Physics at the Intensity Frontier                                                                                      (steering_7b)
The Standard Model has successfully described the physical world over an enormous energy range, up to hundreds of GeV, or equivalently, down to short-distance scales of 10-16 cm.  Fermilab has played a central role in the elucidation of the Standard Model, with the discovery of the top-quark, b-quark, the -neutrino, the measurement of many key properties of charm- and b-quark heavy mesons, such as D-meson weak decays and BS mixing, and foundational explorations of numerous other processes in QCD and electroweak physics.   

At the close of the Tevatron era at Fermilab and the opening of the LHC era at CERN, we have begun to directly examine physics well beyond these scales, to multi-TeV energies and approaching distances ten thousand times smaller than the size of a proton.  At these ultra short distance scales, we don’t know what we’ll find, since the Standard Model leaves open many questions, mainly revolving around the central theme, “what is the origin of mass?” or equivalently  “what is the origin of electroweak symmetry breaking?”  Despite a myriad of theories addressing these questions, only experiment is the ultimate arbiter that can unveil what is really happening in nature, deep within the fabric of matter. 

The LHC is now operating at 7 TeV cms, and has achieved an integrated luminosity exceeding 1 fb-1.   Plans are underway to aggressively increase its luminosity and energy.  New discoveries are expected soon at the LHC that will define the future of our field, particularly at the energy frontier, perhaps dictating what new high energy machines may be optimal for the next leap to still shorter distance scales, machines such as a lepton collider, e.g., CLIC, or a Muon Collider.  New discoveries will inspire deeper questions as to “what organizing principles give rise to the new physics?”  Old questions, such as “why do we observe a given pattern of masses and mixing angles among the quarks and leptons?” will be cast into a new light.  And, there will still be long standing questions as well, “What new physics lies beyond the energy frontier of the LHC?”

There is a time-honored and synergistic method for probing much deeper into the shortest distances scales of nature, beyond the direct energy frontier.  This method is to search for and study rare processes, using intense beams of known particles, such as neutrinos, muons, and kaons.   We call this the “Intensity Frontier.”  

Rare processes are powerful probes of new physics happening on deep high-energy or short-distance scales many orders of magnitude beyond the reach of energy frontier machines.  Indeed, the weak interactions were first witnessed in rare -decays in the late 19th and early 20th century. This was codified into the first theory by Fermi in 1935, and led to the Standard Model which is today the bread-and-butter of studies at the Energy Frontier of the LHC.  Experiments at the Intensity Frontier are thus essential and provide critical and unique tools to address some central questions in particle physics that will not be accessible for many years, if ever, by the Energy Frontier. 

Future plans for the Intensity Frontier at Fermilab provide a major domestic program in particle physics with rich and diverse, world-class experiments.   Fermilab will continue to operate the current neutrino program, including NOA and MicroBooNE, for the next several years while upgrading the accelerator complex. This allows concurrently the development of a next generation neutrino experiment, LBNE (Long Baseline Neutrino Experiment), and the commencing of a new program involving muons, with the two experiments  “g-2” and “Mu2e”.  
Fermilab, in collaboration with its partner institutions and nations, is pursuing the design and eventual construction of a multi-Megawatt proton accelerator, Project X, providing more powerful and flexible beams for neutrino, muon, and kaon experiments. Project X also permits a program in accelerator driven nuclear fission that may offer an abundant, safe, and clean solution to the worldwide energy demand.  Project X can produce copious quantities of muons that can ultimately be used in a muon storage ring to provide intense beams of both electron and muon neutrinos, a “Neutrino Factory,” which will permit the ultimate exploration of neutrino physics.  This also provides a pathway to an eventual Muon Collider and a return to the energy frontier in the U.S.

There have been many recent developments in Intensity Frontier physics that make this program compelling.  In the past two decades, we have learned that neutrinos have miniscule masses, and large mixing angles.  Neutrino physics likely includes a new form of CP-violation, the discovery goal of future high intensity long-baseline experiments.  Neutrino CP-violation is of profound importance as it may play a key role in the generation of the matter anti-matter excess observed in the universe. Kaons have historically provided a deep window on the structure of quark families.  Through kaon physics, theorists were able to predict the mass of the charm quark several years before its discovery at BNL and SLAC, and today CP-violation in kaon physics probes the top quark, previously discovered at the energy frontier with the Fermilab Tevatron. 
We are now poised to carry out the ultimate kaon experiments that will profoundly challenge or confirm the consistency of the CKM picture of quark CP-violation.  Muons, in the measurement of their detailed electromagnetic properties and through searches for new family-changing rare processes, may also be the key to revealing a new stratum of physics.   Intensity Frontier experiments are essential to complete our understanding of nature as LHC probes the Energy Frontier, and will provide new windows into the short distance scales of nature, approaching 10-20 cm, equivalently many thousands of TeV, for many years to come.  
Neutrino Physics

Fermilab’s future program centrally involves the physics of neutrinos.  Enormous progress has been made over the past two decades, beginning with the stunning discovery of non-zero neutrino masses and the advancement of our knowledge of the subtle mixing angle structure of the system of known neutrinos. However, many fundamental questions remain to be answered and Fermilab neutrino experiments are poised to play a leading role in the worldwide effort to resolve them.

