





							March 10, 2003








Dr. Ray Orbach


Director, Office of Science


U.S. Department of Energy


Washington, D.C. 20585





Dear Ray,





I am responding to your charge letter to the High Energy Physics Advisory Panel (HEPAP) of December 18, 2002 concerning the particle physics facilities that will position the Office of High Energy Physics to be at the forefront of discovery over the next twenty years.  This letter constitutes HEPAP’s report, as requested in your letter.





Following receipt of your charge, I formed an HEP Facilities Committee consisting of all the members of the Particle Physics Project Prioritization Panel (P5) plus seven others, with myself as chair.  The members of the Committee are found in Appendix A.  Your charge letter provided the impetus for P5 to take an intensive look at the whole particle physics roadmap. This survey would otherwise have been deferred, but doing it now has proven to be an excellent precursor to P5 considering specific projects.





In January, after examining the list of facilities accompanying your letter, requests were sent for written narratives to 12 laboratories/proponents of a slightly revised list of facilities. The Committee heard brief presentations during a meeting on February 15-16 in Pittsburgh. More importantly, previously communicated questions were answered and additional issues discussed with the presenters of each of the narratives.  The agenda of that meeting is found in Appendix B. The Committee interacted via email on the draft report. A final draft was produced in early March.  





Our response starts on page 2 with the broad goals of our science into which the facilities fit, as presented in the report of the Long-Range Planning Subpanel last year.  This is followed by a description of the HEP roadmap of facilities, beginning on page 3.  A summary of our recommendations on the twelve facilities begins on page 4.  These have been reorganized and renamed from the original list.  We show in particular how they tie into the overall scientific goals and the roadmap of the Subpanel.  More detailed “one-pagers” for each facility are found in Appendix C.  Each contains a brief description of the particular facility; the science being addressed; the collaboration; interagency and international aspects; ties and synergies with other sciences; possible competing facilities; the timeline; and the cost estimate.  These one-pagers should replace those accompanying your letter.  Appendix D contains a table that summarizes the results of our response.








The Goals of Particle Physics in the 21st Century





The Long-Range Planning Subpanel report was unanimously endorsed by HEPAP last year and provides a twenty-year strategic plan for U.S. particle physics.  HEPAP’s vision for our field, statement of our scientific goals, and five major recommendations naturally form an integral part of the twenty-year strategic plan for the whole Office of Science that you are developing. 





The plan’s formulation was in response to a charge from both the DOE and the NSF. It makes contact with developments and plans in other divisions of the Office of Science, and, given the global nature of the field, it also reflects projects and planning in the other regions of the world.  Indeed, it is a part of a worldwide consensus on the most important opportunities and priorities.  The U.S. program is to be carried out by DOE-HEP, in collaboration with NSF, NASA, and international partners from across the globe.  This will become manifest as we discuss the possible facilities individually.





The vision contained in the Subpanel’s report was shaped by several decades of extraordinary accomplishment that put particle physics at the threshold of a new era of discovery.  On that basis, the Subpanel created a science roadmap for the field containing three interrelated long-range goals.  The goals drive a diverse and interconnected research program.  The overall plan ties them together in an exciting science-centered program that aims at keeping the U.S. among the world leaders in the field.   





Ultimate Unification - Unification is the search for simplicity at the heart of matter and energy.  The rich and complex phenomena we observe today appear to have emerged from a much simpler world at high energies that existed in the first moments of our universe. Experiments of the last few decades have confirmed that new fundamental particles reflecting this simpler world must exist at energy levels just beyond the reach of current accelerators.  Our goal is to explore phenomena that will give us insight into the mechanism by which the disparate particles and forces of the universe merge into a single coherent picture.  





At energies approaching a TeV, we will begin to explore an uncharted world where we know that two of the forces, electromagnetic and weak, are unified into one electroweak force. As part of this unification, the fundamental particles acquire the property of mass and their characteristic behavior under the weak and electromagnetic forces.  We know that something fundamentally new and different than anything we have seen before must happen. But what is it?  One often-cited example is a new kind of particle, the Higgs boson, as a remnant and thereby a signal of the unification mechanism. In addition, neutrino masses may be connected to energy scales where all the forces become one.


     


     Hidden Dimensions - The visible world appears to have three spatial dimensions.  String theories, however, predict that there are more.  One way to see the additional dimensions would be to kick particles with enough energy that they could disappear into the extra dimensions.   Particle accelerators would allow the discovery of such dimensions, and measurement of their shapes and sizes.  In the long term, string theory may provide the ultimate unification of forces.  Our goal is to explore whether there are extra dimensions and to decipher their structure. 





