Experiments on the Cosmic Frontier:  Symposium Summary by the Organizers
Overview

The Fermilab Center for Particle Astrophysics convened a symposium entitled “Experiments on the Cosmic Frontier: Astrophysical Studies of Matter, Energy, Space and Time,” on March 23-26, 2011 at Fermilab. Approximately 150 scientists were active participants in a discussion of the field of experimental particle astrophysics, and specifically where the next decade of experiments should lead. The symposium was divided into the following themes aligned with DOE and NSF science priorities: Overview, Dark Energy, Dark Matter, High Energy Cosmic Particles, CMB and New Experimental Directions, Summary and Agency Perspectives. For each half-day session, there was an overview talk followed by a moderated panel discussion with plenary participation. While it is difficult to fully capture the dynamic discussions, we have attempted to summarize in this note our main impressions from the symposium.  More detailed summaries from panel moderators are also included below. The full agenda, including links to most of the presentation slides and a list of participants, can be found at: http://astro.fnal.gov/events/Conferences/cosmic/Agenda.html
In his initial overview, Rocky Kolb outlined the evolution of the “Cosmic Frontier”', adapting Frederick Jackson Turner’s Frontier thesis about the settlement of the American West.  In this metaphor, various science endeavors correspond to the phases of settlement: pioneers, farmers and finally capitalists. His view is that the field of experimental particle astrophysics is on the verge of where accelerator-based particle physics arrived 30 years ago, with a few large (and expensive) experiments devoted to addressing the big questions. This generated a lively discussion that carried on throughout the ensuing panel discussion and for most of the rest of the symposium. Rocky also outlined the main themes of particle astrophysics, and how much (and how little) we understand phenomena such as dark matter, dark energy and inflation. One striking feature he called out is that we have a “standard model” of particle astrophysics that works very well in explaining the universe we see, but is based on a sketchy foundation in that we don't know the nature of any of the constituents. Again, this was highlighted repeatedly throughout the symposium and is a major challenge for the field. 
The panel added to the discussion with perspectives by Ian Shipsey (prospects for LHC and LSST), Pierre Binetruy (reconciling gravity and quantum theory, gravitational waves, European efforts on dark energy) and a warning from Kathryn Zurek about the dangers for looking for dark matter only “around the lamp post” (aka MSSM neutralinos), when there may be a rich spectrum of dark matter particles that could be detected.
The session on dark energy began with Chris Stubbs outlining the “crisis” in our physical understanding of dark energy. It is either: 1) a cosmological constant of gravity, with no underlying explanation; 2) an effect of vacuum energy, albeit not one we can explain from any theory; 3) a departure from general relativity; or 4) something else. Most dark energy experiments are aimed at precise measurements of the “equation of state” parameters (w_0 and w_A), but there are few models with testable predictions for departure from the cosmological constant values (-1 and 0, respectively). While Chris supported the next generation of dark energy surveys, he strongly urged exploration of gravity at “all length and energy scales”, as well as “fishing expedition” experiments to search for other anomalies that might bear on dark energy. 
This generated a lively discussion from the panel and the audience. Andreas Albrecht challenged experimentalists to ask how much data is really needed, and to ask what other dark energy parameters really matter. Dragan Huterer asserted that there are some specific predictions that can be tested, but that observations on many different scales are needed (highlighting especially difficult measurements of non-Gaussianity in CMB and large scale structure). Chris Hirata and Saul Perlmutter both emphasized the need for synergistic ground and space surveys, and the importance of multiple techniques. Chris and Andy Connolly also addressed the need for understanding systematics of calibration in these surveys, and how they can limit the science. Gary Bernstein wrapped up all of these themes in a summary and a list of open questions: 1) What is the goal of surveys beyond those presently underway?  2) Are we prepared to deal with the enormous data sets and systematics of future surveys?  3) What are the essential elements of a future dark energy program, and will the present surveys provide the necessary building blocks? The audience added some important questions as well, including: 4) Are there ways to measure the acceleration of the universe directly? 5) Is deep spectroscopy needed?  6) What other types of surveys are important (radio, x-ray cluster, balloon missions for weak lensing,...)? There are no easy answers to these questions, but there seemed to be a consensus that the program needs to be broader than presently envisioned, and face squarely the challenges and costs of increasing precision and designs that control systematic errors.  Another consensus is that DOE must accept the need for “astronomy” in these dark energy studies, both because it enables extraction of equation of state parameters and because it may provide additional clues on the nature of dark energy itself.

