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About
the
P5 Subpanel

In November 2007, at the request of the Office of High Energy Physics of the
Department of Energy and the National Science Foundation, the High Energy Physics
Advisory Panel reconstituted the Particle Physics Project Prioritization Panel for the
purpose of developing a plan for US particle physics for the coming decade under a
variety of budget assumptions. Appendix A of this report gives the charge to the P5
panel; Appendix B lists its membership. To carry out this charge the panel organized
three information-gathering meetings, at Fermilab in January, at Stanford Linear
Accelerator Center in February, and at Brookhaven National Laboratory in March of
2008. Appendix C gives the agendas for these meetings. Besides talks by experts in
the field, each of the three meetings included a Town Meeting, an open session
where members of the community could voice their advice, suggestions and
concerns to the panel. The panel also invited letters from the worldwide particle
physics community, to offer their points of view for consideration. The panel held an
additional meeting in early April to put together the first draft of this report.

The strategic plan and recommendations contained in this report, if adopted by
HEPAP, are advisory input to the Department of Energy and the National Science
Foundation. The actual design and implementation of any plan in these agencies is
the responsibility of program management.
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1 EXECUTIVE SUMMARY

Particle physics is a central component of the physical sciences, focused on the
fundamental nature of matter and energy, and of space and time. Discoveries in this
field, often called high-energy physics, will change our basic understanding of nature.
The Standard Model of particle physics provides a remarkably accurate description of
elementary particles and their interactions. However, experiment and observation
strongly point to a deeper and more fundamental theory that breakthroughs in the
coming decade will begin to reveal.

To address the central questions in particle physics, researchers use a range of tools
and techniques at three interrelated frontiers:

e The Energy Frontier, using high-energy colliders to discover new particles and
directly probe the architecture of the fundamental forces.

e The Intensity Frontier, using intense particle beams to uncover properties of
neutrinos and observe rare processes that will tell us about new physics beyond
the Standard Model.

e  The Cosmic Frontier, using underground experiments and telescopes, both
ground and space based, to reveal the natures of dark matter and dark energy
and using high-energy particles from space to probe new phenomena.

As described in the box on pages 9-11, these three frontiers form an interlocking
framework that addresses fundamental questions about the laws of nature and the
cosmos. These three approaches ask different questions and use different tech-
niques, but they ultimately aim at the same transformational science.

The changing context

Recent reports, including the National Research Council’s “Revealing the Hidden
Nature of Space and Time” (the EPP2010 report) and earlier P5 reports, have
discussed the outlook for the field of particle physics in the United States. The
scientific priorities have not changed since those reports appeared, but the context
for the scientific opportunities they describe has altered.

Particle physics in the United States is in transition. Two of the three high-energy
physics colliders in the US have now permanently ceased operation. The third,
Fermilab’s Tevatron, will turn off in the next few years. The energy frontier, defined for
decades by Fermilab’s Tevatron, will move to Europe when CERN'’s Large Hadron
Collider begins operating. American high-energy physicists have played a leadership
role in developing and building the LHC program, and they constitute a significant
fraction of the LHC collaborations—the largest group from any single nation. About
half of all US experimental particle physicists participate in LHC experiments.
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As this transition occurs, serious fiscal challenges change the landscape for US
particle physics. The large cost estimate for the International Linear Collider, a
centerpiece of previous reports, has delayed plans for a possible construction start
and has led the particle physics community to take a fresh look at the scientific
opportunities in the decade ahead. The severe funding reduction in the Omnibus Bill
of December 2007 stopped work on several projects and had damaging impacts on
the entire field. The present P5 panel has developed a strategic plan that takes these
new realities into account.

Overall recommendation

Particle physics explores the fundamental constituents of matter and energy and the
forces that govern their interactions. Great scientific opportunities point to significant
discoveries in particle physics in the decade ahead.

Research in particle physics has inspired generations of young people to engage
with science, benefiting all branches of the physical sciences and strengthening the
scientific workforce. To quote from the EPP2010 report:

“A strong role in particle physics is necessary if the United States is to sustain its
leadership in science and technology over the long term.”

The present P5 panel therefore makes the following overall recommendation:

The panel recommends that the US maintain a leadership role in
world-wide particle physics. The panel recommends a strong,
integrated research program at the three frontiers of the field: the
Energy Frontier, the Intensity Frontier and the Cosmic Frontier.

The Energy Frontier

Experiments at energy-frontier accelerators will make major discoveries about particles
and their interactions. They will address key questions about the physical nature of the
universe: the origin of particle masses, the existence of new symmetries of nature, the
existence of extra dimensions of space, and the nature of dark matter. Currently, the
Tevatron at Fermilab is the highest-energy collider operating in the world.

The panel recommends continuing support for the Tevatron Collider
program for the next one to two years, to exploit its potential for
discoveries.

In the near future, the Large Hadron Collider at CERN in Geneva, Switzerland will
achieve much higher collision energies than those of any previous accelerator, to
explore the energy range we call the Terascale. The LHC represents the culmination of
more than two decades of international effort and investment, with major US involve-
ment. Experiments at the LHC are poised to make exciting discoveries that will change
our fundamental understanding of nature. Significant US participation in the full
exploitation of the LHC has the highest priority in the US high-energy physics program.

The panel recommends support for the US LHC program, including
US involvement in the planned detector and accelerator upgrades.

The international particle physics community has reached consensus that a full
understanding of the physics of the Terascale will require a lepton collider as well as
the LHC. The panel reiterates the importance of such a collider. In the next few years,
results from the LHC will establish its required energy. If the optimum initial energy
proves to be at or below approximately 500 GeV, then the International Linear
Collider is the most mature and ready-to-build option with a construction start
possible in the next decade. A requirement for initial energy much higher than 500
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GeV will mean considering other collider technologies. The cost and scale of a lepton
collider mean that it would be an international project, with the cost shared by many
nations. International negotiations will determine the siting; the host will be assured
of scientific leadership at the energy frontier. Whatever the technology of a future
lepton collider, and wherever it is located, the US should plan to play a major role.

For the next few years, the US should continue to participate in the international R&D
program for the ILC to position the US for an important role should the ILC be the
choice of the international community. The US should also participate in coordinated
R&D for the alternative accelerator technologies that a lepton collider of higher energy
would require.

The panel recommends for the near future a broad accelerator and
detector R&D program for lepton colliders that includes continued
R&D on ILC at roughly the proposed FY2009 level in support of the
international effort. This will allow a significant role for the US in the
ILC wherever it is built. The panel also recommends R&D for alterna-
tive accelerator technologies, to permit an informed choice when
the lepton collider energy is established.

The Intensity Frontier

Recent striking discoveries make the study of the properties of neutrinos a vitally
important area of research. Measurements of the properties of neutrinos are funda-
mental to understanding physics beyond the Standard Model and have profound
consequences for the evolution of the universe. The latest developments in accelerator
and detector technology make possible promising new scientific opportunities in
neutrino science as well as in experiments to measure rare processes. The US can
build on the unique capabilities and infrastructure at Fermilab, together with DUSEL,
the Deep Underground Science and Engineering Laboratory proposed for the Home-
stake Mine in South Dakota, to develop a world-leading program of neutrino science.
Such a program will require a multi-megawatt-powered neutrino source at Fermilab.

The panel recommends a world-class neutrino program as a core
component of the US program, with the long-term vision of a large
detector in the proposed DUSEL and a high-intensity neutrino source
at Fermilab.

The panel recommends an R&D program in the immediate future to
design a multi-megawatt proton source at Fermilab and a neutrino
beamline to DUSEL and recommends carrying out R&D on the tech-
nologies for a large multi-purpose neutrino and proton decay detector.

Construction of these facilities could start within the 10-year period considered by
this report.

A neutrino program with a multi-megawatt proton source would be a stepping stone
toward a future neutrino source, such as a neutrino factory based on a muon storage
ring, if the science eventually requires a more powerful neutrino source. This in turn
could position the US program to develop a muon collider as a long-term means to
return to the energy frontier in the US.

The proposed DUSEL is key to the vision for the neutrino program. It is also central
to nonaccelerator experiments searching for dark matter, proton decay and neutrino-
less double beta decay. DOE and NSF should define clearly the stewardship respon-
sibilities for such a program.
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The panel endorses the importance of a deep underground labora-
tory to particle physics and urges NSF to make this facility a reality
as rapidly as possible. Furthermore the panel recommends that DOE
and NSF work together to realize the experimental particle physics
program at DUSEL.

Scientific opportunities through the measurement of rare processes include experi-
ments to search for muon-to-electron conversion and rare-kaon and B-meson decay.
Such incisive experiments, complementary to experiments at the LHC, would probe
the Terascale and possibly much higher energies.

The panel recommends funding for measurements of rare processes
to an extent depending on the funding levels available, as discussed
in more detail in Sections 3.2.2 and 7.2.3.

The Cosmic Frontier

Although 95 percent of the universe appears to consist of dark matter and dark
energy, we know little about either of them. The quest to elucidate the nature of dark
matter and dark energy is at the heart of particle physics—the study of the basic
constituents of nature, their properties and interactions.

The US is presently a leader in the exploration of the Cosmic Frontier. Compelling
opportunities exist for dark matter search experiments, and for both ground-based
and space-based dark energy investigations. In addition, two other cosmic frontier
areas offer important scientific opportunities: the study of high-energy particles from
space and the cosmic microwave background.

The panel recommends support for the study of dark matter and
dark energy as an integral part of the US particle physics program.

The panel recommends that DOE support the space-based Joint
Dark Energy Mission, in collaboration with NASA, at an appropriate
level negotiated with NASA.

The panel recommends DOE support for the ground-based Large
Synoptic Survey Telescope program in coordination with NSF at a
level that depends on the overall program budget.

The panel further recommends joint NSF and DOE support for direct
dark matter search experiments.

The panel recommends limited R&D funding for other particle
astrophysics projects and recommends establishing a Particle
Astrophysics Science Advisory Group.

Enabling technologies

The US must continue to make advances in accelerator and detector R&D to
maintain leadership at the Intensity and Cosmic Frontiers of particle physics; to allow
for a return to the Energy Frontier in the US; and to develop applications for the
benefit of society.