Supersymmetry, which is strongly favored theoretically, predicts that additional dimensions with spin lead to a set of new fundamental particles, one partner for each known fundamental particle.  We suspect that the entrance to the world of supersymmetry also lies at the TeV energy scale, where it plays an essential role in unification.





Cosmic Connections - Elementary particles that interact through a few fundamental forces shape the evolution, present state, and future of the universe.  Recent astrophysics experiments indicate that most of the matter in the universe is dark, unlike any conventional matter here on Earth, and that empty space is filled with dark energy, pushing the universe to expand at an ever-increasing rate.  Our goal is to explore the nature of dark matter and dark energy through experiments both on earth and in space.  





A prime candidate for the dark matter is the lowest-mass particle of supersymmetry, left as a remnant of the early moments of the universe.  If so, we will produce the dark matter particles and precisely study their properties and connections to unification and hidden dimensions at TeV-scale accelerators. In contrast, the next-generation experiment to study dark energy will be in space.  Back on earth, by studying differences in the behavior of matter and antimatter in accelerator-based experiments, we hope to understand why our universe is now composed of matter, even though there were equal amounts of matter and antimatter in the very early universe.








The HEP Roadmap of Facilities





The long-term goals of particle physics are best advanced using a variety of techniques in a balanced and diverse program. Across the world, particle physicists are in the midst of planning a bold array of experimental initiatives. Some of these straddle the boundaries between particle physics, astrophysics, and nuclear physics.  Most use accelerators, but essential advances will come from non-accelerator experiments on Earth and in space.





For the foreseeable future, particle accelerators will be the primary tools of the field.  Indeed, a large majority of the facilities on our list are accelerators or accelerator-based projects. At accelerators we can actually produce the basic constituents of matter and study them in abundance under controlled conditions.  There are many examples of the crucial role played by accelerators for our science over past decades. 





TeV-scale accelerators, with the unique potential of discovering and understanding the physics of the Higgs boson and/or of supersymmetric particles, will be the principal means of reaching toward our long-term scientific goals.   Exploration of physics at the highest available energies, first at Fermilab in the U.S., and then at CERN in Europe and at the proposed Linear Collider somewhere in the world, will allow us to chart this new frontier.  That is why U.S. participation in the LHC was the central recommendation of the Drell Subpanel in 1994, why this was reiterated by the Gilman Subpanel in 1998, and why the Bagger-Barish Subpanel in 2002 made the highest priority of the U.S. program a high-energy, high-luminosity, electron-positron linear collider, wherever it is built in the world.





The breadth of the scientific problems we must attack requires, however, a diverse portfolio of experimental techniques.  The remarkable progress in our field over the past half-century relied on accelerator facilities, both at the energy frontier and at lower energies, and on experiments carried out at reactors, in space, and underground.  Some weighed tens of kilotons, others fit on a tabletop.  Our appraisal of the scientific questions before us convinces us that this will also be true in the future. This diversity of approaches is part of the nature of our science. The facilities discussed here are responsive to this. 


 


Any list of future facilities is a dynamic one.  With time, decisions will be made to begin construction of some facilities and not of others on the list that we have now. Still other facilities may be added in response to new scientific and technical opportunities.  We recognize that this is an ambitious list.  However, we are part of a world community and the list needs to be viewed in an international context.  Especially for the very large facilities, some will be located here and others abroad.  We want to participate in the most important science, wherever the facility is located, just as our European and Asian colleagues would want to collaborate on facilities in the U.S.








Summary of Future High-Energy Physics Facilities





In discussing the scientific potential of a facility, we will use the categories suggested in your letter: absolutely central, important, and don’t know enough yet.   We apply these categorizations first to the intrinsic importance of the science being addressed.   However, there are other issues that affect any specific facility on the list, such as possible scientific and technical developments and the degree to which the particular proposed facility will make decisive contributions.  Therefore, for each of the proposed facilities, we give a separate rating that addresses these latter issues.  For facilities that are near decision points, the ratings coincide.  But for facilities far in the future, much less is known, and the ratings can be different.





To be considered absolutely central, we require that the intrinsic potential of the science be such as to change our view of the universe.  This is an extremely high standard, at the level at which Nobel Prizes are awarded.    