Leading off the dark matter session, Priscilla Cushman gave an excellent and balanced overview talk on the very competitive field of direct detection of WIMPs. Her main conclusion was that multiple technologies are still needed, but that groups will have to join together on fewer large experiments as the cost goes up. Some efforts in this direction are already underway, and most people believe that 2-3 technologies will be pursued for the future. 
The panel discussion tried to address the questions of how many direct detection experiments are needed and what are the characteristics of a WIMP discovery. This got somewhat bogged down in discussion of the DUSEL situation, but the audience helped to pull it back towards the fundamental issues: 1) multiple targets are needed because sensitivities and systematics differ; 2) backgrounds are THE fundamental issue, and no experiment can justifiably claim to have a scalable solution without demonstrating control of backgrounds. It was agreed that a community-wide effort is needed on background and sensitivity studies, separate from the DUSEL discussions. Tom Shutt mentioned that there is an irreducible background to direct detection WIMP searches from cosmic neutrino interactions. If WIMPs are not detected in laboratory experiments with masses ~10 tons, it may not be possible to separate them from this background, and this might define a natural termination of the WIMP search program. Leslie Rosenberg reminded us that dark matter may consist of axions, not WIMPS, and that there is an ongoing program (ADMX) to explore the relevant parameter space, including in the coming decade, those QCD axions with parameters best suited to be Dark Matter in the simplest production scenarios.  During the symposium, Jonathan Feng also gave the regular Fermilab colloquium and emphasized the need to look beyond the “WIMP miracle” and design experiments intended to catch “superwimps” and hidden dark matter.

The session on High Energy Cosmic Particles covered a lot of ground, kicked off by a sweeping overview from Steve Ritz. There are interesting results from all messengers, including gamma rays, cosmic rays, neutrinos and antimatter, and prospects for much more from Fermi, AMS, HAWC, Auger and IceCube. Steve ended on an important note: partnerships between different communities have resulted in transformative experiments like SDSS and Fermi. Building and operating facilities enables other physics than originally intended, an example being the identification of dwarf satellite galaxies by SDSS that have become targets for indirect dark matter detection by Fermi. Angela Olinto carried on this theme with discussion of the new physics that might be enabled with radio and microwave techniques for detecting cosmic rays and neutrinos. Tom Gaisser emphasized the synergy between LHC measurement of cross sections at high energy and the astrophysics of high energy cosmic rays, which may help us understand the sources and accelerating mechanisms for these particles. Teresa Montaruli discussed the capabilities for IceCube to prove spin-dependent dark matter interactions, while Jim Buckley and Stefan Funk drew a similar conclusion for CTA and HAWC using gamma rays. Julie McEnery emphasized the interesting physics that could be extracted from Fermi studies of the diffuse gamma ray backgrounds. There was a general consensus from this panel that there is an intrinsic interest in astrophysics for its own sake, as well as for understanding the particle physics of the universe.

A very broad session covering the cosmic microwave background and “new directions” began with an overview by Lyman Page on CMB. Lyman emphasized the particle physics aspects of CMB experiments, including the prospects for direct measurement of the sum of neutrino masses to high precision. Anton Zeilinger gave a fascinating talk about experiments that probe aspects of quantum mechanics such as non-locality, entanglement, and contradictions with “local realism”.  These experiments are not within the normal definition of particle astrophysics but got people talking about the possibility of gaps in theoretical foundations, relevant to the Dark Energy problem. Most of the panel talked about inflation studies with CMB polarization experiments, of which there are a wide range proposed using space, ground and balloon platforms. There was discussion about how many are actually needed, and Sarah Church showed an interesting plot of the coverage in detector frequency versus CMB multipoles. Sam Waldman summarized the Planckian frontier probed with the Fermilab Holometer, and Bernard Schutz briefly overviewed gravitational waves, offering the possibility of a search for black hole binaries created by unknown structures in new Dark sector physics. John Marriner briefly discussed 21cm surveys as an independent technique for studying the early universe.

In a carefully prepared after dinner address, J. D. Bjorken told a cautionary tale of dismissiveness in science, using the example of Wegener and continental drift theory.  He specifically cited the need for open-mindedness to make progress on the Dark Energy problem.
The closing session was divided into two parts. Michael Turner gave a fine overview, emphasizing the danger in regarding Lambda CDM as the standard model of particle astrophysics, given how little we know about its fundamental underpinnings. He pondered the big questions such as "Why are inner and outer space connected, and are these connections deeper than we suspect?" and "Why was universe so simple at early times?" He argued that we are still in the “pioneer” mode, with linear progress occurring. There are some specific questions that need answering with current experiments, such as Does dark energy change with time? Is there something wrong with General Relativity? Is CMB or gravity waves the best probe of inflation? Will the dark matter experimental program actually tell us anything about dark matter? Michael suggested a number of experiments that might lead us in new directions (detection of axions, UHE cosmic neutrinos, gravity waves, or particle dark matter; a nearby SNe-II, seeing evidence for SUSY at the LHC, full optical and 21cm surveys of the observed universe). Surprises might include things like time or space varying constants, extra dimensions, non-thermal relics, Nambu-Goldstone bosons, evidence for a multiverse, equivalence principle or Lorentz invariance violations, new long-range forces, technicolor, or evidence for a periodic, tilted or non-flat universe.  Michael emphasized the need to use all probes we can think of to look for such surprises. He mentioned Martin Harwit's book on Cosmic Discovery as prophetic of the need for new instrumentation to make new discoveries. 
The panel followed up these themes in each area. Steve Kahn emphasized that the universe is a messy laboratory and that we need to do astronomy and acquire large survey data sets to understand what dark energy really is. Bernard Sadoulet mentioned that complementary approaches are vital if we are ever to discover the nature of dark matter, and reminded us that progress is always slower than projected. Francis Halzen made the case for continuing to increase the size and funding for cosmic ray and neutrino experiments. Joe Lykken made several assertions about theory: 1) the true DM story is both richer and weirder than current models; 2) “Dark energy” is just a placeholder, like “the ether” or “the vault of the heavens”; 3) “Inflation” is a dynamical process yet to be embedded in a comprehensive physical framework (who is the inflation?); 4) and all theories of modified GR are physically inconsistent.  He also pointed out several reasons why string theory cannot rescue cosmology.  Finally Sarah Church emphasized that understanding CMB will require a combination of sky coverage, sensitivity, multiple bands, bandwidth, and observing time. One thing that was noticeably missing at the symposium was proton decay experiments, because we really have no clue about the scale of experiment needed for this.
The second half of the concluding session was given over to perspectives from DOE OHEP (Kathy Turner) and NSF (Jim Whitmore and Nigel Sharp). (NASA representatives had planned to attend, but were not able at the last minute due to a budget emergency). They outlined the scope of support for current programs and provided the necessary cold dose of reality on expectations for funding. They are trying to abide by guidance from PASAG (Oct 2009) and Astro 2010 (Aug 2010), but funding scenarios considered by those groups, even their pessimistic projections, have not materialized. DOE OHEP takes as its mission the study of dark matter (~$8M in research funding), dark energy (~$19M in research funding) and high energy cosmic particles (~$12M in research funding). NSF has a somewhat broader portfolio, with major funding for dark matter ($3.5M), high energy cosmic particles ($7.7M), neutrinos ($5M) and other astro ($2M). Given the current climate in Washington, it seems unlikely that there will be major increases in these numbers in FY2012.