The panel recommends a broad strategic program in accelerator R&D,
including work on ILC technologies, superconducting rf, high-gradient
normal-conducting accelerators, neutrino factories and muon collid-
ers, plasma and laser acceleration, and other enabling technologies,
along with support of basic accelerator science.
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The panel recommends support for a program of detector R&D on
technologies strategically chosen to enable future experiments to
advance the field, as an essential part of the program.

Benefits to society

The drive to understand the world around us is a basic part of our humanity.
Research in fundamental science provides the ideas and discoveries that form the
long-term foundation for science and technology as a whole, which in turn drive the
global economy and our very way of life. Each generation of particle accelerators
and detectors builds on the previous one, raising the potential for discovery and
pushing the level of technology ever higher. From the earliest days of high energy
physics in the 1930s to the latest 21st-century initiatives, the bold and innovative
ideas and technologies of particle physics have entered the mainstream of society to
transform the way we live. Section 2 addresses these benefits in more detail.

Unique to particle physics is the scale of the science: the size and complexity not
only of accelerators and detectors but also of scientific collaborations. For example,
superconducting magnets existed before Fermilab’s Tevatron accelerator, but the
scale of the accelerator made the production of such magnets an industrial process,
which led to cost-effective technology for magnetic resonance imaging. The World
Wide Web was invented to solve the problem of communicating in international
collaborations of many hundreds of physicists. The scale on which particle physicists
work results in innovations that broadly benefit society.

Particle physics has a profound influence on the workforce. The majority of students
trained in particle physics find their way to diverse sectors of the national economy
such as national defense, information technology, medical instrumentation, electronics,
communications, transportation, biophysics and finance—wherever the workforce
requires highly developed analytical and technical skills, the ability to work in large
teams on complex projects, and the ability to think creatively to solve unique problems.

The international context

The scientific opportunities provided by particle physics bring together scientists from
every corner of the globe to work together on experiments and projects all over the
world. Both the technical scale and the costs of today’s largest accelerators and
experiments put them beyond the reach of any single nation’s ability to build or operate.
Particle physics projects now take shape as international endeavors from their inception.
As the costs and scale of particle physics facilities grow, international collaboration
becomes increasingly important to the vitality of the field. Global cooperation, a hallmark
of particle physics research, will be even more important in the future.

The Large Hadron Collider accelerator and detector system, for example, drew from
innovation and expertise in Europe, the Americas and Asia to deliver the cutting-edge
technology required for this next-generation collider program. The proposed LHC
upgrades will likewise have continuing and very significant contributions from these
regions. The successful programs at the KEK and SLAC B factories and at the Tevatron
provide additional examples of the benefits of international collaboration. These scientific
collaborations take on new significance as beacons for free and open exchange among
men and women of science of all nations. They offer an inspiring model for cooperation
from a field long known for its leadership in international collaboration.

As particle physics moves into the future, the balance of the physical location of the
major facilities among the regions of the world will be key to maintaining the vitality
of the field in each region and as a whole. In developing a strategic plan for US
particle physics, the P5 panel kept the international context very much in mind.
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The funding scenarios
The funding agencies asked the panel to develop plans in the context of several DOE
funding scenarios:

Constant level of effort at the FY2008 funding level

Constant level of effort at the FY2007 funding level

Doubling of budget over ten years starting in FY2007

Additional funding above the previous level, associated with specific
activities needed to mount a leadership program

oow»

The FY2007 DOE funding level was $752M; the FY2008 level was $688M. Constant
level of effort here means that the budget increases with inflation in then-year dollars.
The panel also received guidance on NSF budget assumptions. Interagency collabo-
ration on particle physics experiments has become increasingly important. The plan
presented in this report depends on such collaborative funding among DOE, NSF
and NASA.

The panel evaluated the scientific opportunities for particle physics in the next 10
years under the various budget scenarios.

Scenario B: Constant level of effort at the FY2007 level

The scenario of constant level of effort at the FY2007 level, Scenario B, would
support major advances at all three interrelated frontiers of particle physics. At the
Energy Frontier, the Fermilab Tevatron would run in 2009, but the planned run in 2010
to complete the program could not take place due to budgetary constraints. The
LHC experiments would be well under way. These experiments will likely make signif-
icant discoveries that could change our fundamental understanding of nature. R&D
would go forward on future lepton colliders. At the Intensity Frontier, the MINOS,
Double Chooz, Daya Bay and NOvA experiments would yield a greatly improved—if
not complete—understanding of the fundamental properties of neutrinos. Precision
measurements, limited to a muon-to-electron conversion experiment, would be
carried out and the US would participate in one offshore next-generation B Factory.
On the Cosmic Frontier, greatly improved measurements shedding light on the nature
of dark energy would come from the DES, JDEM and LSST projects. The next
generation of dark matter search experiments would reach orders-of-magnitude
greater sensitivity to—perhaps even discover—particles that can explain dark matter.

Under Scenario B, the US would play a leadership role at all three frontiers. Investments in
accelerators and detectors at the LHC would enable US scientists to play a leading role in
the second generation of studies at the Energy Frontier. Investments in facility capabilities
at the Intensity Frontier at Fermilab and DUSEL would allow the US to be a world leader in
neutrino physics in the following decade. Funding of the cutting edge experiments
studying dark matter and dark energy would insure continued US leadership at the
Cosmic Frontier. Investments in a broad strategic accelerator R&D program would enable
the US to remain at the forefront of accelerator developments and technologies focused
on the needs of the US program at the Energy and Intensity Frontiers.

Scenario A: Constant level of effort at the FY2008 level

Budget Scenario A would significantly reduce the scientific opportunities at each of
the three frontiers compared to Scenario B over the next 10 years. It would severely
limit scientific opportunities at the Intensity Frontier during the next decade. Scenario
A would require canceling planned experiments and delaying construction of new
facilities. It would slow progress in understanding dark energy at the Cosmic Frontier
and R&D toward future accelerator facilities at the Energy Frontier. It would cut the
number of scientists, as well as graduate students and postdoctoral fellows. Scenario
A would unduly delay projects, extending them over a longer period.
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Scenario A would most profoundly limit studies at the Intensity Frontier, with a
negative impact on both neutrino physics and high-sensitivity measurements. It
would require cancellation of the NOvA neutrino experiment that is ready for con-
struction. The MINERVA experiment could not run beyond FY2010 due to lack of
funds to operate the Fermilab accelerator complex. Consequently, a first look at the
neutrino mass hierarchy would be unlikely during the next decade, and experiment-
ers could not measure neutrino cross sections, including those important to future
long-baseline neutrino oscillation experiments. The US could not contribute signifi-
cantly to the next-generation overseas B factories that will carry out unprecedented
studies of matter-antimatter asymmetry and searches for new processes in the quark
sector. Furthermore, this budget scenario would delay the construction of a high-
intensity proton source at Fermilab by at least three to five years. This delay would in
turn severely compromise the program of neutrino physics and of high-sensitivity
searches for rare decays at the Intensity Frontier in the subsequent decade.

For dark-energy studies at the Cosmic Frontier, Budget Scenario A would delay DOE
funding for the ground-based LSST telescope.

This budget scenario could not support the investment in new facilities for advanced
accelerator R&D, important for future accelerators both at the energy frontier and for
other sciences. As discussed above, it would also delay the construction of a
high-intensity proton source, postponing the establishment of a foundation for
energy frontier studies at a possible future muon collider.

Scenario A would require an additional reduction of approximately 10 percent beyond
the FY2008 cuts in the number of scientists over the 10-year period. It would lead to a
significant drop in the number of graduate students and postdoctoral fellows. Scenario
A’s drought in R&D coupled with delays in facility construction imposed during this
decade would limit scientific opportunities in the subsequent decade.

Overall, while this funding level could deliver significant science, there would be
outstanding scientific opportunities that could not be pursued. It would sharply
diminish the US capability in particle physics from its present leadership role.

Scenario C: The doubling budget

Budget Scenario C would support a world-class program of scientific discovery at all
three frontiers in the decade ahead. It would provide strong support for the develop-
ment of future research capabilities and of the scientific work force. Programs could
move forward at a more efficient pace, with reduced costs, more timely physics
results and increased scientific impact.

At the Energy Frontier, this budget scenario would extend the discovery potential of
the Fermilab Tevatron Collider by supporting operation in FY2010. Budget scenario C
would provide robust funding for exploitation of the LHC physics potential. It would
increase operations funding for US groups working in Europe on the LHC and
provide the needed personnel support at both universities and national laboratories
for LHC detector and machine upgrades.

Progress toward a future lepton collider is a very high priority of the field worldwide.
Should results from the LHC show that the ILC is the lepton collider of choice,
funding in this scenario would support R&D and enable the start of construction of
an |ILC abroad. If LHC results point to another lepton collider technology, its R&D
would advance. Increased funding for muon collider R&D would lead to an earlier
feasibility determination for a neutrino factory and perhaps a muon collider.
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Scenario C would significantly advance the exploration of physics at the Intensity
Frontier. Construction of a new high-intensity proton source at Fermilab, which would
support both neutrino physics and precision searches for rare decays, would be
complete. Scenario C would enable an earlier construction start than would Scenario B
and would shorten the construction time. It would also advance the design and
construction of a beamline to DUSEL and would reduce the overall cost and risk of
both these projects. Efforts to develop the technology for large-scale liquid argon or
water Cerenkov detectors for neutrino physics and proton decay would benefit greatly
from increased funding, leading to an earlier construction start, shorter construction
period and reduced risk for a large underground detector at DUSEL. Scenario C would
enable the high-sensitivity neutrino experiment to operate during the decade, providing
great sensitivity to matter-antimatter asymmetry in neutrinos. Scenario C would also
enable new rare K-decay experiments highly sensitive to new physics.

At the Cosmic Frontier, Scenario C would advance the exploration of dark energy by
enabling the timely completion of the two most sensitive detectors of dark energy, the
JDEM space mission and the ground-based LSST telescope. Scenario C enables
strategic, large-scale investments in exciting projects at the boundary between particle
physics and astrophysics, the study of high-energy particles from space. Without these
investments, the US will likely lose leadership in this rapidly developing area.