Our standard for facilities that we judge to be important is that they be world class.   Moreover, a set of experiments that are individually important can together change our view of the universe.  This has happened repeatedly in the past and we expect that it will be the case with the future facilities we are considering.  For example, a diverse set of quark physics experiments carried out over several decades have together led to a picture in which just a few fundamental parameters explain all the weak interactions of quarks and matter-antimatter asymmetries seen in the laboratory up to now.  These experiments led to absolutely central science. 





We have grouped the facilities according to the physics that they address.  The groupings reflect the interconnected paths on the roadmap, leading to the scientific goals described in the previous section.  The first path involves unification of the weak and electromagnetic forces.  This requires accelerators at the energy frontier, such as the LHC and the proposed Linear Collider.  The second path is cosmology, which includes fundamental observations made from space.  The third path of quark physics requires accelerators at the luminosity frontier.  The fourth path of neutrino physics requires intense neutrino sources and detectors located deep underground.  A balanced approach, involving all four paths and a diverse set of facilities, is absolutely central to achieving our scientific goals of ultimate unification, hidden dimensions and cosmic connections.





As to readiness, we have chosen to indicate whether a project is in the R&D phase or the project engineering and design phase (PED), or is ready for a decision on construction.





The Energy Frontier





Linear Collider  - There is now a worldwide consensus that a high-energy, high-luminosity, electron-positron linear collider (LC), operating concurrently with the LHC, is necessary to explore and understand physics at the energy frontier.  The LHC and LC will provide a sweeping view and incredible precision, with the discoveries of each used to great advantage in extracting and extending the physics results of the other. A linear collider requires the technology, people, and financial resources of an international project.  Building on our nation’s previous investment in exploring the high-energy frontier, the Long-Range Planning Subpanel recommended, as its highest priority, that the U.S. participate in such a project, wherever it is located in the world, and that the U.S. prepare to bid to host the facility.   The intrinsic science potential of the Linear Collider and the capability of the facility to achieve that science are absolutely central.  Presently in an advanced R&D phase on an international basis, with the formation of an international design team it would enter the project engineering and design phase in 2006. 





LHC Luminosity Upgrade  - The U.S. is participating in the construction of the LHC proton-proton collider that is to begin operation in 2007 and explore the energy frontier with seven times the energy we can reach with present accelerators.  U.S. physicists, supported by the DOE and NSF, comprise approximately 20% of the international detector collaborations, ATLAS and CMS.  Both the accelerator and detectors are more than 70% complete and plans are underway for U.S. scientists to play an essential role in producing science with this facility. Upgrades of the LHC are being envisaged.  The more cost-effective upgrade is an increase in the luminosity, with the goal of a factor of 10 above the design value.  This involves modifications of the accelerator (particularly the focusing magnets around the interaction regions) and the detectors (particularly the tracking systems).  The science of extending exploration of the energy frontier with the LHC accelerator and detector luminosity upgrades is absolutely central.  The R&D phase for these will need to start soon if the upgrades are to be finished by the present target date of 2014.  





LHC Energy Upgrade – A challenging and more costly upgrade of the LHC would involve doubling the total collision energy from 14 to 28 TeV. This requires a multi-year shutdown of the machine during which the original magnets would be removed and a new collider, employing bending magnets with twice the field strength, would be installed and commissioned.  It is possible that the physics found in the next decade at the LHC will be such that it will demand such an upgrade, but at this point we don’t know enough yet either about the science or about the specifics of the facility that might be proposed.  It will require an extensive R&D phase.








Cosmology





SNAP





Resolving the mystery of what is the dark energy that constitutes more than two-thirds of the energy of the present universe is one of the leading scientific questions in physics and astronomy. The particles we know describe only a tiny fraction of the composition of the universe, since neither dark matter nor dark energy is encompassed in our current picture, with the dark energy driving the universe’s accelerating expansion. Thus, we are ignorant of the dominant constituents of the universe, those that shape its structure and determine its ultimate destiny.  The Supernova/Acceleration Probe (SNAP) is a satellite experiment designed to take us to the next stage in exploring these mysteries.  By observing thousands of Type Ia supernovae with better precision than any single supernova has ever been measured so far, SNAP will measure the history of the growth of the universe over the past 10 billion years.  The science addressed by SNAP in exploring the nature of dark energy is absolutely central.  It would be carried out by an international collaboration and would be supported by both the DOE and NASA in the U.S.  The project is now in the R&D phase, with plans calling for project engineering and design starting in two years, and launch in 2009.  