The consensus of participants seemed to be that the symposium was a very worthwhile endeavor, bringing together diverse communities and starting a discussion about what priorities ought to be in the field for the next decade. To carry on and focus these discussions, it seems useful to convene smaller workshops as a follow up over the next year. Tentative plans for a dark energy workshop in fall 2011 are being made, and it seems like a dark matter workshop late in the year, or early in 2012, would be very useful as well. Another symposium may well be organized in 2012 or 2013, depending on progress in the field. Discussions for planning the next symposium will be taking place among the HEP labs.
          
Informal Panel Summaries
Opening session
Panel Members: Pierre Binetruy (APC Lab/Paris 7 Univ.), Rocky Kolb (Univ. of Chicago), Kathryn Zurek (Univ. of Mich.). Moderator: Ian Shipsey (Purdue Univ.)
The Opening Session of the workshop addressed the question, What is the Cosmic Frontier?  We reviewed the status of both relevant physical knowledge and particle astrophysics.
We asked the questions: What are the boundaries of well-controlled reliably tested physical theory? What experiments can best test ideas for extending these boundaries? What characterizes the field of particle astrophysics and how might that change? The session was lively and upbeat and, according to many in the audience, inspiring. 

The session began with a masterful overview of the field of particle-astrophysics given by Rocky Kolb.  Rocky focused on three areas: dark matter, dark energy and inflation. For dark matter, particle physicists hope to discover the particle nature of dark matter and learn how it is grounded in physical law, while astrophysicists seek to understand the role of dark matter in structure formation, and evolution of the universe. Dark matter is a complex phenomenon. Is there a WIMP miracle? The situation now is muddled (direct hints/indirect hints). Ten years from now the WIMP hypothesis will have either convincing evidence, or a near-death experience. Direct detectors, indirect detectors, & colliders are in race for discovery. Suppose by 2015 we have credible signals from all three? How will we know they are all seeing the same phenomenon? There are many papers with many ideas.  Let’s hope for this problem!!!!   

Turning to dark energy, Rocky reminded the audience that we do not directly observe the acceleration of the universe/dark energy. We infer acceleration/dark energy by comparing observations with the predictions of a model. All evidence for dark energy/acceleration comes from measuring the expansion history of the Universe. The Dark Energy Task Force laid out an experimental strategy which is summarized as:  (a) determine as well as possible whether the accelerating expansion is consistent with being due to a cosmological constant. (Is w = -1?); (b) If the acceleration is not due to a cosmological constant probe the underlying dynamics by measuring as well as possible the time evolution of the dark energy (that is, determine w (z).); (c) Search for a possible failure of general relativity through comparison of the effect of dark energy on cosmic expansion with the effect of dark energy on the growth of cosmological structures: galaxies or galaxy clusters. 
The final part of the presentation was devoted to inflation. Simple inflation models predict a (nearly exact) power-law spectrum of Gaussian super-Hubble-radius scalar perturbations (seeds of structure) & tensor perturbations (gravitational waves) related by a consistency relation in their growing mode in a spatially flat universe. One can ask some simple questions. Was inflation “normal” (i.e., 3-D FRW)?  Can the dynamics be described in terms of a single scalar field? What was the expansion rate during inflation? What was the general shape of the potential (reconstruction)? What was its more or less exact shape? Did the perturbations arise from fluctuations in the inflation? Can we learn about very high-energy scales (unification, string, Planck)? One can also ask some more fundamental questions. Why not trans-planckian physics? How did inflation begin?  How did it end (defrosting, preheating, reheating, ....)? Other particle production (WIMPZILLAS, gravitons, ....)? Why should there be only one field (isocurvature perturbations)? Why not non-Gaussianity (nonlinearities)?  Moduli fields? Extra dimensions, brane, bulk, etc.? And the most fundamental question of all - is there a multiverse?  If so, does inflation do what it was invented to do?