Budget scenario C would provide needed additional funds to advance accelerator R&D
and technology goals. These goals go well beyond preparation for possible participa-
tion in ILC. Accelerator goals for the field include advancing the development of key
enabling technologies such as superconducting rf technology, high-field magnet
technology, high-gradient warm rf accelerating structures, rf power sources, and
advanced accelerator R&D, all of which could greatly benefit from increased funding.

Increased funding in Scenario C would allow a robust detector R&D program in the
U.S. to prepare for future experiments at both the energy and intensity frontiers.

Budget Scenario C provides desperately needed resources to rebuild university and
laboratory infrastructure that has eroded during lean funding years and would allow
retention and hiring of needed laboratory and university technical staff. This budget
scenario would provide additional support for university groups, further addressing
the pressing needs enunciated in several recent reports, among them the National
Academy’s “Rising Above the Gathering Storm.”

Scenario D: Additional funding
The following scientific opportunities would justify additional funding above the level
of the funding scenarios discussed above.

A lepton collider will be essential for the in-depth understanding of new physics
discovered at the LHC: the source of the masses of the elementary particles, new
laws of nature, additional dimensions of space, the creation of dark matter in the
laboratory, or something not yet imagined. Major participation by the US in con-
structing such a facility would require additional funding beyond that available in the
previous funding scenarios.

The study of dark energy is central to the field of particle physics. DOE is currently
engaged with NASA in negotiations concerning the space-based Joint Dark Energy
Mission. If the scale of JDEM requires significantly more funding than is currently
being discussed, an increase in the budget beyond the previous funding scenarios
would be justified.



What are the most basic building blocks of the universe? What are the forces that
enable these elementary constituents to form all that we see around us? What
unknown properties of these particles and forces drive the evolution of the universe
from the Big Bang to its present state, with its complex structures that support
life—including us? These are the questions that particle physics seeks to answer.

Particle physics has been very successful in creating a major synthesis, the Standard
Model. At successive generations of particle accelerators in the US, Europe and
Asia, physicists have used high-energy collisions to discover many new particles. By
studying these particles they have uncovered both new principles of nature and
many unsuspected features of the universe, resulting in a detailed and comprehen-
sive picture of the workings of the universe.

Recently, however, revolutionary discoveries have shown that this Standard Model,
while it represents a good approximation at the energies of existing accelerators, is
incomplete. They strongly suggest that new physics discoveries beyond the Standard
Model await us at the ultrahigh energies of the Terascale. The Large Hadron Collider
will soon provide a first look at this uncharted territory of ultrahigh energy; a future
lepton collider will elucidate the new phenomena with great precision.

A striking development in neutrino physics is the discovery that the three kinds of
neutrinos, which in the Standard Model are massless and cannot change from one
type to another, do in fact have tiny masses and can morph from one kind to another.
This discovery has profound implications not only for the Standard Model but also
for understanding the development of the early universe.

The accelerating expansion of the universe, yet another remarkable discovery, implies
the existence of a mysterious entity, a dark energy that makes up almost three quarters
of the energy-matter content of the universe, driving it apart at an ever-increasing rate.
Dark Energy has interesting properties that could change our understanding of gravity.

Astrophysical observations have also revealed that about a quarter of the universe
consists of an unknown form of matter called dark matter. No Standard Model
particle can account for this strange ingredient of our universe. In the next decade,
the combination of LHC results and dedicated dark-matter-search experiments
promise to shed light on dark matter’s true character.

All these discoveries make the field of particle physics richer and more exciting than at
any time in history. New accelerator and detector technologies bring within reach
discoveries that may transform our understanding of the physical nature of the universe.

A set of interrelated questions, articulated in several previous reports, defines the
path ahead:

1.  How do particles acquire mass? Does the Higgs boson exist, or are new
laws of physics required? Are there extra dimensions of space?

2. What is the nature of new particles and new principles beyond the Standard
Model?

3. What is the dark matter that makes up about one quarter of the contents
of the universe?

4. What is the nature of the dark energy that makes up almost three quarters
of the universe?
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5. Do all the forces of nature become one at high energies? How does gravity fit
in? Is there a quantum theory of gravity?

6. Why is the universe as we know it made of matter, with no antimatter present?
What is the origin of this matter-antimatter asymmetry?

7. What are the masses and properties of neutrinos and what role did they play in
the evolution of the universe? How are they connected to matter-antimatter
asymmetry?

8. Is the building block of the stuff we are made of, the proton, unstable?
9. How did the universe form?

Physicists address these questions using a range of tools and techniques at three fron-
tiers that together form an interlocking framework of scientific opportunity.

The Energy Frontier

Experiments at energy-frontier accelerators will make major discoveries leading to an
ultimate understanding of particles and their interactions. Outstanding questions that
present and future colliders will address include the origin of elementary particle
masses, the possible existence of new symmetries of nature, the existence of extra
dimensions of space, and the nature of dark matter. Experiments at the energy
frontier, at the LHC and at a future lepton collider, will allow physicists to directly
produce and study the particles that are the messengers of these new phenomena in
the laboratory for the first time.

The Intensity Frontier

Measurements of the mass and other properties of neutrinos are fundamental to
understanding physics beyond the Standard Model and have profound conse-
quences for the understanding of the evolution of the universe. The US program can
build on the unique capabilities and infrastructure at Fermilab, together with the
proposed deep underground laboratory at Homestake, to develop a world-leading
program of neutrino science. Such a program, not possible at the large collider
facilities, will require a multi-megawatt-powered proton source at Fermilab. Incisive
experiments using muons, kaons or B mesons to measure rare processes can probe
the Terascale and beyond.

The Cosmic Frontier

Ninety-five percent of the contents of the universe appears to consist of dark matter
and dark energy, yet we know very little about them. To discover the nature of dark
matter and dark energy will require a combination of experiments at particle accel-
erators with both ground- and space-based observations of astrophysical objects in
the distant cosmos.

The three frontiers of research in particle physics form an interlocking framework that
addresses fundamental questions about the laws of nature and the cosmos.

These three approaches ask different questions and use different techniques, but
they are ultimately aimed at the same transformational science. Discoveries on one
frontier will have much greater impact taken together with discoveries on the other
frontiers. For example, the discovery of new particles at the energy frontier, com-
bined with discoveries from the intensity frontier about neutrinos and rare processes,
may explain the dominance of matter over antimatter. Synthesizing discoveries from
all three frontiers creates the opportunity to understand the most intimate workings
and origins of the physical universe.
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Origin of Mass

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

Neutrino Physics

Proton Decay

Three frontiers of research in particle physics form
an interlocking framework that addresses
fundamental questions about the laws of nature
and the cosmos.
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2 PARTICLE PHYSICS IN THE NATIONAL AND
INTERNATIONAL CONTEXT

2.1 LONG-TERM VALUE OF RESEARCH IN
FUNDAMENTAL SCIENCES

The drive to understand the world around us is a basic part of our humanity.
Research in fundamental science provides the ideas and discoveries that form the
long-term foundation for science and technology as a whole, which in turn drive the
global economy and our very way of life.

In 2005, a panel of nationally recognized experts from across the spectrum of
science and society, chaired by Norman Augustine, retired chairman and chief
executive officer Lockheed Martin Corporation, produced “Rising Above the Gather-
ing Storm: Energizing and Employing America for a Brighter Economic Future.” To
quote from the report:

“The growth of economies throughout the world has been driven largely by the
pursuit of scientific understanding, the application of engineering solutions, and
the continual technological innovation. Today, much of everyday life in the United
States and other industrialized nations, as evidenced in transportation, communi-
cation, agriculture, education, health, defense, and jobs, is the product of invest-
ments in research and in the education of scientists and engineers. One need only
think about how different our daily lives would be without the technological
innovations of the last century or so.”

The “Gathering Storm” report makes the following recommendation:

“Sustain and strengthen the nation’s traditional commitment to long-term basic
research that has the potential to be transformational to maintain the flow of new
ideas that fuel the economy, provide security, and enhance the quality of life”

The “Gathering Storm” report was influential in forging a bipartisan accord in Washing-
ton to strive toward global leadership in science for the US by doubling the funding for
research in the physical sciences over the next decade, among other actions.

Particle physics is a central component of the physical sciences, focused on the
fundamental nature of matter and energy, and of space and time. Discoveries in
particle physics will change our basic understanding of nature. Particle physics has
inspired generations of young people to get involved with science, benefiting all
branches of the physical sciences and strengthening the scientific workforce.
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To quote from another National Academies report, “Charting the Course for Elemen-
tary Particle Physics,” the work of a panel including leaders from both science and
industry and chaired by economist Harold Shapiro:

“A strong role in particle physics is necessary if the United States is to sustain its
leadership in science and technology over the long term.”

That report continues:

“The committee affirms the intrinsic value of elementary particle physics as part of
the broader scientific and technological enterprise and identifies it as a key
priority within the physical sciences.”

Besides its long-term scientific importance, particle physics generates technological
innovations with profound benefits for the sciences and society as a whole.

2.2 BENEFITS TO SOCIETY

It's a simple idea. Take the smallest possible particles. Give them the highest
possible energy. Smash them together. Watch what happens. From this simple idea
have come the science and technology of particle physics, a deep understanding of
the physical universe and countless benefits to society.

Each generation of particle accelerators and detectors builds on the previous one,
raising the potential for discovery and pushing the level of technology ever higher. In
1930, Ernest O. Lawrence, the father of particle accelerators, built the first cyclotron
at Berkeley, California. He could hold it in his hand. Larger and more powerful
accelerators soon followed. After a day’s work, Lawrence often operated the
Berkeley cyclotrons through the night to produce medical isotopes for research and
treatment. In 1938, Lawrence’s mother became the first cancer patient to be treated
successfully with particles from cyclotrons. Now doctors use particle beams for the
diagnosis and healing of millions of patients. From the earliest days of high energy
physics in the 1930s to the latest 21st-century initiatives, the bold and innovative
ideas and technologies of particle physics have entered the mainstream of society to
transform the way we live.