Quark Physics . 





BTeV





BTeV is an experiment proposed for the Tevatron Collider at Fermilab that uses cutting-edge detector technology to greatly extend the search for new physics in the decays of B mesons.  The B-factories at SLAC and KEK have shown that, as predicted, there is a large matter-antimatter asymmetry (CP violation) in some B decays.  Interest has turned to trying to find an asymmetry in other decays that would not follow the standard predictions and thereby point to new physics at the TeV scale.  BTeV is designed to make a full set of precise measurements for the decays of the B mesons, including the Bs meson, which is not studied at the electron-positron B-factories and deliver a signal of “tagged” decays that is roughly two orders of magnitude beyond that of existing B-factories.  A similar experiment, LHCb is being prepared at CERN.  BTeV was given scientific approval after a rigorous review by the Fermilab Physics Advisory Committee in 2000.  Continuing R&D led to refinements in the design, and budget pressures led to a reduction in the scope of the experiment which reduces costs but maintains most of the capability.  Following internal Fermilab reviews, the collaboration is working on a Technical Design Report.  The experiment can be built and ready to operate by 2008 and would run in an era in which the TeV scale will be under direct exploration at the LHC. Following on several generations of quark physics measurements, BTeV is an important experiment.  It is ready for a decision on construction, and is being considered by P5. 





Super B-Factory





Both at SLAC and at KEK, the accelerator design and physics program of a next-generation B-factory are being explored.  Such a machine would possibly have over 100 times the luminosity achieved to date. The physics goals are similar to those of BTeV and LHCb in searching for new physics by examining matter-antimatter asymmetries in rare B decays with two orders of magnitude more sensitivity than at the existing B-factories. 


 KEK and SLAC are both studying the technical issues related to designing what is expected to be a single Super-B Factory.  The machine is in an early stage of the R&D phase and it is not yet clear that all technical problems can be solved for an electron-positron collider with a luminosity of 1036 cm-2 sec-1.  While there could be a physics development that would immediately make for a compelling scientific case, at this point we don’t know enough yet as to the scientific importance beyond what will be done by experiments at hadron colliders and about the specific facility that might be eventually proposed.





CKM





Charged Kaons at the Main Injector (CKM) is an experiment to be run at the Main Injector at Fermilab to obtain approximately 100 events of the rare decay K+ ( 


p+ n`n.  Here again, the goal is to use the measurement of this rate together with other measurements of rare decays and of matter-antimatter asymmetries as a sensitive probe for new physics, with specific models giving a pattern of characteristic predictions.  Like BTeV, the experiment would run in an era in which new physics at the TeV scale will be under direct exploration at the LHC.  The K0PI0 experiment at BNL is the companion experiment measuring CP violation for the corresponding neutral K decay mode.  CKM is an important experiment.  It is ready for a decision on construction, and is being considered by P5.  








Neutrino Physics





Double-Beta Decay Detector (Liquid Xenon)





While neutrino oscillations only measure mass differences, it is essential to get directly at the actual mass scales.  Neutrinoless double-beta decay, a yet-unobserved rare decay mode of certain nuclei, has been the subject of experimental search for decades.  Detection of this process would show that neutrinos are their own antiparticles, make a measurement of the scale of neutrino masses, and connect neutrino mass to the unification scale.  The sensitivity needed means that fiducial masses of rare isotopes must go from kilograms to tons.  The Enriched Xenon Observatory (EXO) is a program intended to make this giant leap. It is based on an entirely new technique that could confirm the existence of the exotic decay through identification of the two beta-decay electrons in the final state and also the daughter of the decay nucleus.  This scheme marries high-resolution atomic spectroscopy to particle physics techniques and could provide sufficient background rejection to reach the sensitivity required.  The experiment is in the R&D stage, as are a number of potential competing experiments around the world using different isotopes and techniques.  Further R&D is needed to prove that this and/or other techniques can achieve the sensitivity required.  Neutrinoless double-beta decay is compelling science of absolutely central importance, but we don’t know enough yet as to a specific proposal.