Rocky was joined for a second hour of perspectives and discussion by panel members Paul Binetury and Kathryn Zurek, moderated by Ian Shipsey. Each panelist presented some slides. 

Ian Shipsey reviewed the exciting progress at the LHC. To understand the universe it is of capital importance to learn how electroweak symmetry is broken. The standard model answer is the Higgs. If electroweak symmetry was not hidden, quarks and leptons would remain massless, neutrons would be lighter than protons, QCD would break electroweak symmetry giving 1/2500 of the observed masses to W and Z. Consequently, beta decay would be rapid. The lightest nucleus would be one neutron.  Some light elements would probably exist in BBN but electrons would orbit at the, now infinite, Bohr radius. There would be no atoms as we know them, no chemistry no life.  The current run of the LHC will either exclude the standard model Higgs at the 95% CL or find it with at least three sigma significance in the range 114 to 600 GeV.   Supersymmetry is the last possible extension of the Poincare group.  It provides a solution to the hierarchy problem, allows unification of the gauge couplings at high scales and perhaps a GUT, and it can provide a dark matter candidate. Supersymmetry searches at LHC have already become significantly more sensitive than those from the venerable Tevatron experiments. The discovery of the particle nature of dark matter may be just around the corner.
In dark energy it is critically important to have a balanced program of space-based and ground-based experiments that employ all probes pushed to their astrophysical limits. We do not have this program in place at present. It is a challenge for the international community to ensure that we soon do.  Instrumentation is the great enabler of science. It is critically important to re-invest in instrumentation in the U.S. A taskforce has recently been set up by the APS Division of Particles and Fields to look at ways to do that. The particle-astrophysics community is encouraged to participate.
Pierre Binetury began by noting that the deepest problem facing physics is to reconcile two surprisingly successful theories; quantum theory, which describes the microscopic world through the Standard Model, and general relativity as a theory of gravity describing the Universe in its large (largest?) dimensions. The two theories collide in several places including the problem of the cosmological constant/dark energy, the issue of Lorentz violations e.g. non-commutativity associated with quantum gravity, and violations of equivalence principle. Pierre noted the unique role of super symmetry. Global supersymmetry is the only known symmetry which sets the vacuum energy to zero and is the only known symmetry which controls the largest violations of Lorentz invariance (up to dim. 5 operators in the SM).  Today gravity is well known at the scale of the solar system.  There are many theories that predict deviations from general relativity. In order of scale these are large extra dimensions, scalar-tensor extra-dimensions, chameleon dark energy, MOND, TeVeS, (tensor, vector scalar gravity), STVG (scalar, tensor-vector gravity), and on cosmological scales dark energy, IR modified gravity, f(R) gravity, branes, strings and extra dimensions. Experimental approaches again organized by scale span from laboratory experiments (clocks, pendula and interferometers), solar system scale GPS and space missions, to astronomy and astrophysics (precision spectroscopy, galaxy surveys and pulsars) and finally to cosmology (cosmology missions, CMB surveys and gravitational wave detectors).  ESA has a coherent space program for fundamental physics in Europe.  Among the large (L=class) missions of particular importance for this workshop are LISA Pathfinder, which will test the technology needed to detect gravitational waves in space, and serve as a test bed for LISA; The M-class mission EUCLID to explore dark energy; ACES (Atomic Clock Ensemble in Space) on the International Space Station, leading to the more sensitive M-class mission STE-QUEST (the Space Time Explorer and Quantum Equivalence Principle Space Test); and the smaller CNES (French Space Agency) mission MICROSCOPE (also to explore the equivalence principle.)
Pierre closed by raising the following questions that he hoped would stimulate discussion during the workshop. Do we have a complete theory to test dark energy, i.e. a realistic theory (not just an ad hoc model) fulfilling all the existing constraints especially coming from tests of fundamental laws such as the equivalence principle?
Vacuum energy: do we understand the connection between inflation and dark energy? Is dark energy a “complex physical phenomenon”? So far we describe it by two numbers: ΩΛ and w0. How can we test the nature of space-time in laboratory experiments ? The Fermilab holometer is a trailblazer in this regard. What is the future of the field of ultra-high energy cosmic rays? Does this field inform us about high energy physics and astrophysics or just the latter? What is the US cosmic frontier strategy on international collaboration? 