Some applications of particle physics—the superconducting wire and cable at the
heart of magnetic resonance imaging magnets, the World Wide Web—are so familiar
they are almost clichés. But particle physics has myriad lesser-known impacts. Few
outside the community of experts who study the behavior of fluids in motion have
probably heard of the particle detector technology that revolutionized the study of
fluid turbulence in fuel flow.

What is unique to particle physics is the scale of the science: the size and complexity
not only of accelerators and detectors but also of scientific collaborations. For
example, superconducting magnets existed before Fermilab’s Tevatron, but the scale
of the accelerator made the production of such magnets an industrial process, which
led to cost-effective technology for magnetic resonance imaging. The World Wide
Web was invented to solve the problem of communicating in an international
collaboration of many hundreds of physicists. The scale on which particle physicists
work results in innovations that broadly benefit society.

Selected examples from medicine, homeland security, industry, computing, science,

and workforce development illustrate a long and growing list of beneficial practical
applications with origins in particle physics.
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Medicine: cancer therapy

The technologies of particle physics have yielded dramatic advances in cancer
treatment. Today, every major medical center in the nation uses accelerators produc-
ing X-rays, protons, neutrons or heavy ions for the diagnosis and treatment of
disease. Particle accelerators play an integral role in the advance of cancer therapy.
Medical linacs for cancer therapy were pioneered simultaneously at Stanford and in
the UK in the 1950s using techniques that had been developed for high energy
physics research. This R&D spawned a new industry and has saved millions of lives.

Today it is estimated that there are over 7,000 operating medical linacs around the
world that have treated over 30,000,000 patients.

Fermilab physicists and engineers built the nation’s first proton accelerator for cancer
therapy and shipped it to the Loma Linda University Medical Center, where it has
treated some 7,000 patients. Relative to X-rays, proton therapy offers important
therapeutic benefits, especially for pediatric patients. The Neutron Therapy Facility at
Fermilab has the highest energy and the deepest penetration of any fast neutron
beam in the United States. Neutrons are effective against large tumors. More than
3,500 patients have received treatment at the Neutron Therapy Facility.

Medicine: diagnostic instrumentation

Particle physics experiments use an array of experimental techniques for detecting
particles; they find a wide range of practical applications. Particle detectors first
developed for particle physics are now ubiquitous in medical imaging. Positron
emission tomography, the technology of PET scans, came directly from detectors
initially designed for particle physics experiments sensing individual photons of light.
Silicon tracking detectors, composed of minute sensing elements sensitive to the
passage of single particles, are now used in neuroscience experiments to investigate
the workings of the retina for development of retinal prosthetics for artificial vision.

Homeland security: monitoring nuclear nonproliferation

In nuclear reactors, the amount of plutonium builds up as the uranium fuel is used,
and the number and characteristics of antineutrinos emitted by plutonium differ
significantly from those of antineutrinos emitted by uranium. This makes it possible
for a specially doped liquid scintillator detector monitoring the antineutrino flux from
a nuclear reactor core to analyze the content of the reactor and verify that no
tampering has occurred with the reactor fuel. Lawrence Livermore National Labora-
tory has built and is testing a one-ton version of this type of detector, originally
developed by high energy physicists to study the characteristics of neutrinos and
antineutrinos, as a demonstration of a new monitoring technology for nuclear
nonproliferation.

Industry: power transmission

Cables made of superconducting material can carry far more electricity than conven-
tional cables with minimal power losses. Underground copper transmission lines or
power cables are near their capacity in many densely populated areas, and supercon-
ducting cables offer an opportunity to meet continued need. Further superconducting
technology advances in particle physics will help promote this nascent industry.

Industry: biomedicine and drug development

Biomedical scientists use particle physics technologies to decipher the structure of
proteins, information that is key to understanding biological processes and healing
disease. To determine a protein’s structure, researchers direct the beam of light from
an accelerator called a synchrotron through a protein crystal. The crystal scatters the
beam onto a detector. From the scattering pattern, computers calculate the position
of every atom in the protein molecule and create a 3-D image of the molecule. A
clearer understanding of protein structure allows for the development of more
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effective drugs. Abbott Labs’ research at Argonne National Laboratory’s Advanced
Photon Source was critical in developing Kaletra®, one of the world’s most-pre-
scribed drugs to fight AIDS. Next-generation light sources will offer still more precise
studies of protein structure without the need for crystallization.

Industry: understanding turbulence

Turbulence is a challenge to all areas of fluid mechanics and engineering. Although it
remains poorly understood and poorly modeled, it is a dominant factor determining
the performance of virtually all fluid systems from long distance oil pipelines to fuel
injection systems to models for global weather prediction. Improvements to our
knowledge will have payoffs in reducing energy losses in fuel transport, improving
efficiency of engines and deepening our understanding of global climate behavior.
Technology developed for particle physics and applied to problems of turbulence has
extended our understanding of this difficult phenomenon by more than tenfold.
Silicon strip detectors and low-noise amplifiers developed for particle physics are
used to detect light scattered from microscopic tracer particles in a turbulent fluid.
This technique has permitted detailed studies of turbulence on microscopic scales
and at Reynolds numbers more than an order of magnitude beyond any previous
experimental reach.

Computing: the World Wide Web

CERN scientist Tim Berners-Lee developed the World Wide Web to give particle
physicists a tool to communicate quickly and effectively with globally dispersed
colleagues at universities and laboratories. The Stanford Linear Accelerator Center
had the first Web site in the United States, Fermilab had the second. Today there are
more than 150 million registered Web sites. Few other technological advances in
history have more profoundly affected the global economy and societal interactions
than the Web. Revenues from the World Wide Web exceeded one trillion dollars in
2001 with exponential growth continuing.

Computing: the Grid

Particle physics experiments generate unprecedented amounts of data that require
new and advanced computing technology to analyze. To quickly process this data,
more than two decades ago particle physicists pioneered the construction of
low-cost computing farms, a group of servers housed in one location. Today, particle
physics experiments push the capability of the Grid, the newest computing tool that
allows physicists to manage and process their enormous amounts of data across the
globe by combining the strength of hundreds of thousands of individual computers.
Industries such as medicine and finance are examples of other fields that also
generate large amounts of data and benefit from advanced computing technology.

Sciences: synchrotron light sources

Particle physicists originally built electron accelerators to explore the fundamental
nature of matter. At first, they looked on the phenomenon of synchrotron radiation as
a troublesome problem that sapped electrons’ acceleration energy. However, they
soon saw the potential to use this nuisance energy loss as a new and uniquely
powerful tool to study biological molecules and other materials. In the 1970s, the
Stanford Linear Accelerator Center built the first large-scale light source user facility.
Now, at facilities around the world, researchers use the ultra-powerful X-ray beams
of dedicated synchrotron light sources to create the brightest lights on earth. These
luminous sources provide tools for protein structure analysis, pharmaceutical
research and drug development, real-time visualization of chemical reactions and
biochemical processes, materials science, semiconductor circuit lithography, and
historical research and the restoration of works of art.
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Sciences: spallation neutron sources

Using accelerator technologies, spallation neutron sources produce powerful neutron
beams by bombarding a mercury target with energetic protons from a large accelera-
tor complex. The protons excite the mercury nuclei in a reaction process called
spallation, releasing neutrons that are formed into beams and guided to neutron
instruments. Using these sophisticated sources, scientists and engineers explore the
most intimate structural details of a vast array of novel materials.

Sciences: analytic tools

Particle physicists have developed theoretical and experimental analytic tools and
techniques that find applications in other scientific fields and in commerce. Renor-
malization group theory first developed to rigorously describe particle interactions
has found applications in solid state physics and superconductivity. Nuclear physics
uses chiral lagrangians, and string theory has contributed to the mathematics of
topology. Experimental particle physicists have also made contributions through the
development of tools for extracting weak signals from enormous backgrounds and
for handling very large data sets. Scientists trained in particle physics have used
neural networks in neuroscience to investigate the workings of the retina and in
meteorology to measure raindrop sizes with optical sensors.

Workforce development: training scientists

Particle physics has a profound influence on the workforce. Basic science is a magnet
that attracts inquisitive and capable students. In particle physics, roughly one sixth of
those completing Ph.D.s ultimately pursue careers in basic high-energy physics
research. The rest find their way to diverse sectors of the national economy such as
industry, national defense, information technology, medical instrumentation, electron-
ics, communications, biophysics and finance—wherever the workforce requires highly
developed analytical and technical skills, the ability to work in large teams on complex
projects, and the ability to think creatively to solve unique problems.

A growing list
The science and technology of particle physics have transformational applications
for many other areas of benefit to the nation’s well-being.

¢ Food sterilization

e Medical isotope production

e  Simulation of cancer treatments

¢ Reliability testing of nuclear weapons

e Scanning of shipping containers

¢ Proposed combination of PET and MRI imaging
¢ Improved sound quality in archival recordings
e Parallel computing

¢ |on implantation for strengthening materials

e  Curing of epoxies and plastics

e Data mining and simulation

¢ Nuclear waste transmutation

¢ Remote operation of complex facilities

¢ International relations

At this time there exist few quantitative analyses of the economic benefits of particle
physics applications. A systematic professional study would have value for assess-
ing and predicting the impact of particle physics technology applications on the
nation’s economy.
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2.3 THE INTERNATIONAL CONTEXT

The scientific opportunities provided by particle physics bring together hundreds of
scientists from every corner of the globe to work together on experiments and
projects all over the world. Both the technical scale and the costs of today’s large
accelerators put them beyond the reach of any single nation’s ability to build or
operate. Particle physics projects now take shape as international endeavors from
their inception. These scientific collaborations take on new significance as beacons
for free and open exchange among men and women of science of all nations. They
offer an inspiring model for cooperation from a field long known for its leadership in
international collaboration.

