantitatively accounted for by gluons.

Gluon Vibrations

The profound role of gluons remains hidden in
ordinary matter because the quantum numbers of the
particles found there are not altered by the presence
of glue. But the exposure can be improved in certain
“exotic” meso