Kathryn Zurek told the dark matter story from a theoretical perspective.  In the beginning it was simple. There was a single, stable, weakly interacting massive particle that solved the hierarchy problem, that could evade direct detection bounds, that generated the correct relic density and made predictions for indirect detection.  These predictions are not consistent with the DAMA and CoGeNT direct search results or the indirect search results from PAMELA and Fermi. Of course, all of these apparent signals may turn out to be experimental systematic or astrophysical backgrounds.
The theoretical landscape has changed and now includes a number of new possibilities including Dark Forces, Low Mass Hidden Sectors, and Dark Matter from the Baryon Asymmetry of the universe. Kathryn concentrated on the latter possibility that has attracted considerable interest. In these models the relic density of dark matter is determined by the baryon asymmetry of the universe. A B−L asymmetry generated at high temperatures is transferred to the dark matter. The interactions that transfer the asymmetry decouple at temperatures above the dark matter mass, freezing in a dark matter asymmetry of order the baryon asymmetry. This explains the observed relation between the baryon and dark matter densities for dark matter mass in the range ~1-10 GeV. A dark matter interpretation of the CoGeNT and DAMA observations favors a region of parameter space that is especially attractive within the context of asymmetric dark matter models. The new signatures this scenario produce have significant implications for experiment: including greatly reduced MET at colliders. Can gamma telescopes search below 1 GeV? Can the reach of direct detection be pushed below10 GeV? Kathryn ended her talk by asking the apt question how can we be ready for anything?
The amount of time available for discussion after the presentations was about fifteen minutes. The discussion focused on dark energy, in particular the challenge of mounting a space-based mission that is ideally matched to ground-based capabilities and the potential for international collaboration in that mission.

Dark Energy 
Panel Members: Andy Albrecht (Univ. Cal., Davis), Andy Connolly (Univ. of Wash.), Chris Hirata (Caltech), Dragan Huterer (Univ. of Mich.), Saul Perlmutter (Lawrence Berkeley Lab.). Moderator: Gary Bernstein (Univ. of Penn.)
The session began with an overview by Chris Stubbs, who was joined for a second hour of thoughts and discussion by panel members Chris Hirata, Andy Connolly, Saul Perlmutter, Dragan Huterer, Andy Albrecht, and Gary Bernstein.  An hour of open interaction with all attendees followed a coffee break.

Professor Stubbs introduced dark energy as a "crisis" in fundamental physics, since the existence of a vacuum energy density of the size implied by observations explains all astrophysical observations to date but is not natural to any recognized microphysical phenomena.  One theme introduced by Prof. Stubbs and echoed by all the participants is that the experimental program should not be viewed simply as a series of incremental improvements in accuracy on the putative dark-energy equation of state w.  Rather the "dark energy" experiments should be seen as using the Cosmic Frontier to conduct experiments that exploit the vast size of astrophysical laboratories to test the underlying assumptions of gravitational theory and cosmology.  Critical clues might come from discovery of other anomalies in gravity from precision experiments at laboratory or solar-system scales.  Prof. Albrecht advised us to ignore theorists who claim to know already that the cosmic acceleration is fully described by a cosmological constant, and instead pursue larger experiments that would provide the first meaningful measures of quantities beyond w.  Prof. Huterer noted that broad classes of models that are consistent with current data can potentially be falsified with next-generation experiments.  New tests of fundamental physics on the cosmic frontier will include searches for primordial non-Gaussianity using CMB or large-scale structure data.  Precision tests of general relativity are available by combining lensing surveys with large-scale redshift dynamical surveys, which argues for a diverse but coordinated observational approach instead of putting all our eggs (dollars) into a single basket optimized simply for measuring w.

Professor Hirata noted that a singular focus on measuring w is potentially producing a "race to the bottom" in experimental design, in which proposers are tempted to cut margins and ignore potential systematic errors in search of the highest figures of merit on w.  Professor Connolly also emphasized that high-precision future surveys will require substantial observational/algorithmic advances in areas as basic as photometric measurements of galaxies if they are to reach future goals without being limited by systematic errors.  Professor Hirata noted a number of astro-particle-sociological disincentives to the kind of painstaking efforts on systematic errors that will be necessary for future experiments to succeed: it was agreed in discussion that current career and hiring practices may be detrimental to the real needs of the field.

The future of the dark-energy program in the US is not well determined: the Large Synoptic Survey Telescope (LSST) has a strong recommendation from the Decadal Review and a significant HEP contribution to date, so is the most promising large US dark energy effort for this decade, but prospects for a US space-based dark energy effort this decade are not good.  The European Space Agency may select the Euclid proposal for implementation this decade.  A general question is what kinds of technical development and auxiliary data will be necessary to realize the full power of large future surveys, robustly limiting potential systematic errors?  Two examples highlighted were the benefit of detailed calibration of the imaging instruments' spectral response, and the value of time-series spectra of Type Ia supernova---without the latter, it will be very difficult to identify and understand SN population shifts over cosmic time that can easily overwhelm the signatures of time variation in dark-energy density.   The limiting factors of some experiments remain poorly understood, e.g. the theory of non-linear redshift-space distortions, or systematic errors in ground-based measurement of weak gravitational lensing. A successful future program will depend on continued theoretical work as well as an experimental program that is diverse and robust to problems that might arise.

Dark Matter 
Panel Members: Cristiano Galbiati (Princeton), Dan McKinsey (Yale Univ. ), Leslie Rosenberg (Univ. of  Wash. ), and Tom Shutt (Case Western Univ. ).

Moderator: Jonathan Feng (Univ. of Cal., Irvine), who replaced Frank Calaprice.