Collider experiments have had strong international collaboration from the outset.
Experiments at CERN, Fermilab and SLAC combined the strengths of US, European
and Asian groups to achieve the groundbreaking discoveries that define particle
physics today. Accelerator design and construction is now a joint effort as well.
American accelerator physicists and engineers helped the Europeans build the Large
Hadron Collider at CERN and collaborated with the Chinese to build the Beijing
Electron-Positron Collider. The GLAST project involves a seven-nation collaboration
of France, Germany, ltaly, Japan, Spain, Sweden and the US.

Japan is currently constructing a 50-GeV proton synchrotron at the Japan Proton
Accelerator Research Complex. The JPARC synchrotron will produce an intense
neutrino beam aimed at the large Super-Kamiokande detector to study neutrino
oscillations and matter-antimatter asymmetry. This experiment has significant US
participation, as did its predecessors. US physicists are also working on two overseas
reactor neutrino experiments, Daya Bay in China and Double Chooz in France.

The KEK B-Factory and the Belle detector continue to operate, and plans are under
way to significantly increase the collider’s beam intensity to improve sensitivity to
physics beyond the Standard Model. Modest US participation continues in this
collaboration. At lower energies, the new BEPC-II collider in China is about to start
operation. A number of US groups are working on its experimental program.

Cosmic Frontier experiments have also involved international collaboration, but on a
smaller scale due to the hitherto modest size of the experiments. Here too, however,
the magnitude of future experiments makes international collaboration essential.

Planning for the future of the field is also international. Both HEPAP and P5 have
members from Europe and Asia, essential for understanding the current and future
programs in those regions at all three scientific frontiers in particle physics.

The transformation occurring in the international scene has presented challenges to
this panel. Free access for physicists of all nations to the world’s accelerators rests on
the assumption that each region takes its share of responsibility by building and
operating such facilities. In recent decades, each region hosted major collider experi-
ments and a variety of smaller experiments. But now, with the end of both the Cornell
and SLAC collider programs and with the Fermilab Tevatron collider about to complete
its program in the next few years, the map of the field is changing rapidly. Most of the
accelerator-based experiments in the near term will occur overseas. The panel has
given careful consideration to how the changing international context will affect the
ability of the US to pursue most effectively the extraordinary scientific opportunities
that lie ahead and to remain a world leader in the field of particle physics.
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3 THE FRONTIERS OF OUR SCIENCE: BEYOND THE
STANDARD MODEL

Researchers address the major questions in particle physics with a variety of tools and
techniques broadly classified into three frontiers. Each of these frontiers presents
opportunities for major discoveries during the next decade. Accelerators at the energy
frontier may produce new particles and gain direct access to new phenomena of the
Terascale. Experiments at the intensity frontier could observe particle transformations
never seen before, echoes of powerful processes that shaped the evolution of the
universe. Observations at the cosmic frontier may pierce the darkness that veils the
identity of the dominant forms of matter and energy in our universe. A synthesis of
discoveries from all three frontiers could address the most fundamental questions about
nature and the cosmos.

3.1 THE ENERGY FRONTIER: EXPLORING THE TERASCALE

Making particles collide at the highest possible energies is an essential pathway to
discoveries in particle physics. These collisions convert energy into new particles,
including particles that were prominent in the early universe but are no longer
present on Earth. These particles are messengers carrying news about the funda-
mental nature of the universe and its origins. Studying their properties under con-
trolled laboratory conditions gives particle physicists direct access to their secrets.

Advancing the energy frontier requires higher energy accelerators with a higher rate
of particle collisions. Higher energies enable the production of heavier particles, and
higher collision rates ensure a large enough sample of these particles for their
properties to be understood. The energy available to create new particles depends
crucially on whether the particles being accelerated are protons or electrons.
Electrons are elementary—in collisions with their antiparticles all of their energy can
be converted into new forms of matter. Protons are more complex objects made of
quarks and gluons; as a result typically only about 10 percent of their energy is
converted into new particles. On the other hand, protons are easier than leptons to
accelerate to the highest possible energies.

The highest energy particle collider operating today is the Tevatron at Fermilab,
where protons collide with antiprotons at a total energy of 2 TeV. The Large Hadron
Collider at CERN will smash protons on protons with a total energy of 14 TeV. The
LHC’s huge increase in both energy and collision rate should give LHC experiments
direct access to the new phenomena of the Terascale. Planned upgrades of the LHC
will boost the collision rate by another large factor.

A future lepton collider, accelerating electrons or possibly muons, could access Terascale
physics while operating at a lower collision energy than the LHC, with a much cleaner
collision environment. Such a collider would provide a unique opportunity to penetrate
the inner workings of the new phenomena awaiting us at the Terascale frontier.
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3.1.1 THE TEVATRON COLLIDER EXPERIMENTS

Until the Large Hadron Collider turns on and collects a significant volume of data, the
Tevatron collider at Fermilab will remain the clearest window onto new physics,
including Higgs bosons, supersymmetric particles, and signals for extra dimensions.
The first LHC collisions are expected in 2008, but it is unlikely that the LHC results
will supersede the Tevatron during the first year or two of LHC running.

The Tevatron has performed outstandingly in the last five years, and its experiments,
CDF and DZero, continue to accumulate data rapidly. As of February 2008 each
experiment had collected about 3 fb™' (inverse femtobarns) of data, providing
evidence for never-before-observed processes, such as the production of single top
quarks, and Bs to anti-Bs oscillations.

By the end of FY2010 (FY2009), the accelerator could deliver up to 8.8 (6.7) fb™",
yielding data sets of about 7.4 (5.7) fb™! for most CDF and DZero analyses, since
both experiments have a data collection efficiency of about 85 percent. Running the
Tevatron in FY2009 will double the amount of data collected and significantly
increase the physics reach of the two experiments. This increase in integrated
luminosity gives the CDF and DZero collaborations the potential to discover new
physics through direct searches. The many distinct physics channels being ana-
lyzed—about a hundred per experiment—further enhance the chances for discovery.
Besides the increase in integrated luminosity, the experiments continue to make
improvements in the trigger, the jet energy resolution and electron identification.

The search for the Higgs boson is a major goal of particle physics. The dominant
production processes for a Standard Model Higgs boson at the Tevatron are gluon
fusion and associated WH and ZH production. At the Tevatron, the best way to
observe the Higgs boson is when it is produced along with a W or Z boson. In the
low mass region, the Higgs boson must be reconstructed as a broad resonance in
the b-anti b invariant di-jet mass spectrum above a large background from other
processes. Excellent b-tagging performance and di-jet mass resolution are essential
to achieve the necessary signal-to-background ratio. The Tevatron experiments have
greater sensitivity for Higgs boson masses around 160 GeV where the gluon fusion
and the WH/ZH production modes can be exploited using decays of the Higgs
boson to W pairs.

With approximately 8 fb™', the CDF and DZero experiments would have sensitivity to
Higgs masses up to 185 GeV at the 95 percent confidence level. For masses
between 155 and 175 GeV, they could achieve evidence for the Higgs at the 3 sigma
level. The Higgs mass range probed by the Tevatron experiments is of particular
interest, since it is the range preferred by precision electroweak measurements within
the Standard Model, in particular the top-quark and W-boson masses, which the
Tevatron experiments are measuring with ever-improving precision.

The Standard Model Higgs scenario is the simplest, with only one Higgs boson, but
it is not the only possibility. The Minimal Supersymmetric Model, called MSSM, has
two Higgs doublets, which yield five physical Higgs bosons, three neutral and one
charged pair. The production rate for heavy MSSM Higgs bosons at the Tevatron
depends on the boson mass ma and on an additional parameter called tanf. The
Higgs production rate is highest at large tanf. The Tevatron Higgs-boson searches
cover a significant fraction of the (tanB, ma) parameter space. For tang = 40, the ma
region with masses below 225GeV can be probed at the 95 percent confidence limit
for integrated luminosities of about 7 fb™! for each experiment.

The Tevatron also provides important measurements of the B system including the
remarkable measurement of B;s to anti-B;s oscillations with a frequency of ~18x10"2
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The Standard Model is the best theory that physicists currently have to describe the
building blocks of the universe. It is one of the biggest achievements in twentieth-
century science. It says that everything around us is made of particles called quarks
and leptons with four kinds of forces that influence them. The Figure below summa-
rizes the constituent particles, the six quarks and the six leptons, and the carriers of
the four types of forces that act between these particles.

The most familiar forces are electromagnetism and gravity; the other two are less
well known. The strong force binds atomic nucleons together, making them stable.
Without it, there would be no atoms other than hydrogen: no carbon, no oxygen, no
life. The weak force causes the nuclear reactions that have let the sun shine for
billions of years. As a result, trillions of neutrinos come from the sun and go through
our bodies every second; we don’t feel them because the weak force is so weak.

Despite its incredible success, the Standard Model has serious deficiencies. For
example, if forces and matter particles are all there are, the Standard Model says that all
particles must travel at the speed of light—but that is not what we observe. To slow them
down, theorists have proposed a mysterious, universe-filling, not-yet-seen energy field
called the Higgs field. Like an invisible quantum liquid, it fills the vacuum of space,
slowing motion and giving mass to matter. Also, physicists now understand that 96
percent of the universe is not made of matter as we know it, and thus it does not fit into
the Standard Model. How to extend the Standard Model to account for these mysteries
is an open question to be answered by current and future experiments.

ELEMENTARY PARTICLES

Force Carriers

Three Generations of Matter
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per second. The branching ratio of Bs—u*u~ is expected to be extremely small in the
Standard Model. Extensions to the Standard Model could increase this branching
ratio by orders of magnitude making this decay mode very sensitive to new physics.
Since this channel is almost background free, the gain in sensitivity will increase
significantly with more data. The combination of all the available experimental
information on Bs mixing, including the very recent tagged analyses of Bs—J/y¢ by
the CDF and DZero collaborations, may already provide hints of a possible deviation
of the CP-violating phase of the Bs mixing amplitude with respect to Standard Model
predictions. Doubling the data will improve the measurement of the Bs mixing phase
and could provide information about new physics contributions.

The B physics program of the Tevatron benefits from the production of all species of
B hadrons, which leads to systematic studies of phenomena such as Bs mixing, the
B lifetime difference and rare B-meson decays. The combination of the Bs and By
results from the Tevatron and the B factories has improved and can still improve our
understanding of how different types of quarks transform into one another. Moreover
any discovered inconsistency could indicate the presence of new physics.