Off-Axis Neutrino Detector





The Off-Axis Neutrino Detector capitalizes on the investment being made in the beam being constructed for the MINOS detector to measure the oscillation and disappearance of muon neutrinos.  Neutrinos in an off-axis beam have a narrower range of energies. A detector located in this off-axis beam could be used to detect electron neutrinos produced from a muon-neutrino beam.  The facility includes a new detector, with a fiducial mass of about 50 kilotons, optimized for detection of electron neutrinos.  Exposed successively to neutrino and antineutrino beams, in a five-year run its sensitivity to oscillations of muon neutrinos to electron neutrinos will be at least a factor of ten better than the current limit. An experiment involving a beam from the Japan Proton Accelerator Research Complex (J-PARC) to SuperK would pursue similar physics, but with different sensitivity due to the different distances the beams travel through the Earth. Other possibilities are being explored. Such a measurement has important scientific potential. We regard the Off-Axis Neutrino Detector as important, pending review and comparison with other proposals. The experiment would employ proven technologies, so that with a specific proposal, a decision could be made to begin project engineering and design.  





Neutrino Super Beam (Proton Driver)





The next stage in the progression along the neutrino physics path involves a high intensity neutrino super beam, produced by a proton beam (“Proton Driver”) with a beam power of a megawatt or more. There are concepts for such a beam at BNL, using an upgraded AGS as the Proton Driver, and at Fermilab, using a new proton synchrotron or superconducting proton linac in place of the present 8 GeV booster.  Coupled with a long baseline and a large detector with a fiducial mass of several hundred kilotons (see the Next-Generation Underground Detector, below), the neutrino super beam would permit a comprehensive neutrino science program over a decade or more that would include the precision measurement of neutrino mass differences and oscillation parameters, plus very possibly the measurement of matter-antimatter asymmetries (CP violation) that could connect the neutrino sector to leptogenesis as a source of the baryon asymmetry of the universe.  Outside the U.S., there is potential competition from Phase II of the J-PARC, coupled with a possible HyperK detector.  The Proton Drivers involve technologies that are ready for project engineering and design.  The underlying neutrino physics is of absolutely central scientific potential.  However, more information on the neutrino oscillation parameters (sought by the Off-Axis Neutrino Detector and other experiments) could be forthcoming.  Furthermore, the coupling to an appropriate detector (including its location) plus collaboration or competition from abroad are factors not known at this time, so that we don’t know enough yet as to a specific Super Beam facility.  The Long-Range Planning Subpanel assessed the time for a decision on construction as 2007.





Next-Generation Underground Detector





A large Next-Generation Underground Detector with a sensitivity a factor of approximately ten greater than what is currently available would be capable of a broad science program that includes the search for proton decay and the detection of neutrinos, whether from a beam produced by an accelerator or solar, supernova, or atmospheric neutrinos.  Such a detector can form the basis of the next-generation experiment in each of these areas.  The scientific potential is absolutely central and, in the longer term, such a detector is quite likely to be built somewhere in the world.  However, there are competing technologies ( some of which will require a significant R&D phase, only proto- collaborations at this point, and there may be competing facilities abroad.  There may also be new scientific developments.  Like the Super Beam, we don’t know enough yet concerning a number of factors relevant to a specific facility.





Neutrino Factory





The final step in the progression of neutrino physics facilities is the Neutrino Factory.  This is a muon storage ring, with the decay of muons in the straight sections of the ring producing intense, high-energy beams of electron and muon neutrinos and antineutrinos with drastically reduced backgrounds compared to a super beam for some types of oscillations. The Neutrino Factory is then the tool that may be needed for a complete understanding of the fundamental parameters that describe the oscillations of neutrinos.  The R&D for this very challenging concept is being pursued by an international collaboration that includes the Muon Collaboration based in the U.S.  The next step in that R&D phase centers on the Muon Ionization Cooling Experiment proposed in the U.K.  Establishing the technical feasibility and a decision on construction is more than a decade away.  Given our lack of knowledge of the physics results that might emerge from the Off-Axis Neutrino Detector, other neutrino experiments, and a Neutrino Super Beam, we don’t know enough yet about the scientific potential of a Neutrino Factory or about a specific facility.








The discussion of facilities above directly responds to your request.  More details on each of the facilities are contained in the twelve one-page summaries in Appendix C; a condensed version of our response is found in the table in Appendix D.   We believe that the science produced from these potential facilities by the thousands of users from universities and national laboratories in the U.S., as well as their collaborators from abroad, will keep the U.S. at the forefront of particle physics over the next twenty years or more.  Stimulated in part by generating our response to you, HEPAP plans to form study groups with other scientific communities to explore in more detail some of the paths in the particle physics roadmap. We would be pleased to respond if there are further questions regarding these future facilities.





     								Sincerely,








								Fred Gilman


								Chair, HEPAP
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