Before the panel discussion, the symposium included two dark matter talks: Jonathan Feng gave a colloquium on the current status of the WIMP paradigm, and Priscilla Cushman gave a plenary talk on experimental aspects, including the status and plans for direct dark matter detection experiments. This was followed by a 1-hour panel discussion, a break, and then another 1.5 hours of discussion. The discussion was free and informal. Some panel members prepared a few supplementary slides; these, as well as a slide listing potential topics for discussion and slides from the talks, are available on the symposium website.

The session began with Dan McKinsey leading a discussion of the question of how many detectors are needed, and Cristiano Galbiati talking about what a discovery detector would look like. At present, a large number of theoretical and experimental considerations argue strongly for the need for several different detectors with a variety of target materials, as well as the continued exploration of a variety of technologies.

Attention then turned to current "light WIMP" signals at DAMA and CoGeNT. There was a general discussion of alternative explanations for DAMA, including delayed pulses from energy deposited by cosmic ray muons and other speculations, as well as related experiments, such as DM-Ice, a NaI detector recently placed deep in the Antarctic ice.

The first session ended with a discussion of funding issues. Funding for dark matter experiments currently lags behind funding for dark energy, and the audience and panel discussed the extent to which dark matter progress is slowed by a lack of funding. Perceived differences between American and overseas funding priorities were also discussed.

The second session began with Leslie Rosenberg discussing the possibility of distinguishing axions from WIMPs through their impact on structure formation and the status of axion detection. Resonance cavity axion detectors are expected to scan axion masses in the range 10^-6 to 10^-5 eV in conventional axion models in the next 2 years, and may probe the 10^-5  - 10^-4 eV mass range in another few years. As a result, by 2020, axion detectors will have explored all of the region where axions make up a significant fraction of DM in most axion models. Leslie also noted that axion detectors are discovery detectors: a signal will be accompanied by diurnal and annual frequency modulations, which will be resolvable and will provide the smoking gun signals required to validate the signal as originating from dark matter.

Tom Shutt then highlighted the importance of recent work showing that there is an yoctobarn neutrino background, which will effectively limit the sensitivity of non-directional background-free WIMP detectors at the 10 ton level. There is therefore a window of opportunity of roughly 3 orders of magnitude in spin independent cross sections between current bounds and this background. The importance of probing down to this limit was stressed, even in the case where a signal is detected in the near future. The panel noted that the recent decision of the NSF to withdraw support for the Deep Underground Science and Engineering Laboratory (DUSEL) will seriously compromise the US dark matter program. SNOLAB is too small to contain the large detectors envisioned for DUSEL, and has turned to other labs that exist or are being built around the world.

High Energy Cosmic Particles: photons, leptons, and baryons

Panel Members: Jim Buckley (Wash. Univ.), Stefan Funk (Stanford/SLAC),Tom Gaisser (Univ. Delaware/Bartol), Julie McEnery (NASA/GSFC), Teresa Montaruli (Univ. of Wisc., Madison). Moderator: Angela Olinto (Univ. of Chicago)

Before the panel discussion, Steve Ritz gave an overview of the Cosmic Particles program. Following the PASAG report, he defined Cosmic Particles as high-energy cosmic rays, gamma rays, and neutrinos. He emphasized how the field straddles the boundaries between particle physics and astrophysics and that it is a very productive field in terms of scientific results: “not just a few numbers”. Another common theme in this area is the need to understand the astrophysical phenomena in sufficient detail to extract results related to particle physics: “The astrophysics investment is sometimes necessary to realize the particle physics benefit.” He explained how a significant HEP participation or leadership was deemed crucial for the viability of the projects prioritized by PASAG in this area. Ritz surveyed the main science questions in the field: the search for indirect Dark Matter signals, the unknown origin of cosmic rays, the unknown acceleration mechanisms, and probes of cosmic particle interactions at energies way above terrestrial laboratories. He also paid tribute to Simon Swordy. 

These themes were addressed by panel members starting with Olinto who introduced the panel and asked that the Cosmic Particles label be included in the Venn diagram for the Cosmic Frontier at the Fermilab Cafeteria (images of this event were recorded). She emphasized the close connections between the different types of cosmic particles, which are produced by the same cosmic accelerators or by the propagation of the accelerated particles as they interact with cosmic backgrounds of lower energy photons (or even neutrinos), e.g., ultrahigh energy neutrinos and photons are produced by ultrahigh energy cosmic rays and can be detected in the future with improved detector sensitivities. Another strong connection is now taking place with the advent of the LHC. Interaction models used to describe cosmic ray showers are being tested by LHC data and shown to be remarkably well fit by the available data. In the portfolio for the future of the field, the absence of Auger North as a funding and prioritization casualty makes the possibility of a JEM-EUSO experiment in the international space station even more crucial as well as investment into R&D of alternative techniques to cover large areas or volumes cheaply.