As described above, the Tevatron Collider has a very rich program. It is actively
searching for new physics in multiple promising channels. These include channels
with either leptons or jets and missing energy. Large missing energy signatures are a
characteristic of models with neutral stable particles, which may be candidates for
dark matter. These particles are present, for instance, in many low-energy supersym-
metric extensions of the Standard Model. These searches have so far found no
convincing evidence of physics beyond the Standard Model, although experimenters
have observed a small but interesting excess of events in certain channels.

Another interesting signature accessible at the Tevatron is the resonance production
of a pair of top quarks. Such signatures are characteristic of many models of new
physics in which the third generation quarks appear more strongly coupled to new,
heavy gauge bosons than are quarks from the first two generations.

The experiments also anticipate further precision measurements of the top quark and
W boson masses and of the production rate for single top quarks as well as a variety
of QCD, B physics and electroweak measurements.

Recommendation
The panel recommends continuing support for the Tevatron collider
program for the next one to two years, to exploit its potential for
discoveries.

3.1.2 LARGE HADRON COLLIDER AND BEYOND

Overview

When the Large Hadron Collider begins operating, it will open a new era in particle
physics with discoveries anticipated that have the potential of revolutionizing our
understanding of the physics of the universe. This proton collider will take a major
step in accelerator performance, with an energy seven times higher than the Teva-
tron’s. Two general-purpose LHC experiments, ATLAS and CMS, will probe the most
basic interactions of nature. The smaller dedicated experiments LHCb and ALICE will
help elucidate the origin of matter-antimatter asymmetry and of the quark-gluon
plasma, respectively.

Intense LHC commissioning activities have included two successful beam injection
tests into the LHC ring and, more recently, first power tests of machine sectors up to
almost the nominal current. These tests indicate that the accelerator will perform to
design specification. The LHC is presently being cooled down to the operation
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temperature. CERN plans first beam injections in summer 2008, to be followed by
first beam-beam collisions. The LHC will run at a center-of-mass energy of 14 TeV.
The intensity, or luminosity, during the first few years of running will be a factor of six
higher than the Tevatron’s world record. The ultimate luminosity will be another factor
of five higher. A further increase by a factor of ten, the so-called Super LHC, is
planned, and will require detector and accelerator upgrades.

The installation of the four experiments in the underground caverns is essentially
complete, and vigorous commissioning campaigns with cosmic rays have been
underway for some time. In parallel, scientists are carrying out so-called “data
challenges,” massive simulations and world-wide distributions of event samples
similar to those expected at the LHC, in order to finalize the software tools and to
stress-test the LHC’s Grid-based computing infrastructure all over the globe.

Physics program overview

The physics program planned for the LHC is broad, diverse and exciting. When the
collider turns on at a low startup luminosity, measurements of the production rates
and properties of QCD jets, photons, W and Z bosons, and quarks with heavy flavor
will probe the Standard Model in a new kinematic regime. The large number of top
quarks produced at the LHC will allow precise measurements of the top mass and
top’s couplings, and will permit sensitive searches for nonstandard top decays.
Searches for rare or forbidden B decays will constrain possible extensions to the
Standard Model. Studies of these processes will begin shortly after accelerator
turn-on and will improve in precision with increasing data.

The most tantalizing possibilities for discovery at the LHC stem from the exploration of
physics at the Terascale. There is by now strong evidence that the Standard Model is not
a complete theory of the elementary particles and their interactions. Recent observations
that dark matter is not made of known particles and that neutrinos have nonzero masses
provide strong evidence for the existence of new physics. The Standard Model cannot
give satisfactory answers to many key questions: Why is the universe made of matter,
with very little antimatter? What is the relationship between gravity and the forces acting
on elementary particles? At the Terascale, physicists expect to discover new particles
and interactions to address these Standard Model problems.

The most urgent question concerns the nature of electroweak symmetry breaking, the
as-yet-unverified mechanism that generates particle masses. The LHC experiments will
conclusively test the Standard Model answer to this problem, the Higgs mechanism, by
looking for the Higgs boson over the fully-allowed mass range. With about 1 fo™! (one
inverse femtobarn) of well-understood data, likely available by 2009, the absence of a
signal would exclude the existence of a Higgs boson. If the Higgs boson exists, on the
other hand, 0.5-5 fb™' are needed for discovery, depending on its mass. LHC experi-
ments would observe the Higgs in a number of decay modes. The increased collision
intensity of SLHC will test whether the new particle is indeed the Higgs boson. Alterna-
tive models call for several Higgs bosons (or even no Higgs boson). If the experiments
find more than one, the non-Standard-Model origin of the Higgs will be clear. If there is
no Higgs boson, other new phenomena should appear. In this case, detailed measure-
ments would require the higher collision intensities of the SLHC.

Physicists have developed several candidate theories for physics beyond the Standard
Model over the past decades. They often predict a rich array of new particles and
interactions. ATLAS and CMS, with their direct discovery reach for new particles
extending up to masses of 5-6 TeV, will tell us which, if any, scenario is correct. They
should also be able to perform precise measurements of newly discovered particles
and phenomena, providing insight into the underlying new theory.
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Supersymmetry, often referred to as SUSY, is among the most promising scenarios for
physics beyond the Standard Model. An intriguing SUSY feature is that the lightest
supersymmetric particle, the neutralino, is the best candidate today for dark matter. If
Terascale supersymmetry exists, then the LHC will produce copious quantities of
neutralinos. In such a scenario, the LHC would become a dark-matter factory.

Within the wide range of existing SUSY models, the predicted masses of the SUSY
particles and their dominant decay modes depend on a number of phenomenologi-
cal parameters. Analyses of Monte Carlo samples by ATLAS and CMS have demon-
strated both experiments’ ability to observe SUSY, if the mass of the SUSY patrticles
is less than a few TeV, and to perform precise measurement of SUSY parameters.
Such measurements could have important cosmological implications, providing
insights into the physics of the early universe.

Theories aimed at unifying gravity with the other forces that affect elementary
particles generally require more than three spatial dimensions. In these theories, the
additional spatial dimensions are too small to observe at the energies of past
accelerators. In some such theories, the LHC has sufficient energy to allow experi-
ments to observe the effects of these extra dimensions. The signatures vary with the
details of the model, but often include the production of events with large apparent
missing transverse energy and momentum, in conjunction with high-momentum jets
of particles or with leptons of high transverse momentum. If these theories are
correct, the LHC would have profound effects on our understanding of the nature of
space-time. It would provide the first experimental evidence for a unified theory of
gravity and quantum mechanics.

US involvement in LHC

The tremendous excitement of the LHC program has attracted many US physicists.
The recent HEPAP subpanel on the university grant program estimates that half of
US particle physicists will conduct research at the LHC. These scientists represent a
significant fraction of the LHC experimental community, roughly 20 percent of ATLAS
and 35 percent of CMS. They play strong technical and scientific leadership roles on
both experiments. US physicists will make major contributions to the LHC physics
program and to the great discoveries that result. The LHC experiments will also offer
a matchless opportunity for the training of US graduate students. Together, the two
experiments currently support the research of several hundred US students.

US high-energy physicists have played critical roles in the construction of the LHC
accelerator and detectors, developing the cutting-edge technologies required for
such a challenging project. They will play active roles in the commissioning and
operation of the LHC. Accelerator physicists from Fermilab, Brookhaven and LBNL
are members of the US LHC Accelerator Construction Project. Among the compo-
nents designed and constructed by US collaborators are inner triplet focusing
quadrupole magnets, beam separation dipoles, interaction region distribution boxes,
and interaction region absorbers. The US also played an important role in testing and
characterizing the accelerator’s superconducting cable.

The US LHC Accelerator Research Program comprises accelerator physicists from
Fermilab, Brookhaven, LBNL and SLAC. The LARP mission is to provide US expertise
to enable optimal performance of the LHC and to use, develop and preserve the
unique US resources and capabilities in accelerator science and technology. LARP
scientists will be involved in LHC commissioning and performance optimization and
will coordinate the US R&D program for LHC accelerator improvements.

Full scientific participation in experiments abroad brings its own challenges. To

maintain their scientific and technical leaderships roles, US groups working on LHC
experiments must maintain a sizeable presence at CERN. For example, US CMS
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Hadron colliders accelerate beams of protons (or protons and antiprotons) in opposite
directions around giant circular rings at nearly the speed of light, producing millions of
high-energy collisions per second. The colliding protons contain quarks and gluons,
each carrying a fraction of the proton’s total energy. Since a typical collision involves
one quark or gluon from each proton, the resulting collision energy is lower than the
protons’ total energy. These collisions convert energy into new particles whose
discovery illuminates the fundamental nature of the physical universe.

The highest-energy hadron collider operating today is the Tevatron at Fermilab, where
protons collide with antiprotons with a total energy of 2 TeV. The Large Hadron Collider,
the world’s next-generation hadron collider, with a total energy of 14 TeV, will provide
direct access to the very high energies of the Terascale and the discoveries that it
harbors. Arguably the most ambitious scientific endeavor ever undertaken, the LHC is
nearing completion in a 27-kilometer tunnel at CERN, the European particle physics

H ad ro n laboratory in Geneva, Switzerland. For most of their split-second journey around the

accelerator ring, the LHC’s hair-thin beams of protons will travel in separate vacuum
' pipes; but at four points they will collide and produce the interactions of interest. At
< :OI I Id erS these collision points are massive experiments—huge both in size and in worldwide

participation—known by their acronyms: ALICE, ATLAS, CMS, and LHCb.

The Large Hadron Collider
at CERN

CMS LHCb ATLAS ALICE
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management and operating plans require stationing about 120 US physicists at
CERN. Numbers for ATLAS are comparable. These requirements have significant
cost implications, especially at a time when the dollar-to-euro exchange rate is at an
historical low. Because the majority of the physicists living at CERN come from
university groups, the university research program will largely bear these costs.
Second, for US groups to participate fully in the LHC physics program, physicists
based in the US must be able to contribute without impediment to the scientific
collaborations and discussions. The use of high-quality collaborative tools such as
videoconferencing can achieve this goal. Third, in order to perform complex analyses
that require sophisticated data-mining and analysis techniques, US physicists must
have excellent access to computing resources.

The 2007 University Grants Program subpanel report extensively discusses the issues
summarized here. That report made the following recommendations, which P5 endorses:

e The agencies should continue their efforts to ensure that the vision for LHC
computing is realized. This includes working across and within agencies to
ensure sufficient network and computing capacity.

e The agencies should support efforts to ensure that both US sites and key sites
abroad are equipped with remote videoconferencing systems that are reliable,
robust and readily available.

e The agencies should support the increased travel and subsistence costs of
university researchers participating in the LHC and other overseas experiments.

Significant US participation in the full exploitation of the LHC has the highest priority
in the US high-energy physics program.

Evolution of the LHC

The LHC will be the premier facility at the energy frontier for more than a decade. It is
appropriate to consider the long-term program of operation and of accelerator and
detector improvements that are a natural part of any successful collider program.
The Tevatron, for example, had several upgrades to increase energy and luminosity.
Upgrades to the detectors accompanied each collider upgrade, to allow operations
in the new and more challenging accelerator environment and to fully exploit the
physics opportunities. The LHC anticipates similar upgrades.

CERN plans an LHC upgrade program, Super-LHC or SLHC, to increase the discovery
potential of the machine and to allow more precise measurements of the phenomena
observed in early running. The SLHC will extend the reach of the initial LHC by 30
percent in terms of particle masses. Precise measurements of properties of new
particles discovered at the LHC will also benefit from the tenfold increase in luminosity.
As an example, ratios of Higgs boson couplings to fermions and bosons can be
measured to an accuracy of up to 10 percent, providing crucial additional insight into
the electroweak symmetry breaking mechanism. Furthermore, several rare decays of
the Higgs boson (e.g., H—uu) and of supersymmetric particles, not possible at the
LHC, become accessible with the huge data sample provided by SLHC.

Phase | of SLHC has a goal of providing reliable operation at twice the nominal LHC
design luminosity. Plans call for completion of construction in 2013. Phase Il is more
ambitious, with a goal of achieving an order of magnitude higher luminosity than that
of the initial LHC design. Details of the Phase Il upgrade will depend on the perfor-
mance of the LHC and on the physics observed in the initial running. CERN will take
a decision on the scope of these more ambitious upgrades around 2011, and the
upgrade itself would occur later in the decade. Upgrades to the ATLAS and CMS
detectors will accompany each phase.
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To fully exploit their intellectual and technical contributions to the LHC and continue
exploring the new physics it will uncover, US scientists have expressed a strong desire
to participate in the SLHC construction project on both detectors and accelerator. In
fact, US physicists are already deeply involved in R&D and planning for these
upgrades. While the details of participation are still under discussion, the scale would
be commensurate with the roles US scientists are playing in the current project. The
complexity and technical challenge of SLHC upgrades require significant R&D efforts,
calling for new concepts and developments that will keep US scientists on the cutting
edge of technology. Because of the technical complexity of the project, R&D is
underway for both Phase | and Il and will need increased support.

Recommendation
The panel recommends support for the US LHC program, including
US involvement in the planned detector and accelerator upgrades,
under any of the funding scenarios considered by the panel.

3.1.3 FUTURE LEPTON COLLIDERS

The physics of lepton colliders

The international particle physics community has reached consensus that a full
understanding of the physics of the Terascale will require a lepton collider in addition
to the Large Hadron Collider.

Basic features differentiate hadron and lepton colliders. Because protons and
antiprotons (hadrons) are complex objects made of quarks and gluons, collisions
between these hadrons take myriad different forms depending on which of the
constituents collide. A single quark-quark or quark-gluon collision can produce a
signal of new physics. The other quarks and gluons are merely spectators, forming a
background to this signal. In hadron collisions, each individual quark or gluon carries
only a fraction of the total energy of the proton, typically around 10 percent, so the
useful energy for producing new physics is typically one tenth of the total collision
energy. Furthermore, the energy and the detailed quantum numbers of the quark-
quark or quark-antiquark initial state are unknown.

Lepton colliders, on the other hand, create collisions of pointlike, fundamental
particles with no internal components. The full energy of each collision goes into
producing new physics, with the energy and quantum numbers of the initial state
well known. In addition, researchers can control the polarization, or spin, of the
colliding electrons and positrons.

The complexity of hadron collisions provides a richness in the variety and energies of
the initial states that has allowed hadron colliders to discover new physics. The
complementary lepton colliders with their clean and well-defined initial states have
discovered new physics on their own, and have also helped to define the nature of
the new physics discovered at any accelerator.

A lepton collider complements a hadron collider. It can probe a similar energy scale
with one tenth of the energy of a hadron collider. The last generation of lepton
colliders, LEP and the SLC, with energies of around 100-200 GeV, complemented the
2-TeV Tevatron. All contributed important discoveries to our present understanding of
the Standard Model. A lepton collider of around a TeV will probably be needed to
complement the discoveries of the 14-TeV LHC. This rule of thumb is only approxi-
mate; results from the LHC will yield a better estimate of the needed energy of the
next lepton collider.

The Higgs boson and supersymmetric particles as they would be measured at an ILC
illustrate the complementarity between hadron and lepton colliders. Knowledge of the
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initial state of the interaction, including the energy and spin directions of the interacting
leptons, would inform ILC physics measurements. The interactions are simple pro-
cesses with comparable cross sections for competing channels. For example, the rate
of producing a Z boson and a 120 GeV Higgs boson at a 500 GeV collider (e*e™—ZH)
is comparable to the cross section of diquark production of any flavor. With an
inclusive trigger and highly polarized beams (80 percent for electrons, as well as
positron polarization), events are clean and revealing.

Study of the Higgs boson through this process means events can be tagged by
reconstruction of the Z, without reference to the decay of the Higgs itself. Even
invisible decays of the Higgs are accessible in this way. A precise measurement of
the decay modes of the Higgs is possible, and deviations from the Standard Model
can be discovered with great sensitivity, without model assumptions. If a Standard
Model-like Higgs boson is responsible for electroweak symmetry breaking, the ILC
would precisely measure its mass and width (to 0.03 percent for a 120 GeV Higgs
boson). The ILC would measure the decay rates of the Higgs into many channels
with a few percent uncertainty, and determine its quantum properties. Discovery of
non-Standard Model properties would be possible with precision well beyond that
achieved first at the LHC. In addition, should nature choose alternative scenarios for
electroweak symmetry breaking, the ILC would have sensitivity to strong coupling up
to several TeV, exceeding the reach of the LHC in some scenarios.

A lepton collider would provide powerful access to supersymmetric particles. The
capability to collect data at a series of energies around the threshold of a new
physical process is unique to a lepton collider, making it an extremely powerful tool
for measuring particle masses with high precision and unambiguously determining
particle spins. Selecting particular running energies can boost cross sections and
minimize backgrounds for particular studies. The polarized beam capabilities of an
ILC would make it particularly useful for these measurements. Electron polarization
would allow experiments to distinguish electroweak quantum numbers and measure
important mixing angles. For example, slepton production cross sections are
expected to be electron-polarization dependent. Polarization would be a powerful tool
in suppressing backgrounds.

The International Linear Collider

In the last decade, the Tevatron at Fermilab, LEP at CERN, and the SLC at SLAC
have provided indirect evidence that the mass of the Higgs boson should be in the
100- to 200-GeV range. This evidence has led to the expectation that a linear

e*e collider with a 500 GeV center-of-mass energy, upgradable to 1 TeV, could be
the appropriate next lepton collider. An international collaboration explored paths to
realize such a collider. The International Committee for Future Accelerators, or ICFA,
created the International Linear Collider Steering Committee to coordinate the effort.
An ILCSC subpanel recommended superconducting rf as the technology of choice.
The ILCSC commissioned the Global Design Effort to lead an international team of
scientists to develop a design for a linear collider. The GDE released its Reference
Design Report in early 2007, with a first cost estimate. This estimate indicated a
higher cost for the ILC than US funding agencies had expected—a higher cost than
several previous reports on the future of US particle physics had assumed.

The scientific value of the ILC has not diminished. However, its high cost and the
consequent delay in a possible construction start require a new strategy.

Results from the LHC will confirm or contradict this choice of energy. If the optimum
initial energy for a lepton collider proves to be at or below approximately 500 GeV,
then the ILC as designed by the Global Design Effort is the most mature and
ready-to-build option, with a construction start possible in the next decade. The cost
and scale of the ILC mean that it would have to be an international project, with the
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Lepton colliders to date have accelerated electrons and positrons and brought them
into collision; they are called e*e™ colliders, or electron colliders for short. In the
future it may be possible to produce and accelerate muons and bring them into
collision to produce p*u~ collisions in a muon collider. The early electron colliders
accelerated and stored electrons and positrons in circular machines, just like protons
in a hadron collider. Charged particles such as electrons and protons radiate energy,
called synchrotron radiation, when accelerated in a circular path. Synchrotron
radiation is much stronger for lighter particles than for heavy ones and grows rapidly
with the energy of the particle. It is not a severe problem for protons, but the energy
loss of electrons in a circular accelerator becomes prohibitively large as the energy of
the electrons exceeds 100 GeV. This led to the pioneering development at SLAC of
e*e” colliders that accelerate the electrons and positrons in a linear path so that the
radiation energy loss is greatly reduced.

Le pto n Linear colliders are the technology of choice for TeV class electron colliders. The
design of the International Linear Collider envisions two linear accelerators, one for
. electrons and one for positrons, aimed at each other so that the particles, acceler-
CO | | I d e rS ated to 250 GeV each, collide to produce a total energy of 500 GeV. Each accelerator

would be about 12 km long. These collisions would take place in detectors located at
the point between the two accelerators where the collisions occur. In the ILC design,
superconducting radio frequency cavities accelerate the electrons, an efficient
technology for reducing the collider’s power consumption.