Tom Gaisser gave a brief history of cosmic rays emphasizing that the GZK cutoff is not yet proven – the change in the spectrum at the highest energies could be due to the maximum energy of accelerators. This possibility is also hinted at by the recent Auger result that either hadronic interactions change significantly at the highest energies (above 100 TeV CM) or ultrahigh energy primaries tend to iron-like nuclei around 40 EeV. Gaisser showed how Galactic cosmic rays are likely to come from more than one type of source given the sharp changes in spectra of different elements above 100 GeV. Centaurus A may be the first source of UHECR to be detected by Auger, but confirmation awaits higher statistics. A source discovery will help determine the primary beam composition and unable a clearer test of particle interactions. Gaisser concluded with the need to support R&D of new techniques to unable very large area lower cost experiments, such as radio, radar, and microwave techniques for airshower detection.

Teresa Montaruli reviewed the state of neutrino detectors including the successful completion of IceCube. IceCube started to be enhanced with Deep Core and the radio array ARA. She reminded the audience of the success of the solar and atmospheric neutrino program that led to the discovery of neutrinos mixing properties and the US leadership in HE neutrinos. Neutrinos can reach new particle physics through measurements of neutrino mixing parameters, cross sections at energies higher than in laboratories, tests of Lorentz invariance, and indirect dark matter probes. The UHECR composition puzzle is closely connected to the expected flux of cosmogenic neutrinos, so neutrinos may clarify the UHECR puzzles (GZK drop-off & heavy composition) and allow for both types of particles to probe interactions at UHEs. Detection of neutrinos from a nearby supernova can probe neutrino properties very well. Probes of DM with IceCube are complementary to direct DM detection given the different spin dependence of cross sections. She showed the puzzling anisotropies in the TeV cosmic ray sky seen by IceCube and Milagro. She re-emphasized the call for alternative techniques, such as radio and microwave to unable very large volume detectors, and the need for R&D in photodetectors including cheaper PMTs. These remarks on R&D needs were echoed during the discussion.

After the break, Stefan Funk began the gamma-ray triumvirate by discussing how astrophysics and particle physics are intertwined giving the example of the PAMELA positron excess and the Fermi and HESS electron plus positron follow up. Fermi can use its orbit to separate positrons from electrons using the Earth’s magnetic field. The extragalactic diffuse emission is still not understood and can hide a DM signal which Fermi-LAT is starting to constrain. He presented the next step: CTA which can improve significantly the sensitivity and broaden the energy range compared to current ACTs. He concluded with the point that astrophysical foregrounds need to be understood to allow particle physics and interesting science results are guarantee leading to a “very fruitful collaboration between particle physicists and astrophysicists”.

Julie McEnery discussed the advantages of wide field gamma-ray observatories such as Fermi, Milagro, and the future HAWC observatory, which will increase the sensitivity at the highest energies (10 – 100 TeV) by a factor of 10 to 15 over Milagro. Although indirect dark matter searches are the “bread and butter” in probing fundamental science, the continuous monitoring over a broad energy range allows the study of variability over cosmological distances which open the discovery space for many phenomena. One example is the gamma-ray lobes found in Fermi data extending 50 degrees north and south of the Galactic Center. Unveiling the structure of the diffuse background may show the presence of DM annihilation from the difference in angular distribution. Limits on Lorentz Invariance violations of 30 ms/GeV from Fermi-LAT observations of GRB090510 set LIV to above 1.22 times the Planck mass. She ended with the future outlook for the field with the concurrent operations of Fermi-LAT, HAWC, and CTA which together should solve the origin of galactic cosmic rays, survey the universe for cosmic accelerators, and are likely to bring many unforeseen discoveries. 

Jim Buckley concluded the gamma-ray triumvirate by discussing fundamental physics with VERITAS and CTA. He showed the many new sources were found by VERITAS, HESS, MAGIC, and Milagro and how the next generation with CTA and HAWC is bound to discover many more. He discussed detailed signatures of dark matter in the gamma-ray sky, tests of Lorentz Invariance, the epoch of galaxy formation (first stars), primordial magnetic fields, and searches for Axion-like particles. He highlighted the significant technical overlap with High Energy Physics (e.g., LAPPD project, cryogenic DM detectors) and concluded by stating that any comprehensive program for DM must include gamma-ray measurements.

The discussion revolved around many of the themes addressed above with the additional call for a unified DM search plot for gamma-rays and neutrino probes.
Future of the Cosmic Frontier:  Where Do We Go Next?
Panel Members: Francis Halzen (Univ. of Wisc., Madison), Joe Lykken (Fermilab), Bernard Sadoulet (Univ. of Cal., Berkeley), Moderator: Steve Kahn (Stanford Univ.)
This was the penultimate session at the workshop, and it was designed to both summarize what we had heard over the previous three days, and to raise provocative questions concerning the future program.  The session began with an overview talk by Michael Turner, and then continued with shorter, more targeted presentations by Steve Kahn, Francis Halzen, Joe Lykken, Bernard Sadoulet, and Sarah Church.  (Church was added because the original group lacked someone to cover the CMB.)  Kahn served as the moderator of the session.