Because muons are much heavier then electrons, they experience less energy loss to
radiation, so muon colliders are envisioned to be circular machines. Circular accel-
erators are more efficient then linear colliders, since the vast majority of the particles
that do not interact at the collision point continue to circulate and can be repeatedly
recirculated to the collision point. In a linear collider, the beams have only one
chance to interact. However, the muon’s extremely short lifetime creates challenges
for muon collider design.

An example of a linear collider, the SLAC Linear Collider, has operated successfully
with an energy of 100 GeV, so that the design of linear e*e™ colliders is at a relatively
advanced stage. Muon colliders, on the other hand, still need considerable R&D just
to establish proof of principle. Muon colliders are therefore further off in time then
electron colliders.

: Positrons : The Detectors : Electron Source
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cost shared by many nations. International negotiations will determine the siting; the
host will be assured of scientific leadership at the Energy Frontier.

A requirement for energy higher than the ILC’s would mean considering other collider
technologies, such as the CLIC technology under study at CERN, high-gradient
warm cavities, or the technology of a muon collider.

Lepton collider R&D

The US should continue to participate in the international R&D program for the ILC
for the next few years to preserve the option of playing an important role in case the
ILC proves to be the choice of the international community. In view of the new
realities in both the US and in the UK, the GDE has formulated a minimal plan for the
international R&D program with the goal of producing a proposal for the ILC (but
without a detailed engineering design) by 2012. By then, results from the LHC should
be available to inform the choice of energy for a lepton collider. In this plan, the US
role in ILC R&D would focus solely on activities where the US accelerator community
has unique expertise to support the international effort. The FY2009 budget request
reflects this level of R&D, which should continue for the next four years under any of
the funding scenarios considered by the panel.

If LHC results dictate a higher energy, a room-temperature linear collider concept could
have more potential. In any case, future experiments will eventually need higher
energies. Thus CERN has continued to develop the Compact Linear Collider based on
a two-beam accelerator concept for the rf power generation. CERN plans to develop a
conceptual design for CLIC by early in the next decade. The R&D program on CLIC
has made excellent progress, recently modifying parameters to benefit from the
X-band rf R&D programs in the US and Japan that operated through the early 2000s.
R&D has continued in all three regions of the world on the next generation of accelera-
tor structures for gradients in excess of 100 megavolts per meter. Plans call for
demonstration of two-beam acceleration in a CLIC module by 2010. Another option for
the rf power source is rf klystrons of an improved design, which may have a relatively
fast demonstration path. At present the R&D funding on normal-conducting linear
collider technologies is minimal in the US. Progress would require an expanded R&D
program in room-temperature cavity structures and associated power delivery.

Recent advances in plasma and laser acceleration technologies hold promise for
extremely compact accelerators that could reach much higher energy in a cost-effective
manner. Gradients as high as 50 gigavolts per meter have been achieved in plasma
accelerators—roughly 1000 times higher than in rf accelerators. It will take significant
further R&D and new test facilities to demonstrate the feasibility of these approaches for a
high beam intensity multi-TeV linear collider and to further develop the technologies.

Finally, a muon collider may be an effective means to reach multi-TeV energies. A
muon collider would be free of the beam effects that can limit an e*e™ collider at very
high energies and would have the potential for highly efficient conversion of site
power to useful collision energy. Using muons instead of electrons also has the
advantage that recirculating linacs could use the accelerating structures multiple
times to provide energy to both particle beams simultaneously. The challenge for a
muon collider is to produce, collect, cool and accelerate enough muons to provide
the luminosity required to study new phenomena in detail. Recent studies using a jet
of mercury in a strong magnetic field have demonstrated that such a target is
capable of surviving a four-megawatt proton beam. This first step toward providing
muons is very encouraging. The next step is the demonstration of cooling using a
combination of ionization energy loss and dispersion in a low-energy, low-frequency,
acceleration system. Support for R&D for this program has been very limited.
Demonstrating its feasibility or understanding its limitations will require a higher level
of support.
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Whatever the technology of a future lepton collider, and wherever it may be located,
the US should plan to play a major role, and this requires an active program of R&D.
In the lower budget scenarios, the US should maintain a broad R&D program so that
it can contribute to the technology choice and engage in the construction negotia-
tions. In the higher budget scenarios, the US should position itself through this R&D
program to be a potential leader and host. In all funding scenarios, funding for
construction of a future lepton collider, either on- or off-shore, would require a
temporary increase in funding.

R&D for lepton collider detectors

The physics questions that lepton colliders will address require capabilities beyond the
performance of current detectors. The lepton collider environment offers the potential
for complete and precise event reconstruction for practically every interaction, a
powerful tool for discovery. To reconstruct the anticipated final states and to identify
and measure them with the requisite precision requires measuring essentially all
charged leptons, quarks and gluons, photons, and W and Z bosons extremely well.
This requires excellent particle identification using vertex detectors, excellent tracking
and momentum resolution, as well as jet energy resolutions only possible with new
approaches for jet energy measurements with so called particle flow algorithms.

The global structure responsible for the linear collider physics program and its
detectors is the World Wide Study. The WWS has three chairs, one from each of the
three regions of the world participating in the ILC. The corresponding regional entity
is the American Linear Collider Physics Group, which coordinates physics and detec-
tor efforts in the US.

Achieving these advances in detector performance will require a well-orchestrated
worldwide detector R&D program. Over the last few years, Europe has realized such
a program. It has been reviewed and funded and is addressing some key R&D areas
including sensor R&D for vertex detectors and new hadron calorimeters. In the US, a
coherent and funded program is only partially in place. An existing university-based
ILC detector R&D program has received funding at a modest but increasing level for
several years; in FY2007 it reached $2.1M/year. This program is based on proposals
from groups or individuals at universities and multiprogram laboratories engaged in
high-energy physics. Most of the detector advances from this directed program are
generic, and will be applicable to higher lepton-collider energies. The future of this
critical program for FY2008 and beyond is uncertain. Besides the university-based
program, a lab-based detector R&D program informally couples to the university
program. It is fair to say that US efforts on linear collider detector R&D are lagging
behind efforts in Europe in both funding and manpower. The funding shortfall over
the past few years has made it difficult to define a coherent US program. A leading
role for the US in a linear collider will require addressing this issue and putting in
place a well defined and sufficiently funded US linear collider detector program.

Recommendation
The panel recommends for the near future a broad accelerator R&D
program for lepton colliders that includes continued R&D on ILC at
roughly the proposed FY2009 level in support of the international
effort. This will allow a significant role for the US in the ILC wher-
ever it is built. The panel also recommends R&D for alternative
accelerator technologies, to permit an informed choice when the
lepton collider energy is established.

The panel also recommends an R&D program for detector technologies
to support a major US role in preparing for physics at a lepton collider.
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3.2 THE INTENSITY FRONTIER: NEUTRINO PHYSICS
AND PRECISION MEASUREMENTS

At the Intensity Frontier, precision measurements of the properties of leptons and
quarks can lead the way to resolving some of the universe’s deepest mysteries.

3.2.1 NEUTRINO PHYSICS

Neutrino physics has had a long and distinguished history, with US scientists at the
forefront of many discoveries. We outline an ambitious vision that builds on that strong
scientific tradition to capture the unique scientific opportunities of neutrino science.

Results of recent experiments have revolutionized and brought renewed excitement to
this field. They have shown that neutrinos have nonzero masses, mix with one another,
and oscillate among the neutrino flavor states. Cosmology tells us that the neutrino
masses are very small, less than one millionth of the electron’s mass. Oscillation
studies find tiny nonzero neutrino mass differences between generations, but large
values of two of the three mixing angles, 623 ~ 45 degrees and 612 ~ 32 degrees.
Currently we only have an upper limit of about 10 degrees on the third angle, 61s.

Collectively, these advances in neutrino physics have opened the first crack in the
Standard Model of particle physics. They have significantly changed our view of neutrinos
and the special role they play in elementary particle physics, astrophysics and cosmology.

In the coming years, neutrino physics presents exciting opportunities: the measure-
ment of the mixing angle between the heaviest and lightest neutrinos, determination
of the hierarchy of neutrino masses, the search for matter-antimatter asymmetry (CP
violation) in neutrino mixing, and lepton number violation. These opportunities are
fundamental to the science of particle physics and have profound consequences for
the understanding of the evolution of the universe.

For the mixing angle measurements, the US has strong participation in reactor
experiments in France and China, with first results expected by 2012 and final results
by 2014. The US leads the world in lepton number violation measurement through
several strong double beta decay experiments; one will begin operation this year.
The NOVA experiment, currently the only approved experiment with a chance of
measuring the mass hierarchy, is scheduled to begin taking data in 2013 with final
results by 2020.

Full exploration of the mass hierarchy and discovery and study of CP violation
present an extraordinary scientific opportunity for the US program. A high-power
neutrino beam from Fermilab to the proposed Deep Underground Science and
Engineering Laboratory, DUSEL, represents an excellent chance for the US to
establish clear leadership in these two measurements that would begin to unlock the
secret of the matter dominance in the universe and physics at very high energies.
Coupled with an already strong program in double beta decay and reactor experi-
ments, the Fermilab-DUSEL long baseline experiment would firmly establish the US
as the leader in neutrino science.

Questions for the future

As the first chapter in the study of neutrino oscillations comes to an end, a new
chapter begins. The great progress in neutrino physics over the last few decades
raises new questions and provides opportunities for major discoveries. Among the
compelling issues today:

1) What is the value of 613, the mixing angle between first- and third-generation
neutrinos for which, so far, experiments have only established limits? Determining
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the size of 613 has critical importance not only because it is a fundamental
parameter, but because its value will determine the tactics to best address many
other questions in neutrino physics.

2) Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a
matter-antimatter asymmetry among leptons in the early universe (leptogenesis)?
What is the value of the CP violating phase, which is so far completely unknown?
Is CP violation among neutrinos related to CP violation in the quark sector?

3) What are the relative masses of the three known neutrinos? Are they “normal,”
analogous to the quark sector, (mz>my>m4) or do they have a so-called “inverted”
hierarchy (m2>m1>m3)? Oscillation studies currently allow either ordering. The
ordering has important c