Turner began by reviewing the current status of the broad fields of particle astrophysics and cosmology.  He started with the standard model of particle physics and the consensus cosmological models, emphasizing how successful these models have been at explaining an incredible wealth of both laboratory and astrophysical data.  He also recounted the tremendous progress that has been made in recent years in the quality of our empirical constraints on the background spectra and distribution of particles and photons over an enormous energy range.  His talk then moved to more theoretical issues – despite this progress there are gaping holes in our understanding of these phenomena.  Indeed, as our measurements of the properties of the Universe have improved, our basic ignorance of the key elements has become more glaringly revealed.  He distinguished between various regimes in the progress of science:  a linear regime in which definite progress can definitely be expected, a nonlinear regime where future discoveries could lead to either rapid advances or no progress, and a framework changing regime, where unexpected surprises can lead to major paradigm shifts.

Topics under investigation in the “linear regime” include the nature of dark energy, dark matter, inflation, and cosmic acceleration.  For dark energy, an exciting program of Stage III experiments is underway, and Stage IV experiments are just beginning.  These will lead to percent level constraints on the value of the equation of state parameter, w, and the first quantitative constraints on its variation with cosmic time.  If departures from w = -1 are discovered, there will be major implications for both particle physics and cosmology, and a next series of experiments will be advocated.  If w is found to still be consistent with -1 at this higher level of precision, then we will look to theory for further illumination.  New ideas may lead to new kinds of experimental or observational tests that we cannot presently envision.  In the case of inflation, we have already seen good experimental confirmation of the predictions of inflation, but there are still many open issues.  The smoking gun will involve the detection of gravitational waves from the Big Bang, which can be discerned from the measurement of B-modes in the CMB polarization.  There are many experiments underway pushing limits on B-modes to lower and lower values.  For dark matter, significant progress is expected over the next decade as we pursue evidence for dark matter at the LHC, in direct detection experiments underground, and via indirect signatures from cosmic particle and gamma-ray measurements.  Turner predicts that the WIMP/neutralino hypothesis will be quantitatively tested in this decade.

Topics that may give rise to “nonlinear” advances include searches for axions, studies of ultra-high energy neutrinos, the detection of SUSY particles at the LHC, and studies of 21cm radiation from the epoch of re-ionization.  In addition, discoveries that yield positive evidence for various theoretical ideas (e.g. extra dimensions, violations of Lorentz invariance, time variation of fundamental constants) would also have dramatic implications for the future experimental program. 

Michael also endorsed Martin Harwit’s view that really important discoveries in science (especially astrophysics) are generally unexpected and come from major advances in instrumentation and/or measurement techniques.  Some exciting new areas might include experiments with Rydberg atoms, atom interferometry, and quantum demolition experiments.  The marriage of particle physics and astronomy has not been without tension, however the complementary cultures of these two fields is a positive feature in the long run.

In his presentation, Kahn focused on the future of dark energy research.  He made three major points:  (1) The study of dark energy necessarily involves aspects of both astronomy and physics.  If we use the Universe as a laboratory, we have to understand how it works.  On the other hand, the required precision of dark energy measurements implies that we must conduct our investigations as systematic experiments – a rather different style than is conventionally invoked in astronomy.  Both views of the subject are correct.  We need to learn how to integrate the two cultures better.  (2) The cost of future dark energy experiments is sufficiently high that we cannot motivate these based on measurements of w alone.  The high rankings afforded LSST and WFIRST by the decadal survey were due to the fact that these are both very broad-based facilities, providing crucial data on many topics outside fundamental cosmology.  It is a mistake to evaluate facilities like this only on their potential for one type of measurement.  (3) If it turns out that w = -1 to high precision, we should not view this as a failure.  The fact that the consensus cosmological model works so well is truly amazing, and we should emphasize that as a success, even if we never know what dark energy really is.  The growth of structure in the expanding universe is also a beautiful story and can be used to motivate future observational constraints even without further clues to the underlying nature of the cosmic acceleration.

Halzen reviewed the tremendous progress that has been made in the study of cosmic particles in recent years.  Over the past ten years, we have seen the transition from EGRET to Fermi, Milagro to HAWC, VERITAS to CTA, IceCube to KM3, and LIGO to km-scale gravitational wave detectors.  Frances closed by emphasizing the connection between the highest energy particles and potential length scales where quantum effects in geometry may be detectable.

Lykken critiqued various theoretical ideas that have been suggested in recent years, and gave his predictions of what we will learn from upcoming experiments:  Dark matter will be richer and weirder than currently envisioned; the concept of dark energy is just a placeholder for some deeper underlying construct; inflation is just a dynamical process that needs to embedded in a physical theory; and all theories of modified gravity are physically inconsistent.  He also criticized string theory as a path to a physical theory, and made some general comments about scalar fields.

Sadoulet started by pointing to the complementarity between laboratory measurements and cosmic measurements.  He then focused on the future of dark matter research and the challenges to the direct detection community to come together behind a concrete program.  He closed by emphasizing the importance of long-term investments in new technologies.

Finally, Church closed the session on a similar theme by looking to the progress of CMB experiments, and how they can come together in a future major experiment.  She emphasized that the next generation experiments will employ 20,000+ detectors – this is not table-top science!  She pointed to the complementarity between HEMTs and bolometers, and located all current and planned experiments on a single diagram in frequency versus multipole moment.
Authors:
Dan Bauer

Gary Bernstein

Jonathan Feng

Craig Hogan

Steve Kahn

Steve Meyer

Angela Olinto

Ian Shipsey

1