The most fundamental open issue in neutrino physics, and possibly the one with the most far-reaching consequences, is whether neutrinos and antineutrinos behave differently. Observation of CP-violating effects in a future neutrino oscillation experiment (the most striking of which would be an asymmetry between  ( e and  ( e oscillation rates) would provide a direct pathway to understanding the observed asymmetry between matter and antimatter throughout the universe. Resolving the neutrino mass hierarchy ambiguity will also have dramatic implications, both for other experimental programs such as the search for neutrinoless double beta decay as well as for our basic understanding of fermion masses and mixing.

Our present knowledge about the masses and mixing angles of elementary particles already hints at a tantalizing underlying but unknown physics.  The situation is reminiscent of the status of chemistry when Mendeleev’s Periodic Table was empirically known, but before the underlying physics of the atom was understood.  Quantum theory allowed us to understand the atom, which explained chemical properties of elements, why chemical bonds form, the properties of solid state materials, and the atomic nucleus, etc.   Similarly, one of the greatest goals of modern elementary particle physics is to discover the deeper physics underlying the empirical flavor structure observed in nature, i.e., the masses and mixing angles, of the particles in the Standard Model.  More precise measurements of particle masses and mixing angles are crucial in this endeavor, since they may point to new underlying flavor symmetries. For instance, it is known that one of the neutrino mixing angles is very close to zero, while another one is close to the maximal allowed value of .  To determine whether this is merely a numerical coincidence or if it is the “smoking gun” of a more fundamental physical mechanism at work, precise measurement of all neutrino masses and mixing parameters are mandatory.  

Fermilab, with its long-baseline neutrino program, is ideally poised for such precision measurements. The existing MINOS experiment, the upcoming NOvA detectors, and future projects such as LBNE and a Neutrino Factory provide a step-by-step improvement in sensitivity, with the ultimate goal of reaching and surpassing the accuracy to which the quark mixing matrix has been determined. Indeed, results from neutrino physics have astonished physicists in the past, and this may likely happen again in the future. New and unexpected phenomena, such as the existence of sterile neutrinos, non-unitarity of the neutrino mixing matrix, or new neutrino interactions beyond the Standard Model, could be discovered in the future.  Long-baseline oscillation experiments with neutrino beams from pion decay, such as MINOS, NOvA, and LBNE, are most sensitive to relatively large new effects, whereas the low-background environment of a Neutrino Factory could provide sensitivity to subtle effects at the sub-per cent level and would cover a much larger variety of possible phenomena than any other proposed neutrino facility.

Complementary to the long-baseline neutrino program is a rich variety of short-baseline experiments such as MiniBooNE, MINERA, and MicroBooNE.  These experiments measure the cross sections and kinematics of neutrino reactions to a supreme accuracy, and they will therefore greatly advance our understanding of the underlying dynamics of neutrino-nucleus interactions.  Short-baseline experiments also have a unique discovery potential for new phenomena, in particular neutrino interactions beyond the Standard Model and sterile neutrinos. Indeed short-baseline experiments, such as LSND at Los Alamos and MiniBooNE at Fermilab, have already provided hints, albeit inconclusive, for possible new physics. If these hints strengthen, then a future short-baseline program at Fermilab could be mounted to definitively address these indications.

Current and Mid-Term Program 

The Fermilab MINOS experiment has already provided the world's most precise measurement of m232, as well as important and highly competitive constraints on many other standard and non-standard phenomena in the neutrino sector.  This successful program will be continued and enhanced with the upcoming NOvA experiment, which consists of two detectors, one located at Fermilab and the other at 810km from the neutrino source in Ash River, Minnesota. NOvA will measure 23 and |m232| with greatly increased precision, and will in addition be able to measure 13 and the sign of m232 (the neutrino mass hierarchy), provided 13 is relatively large. Indeed, a first hint that 13 may be sizable has been recently reported by the T2K and MINOS experiments.

Parallel to the NOvA program, the MINERA experiment in the NuMI beam, and MiniBooNE and MicroBooNE in the Booster Neutrino beam, will continue to provide high-precision measurements of neutrino interaction cross sections for a variety of target materials over a broad energy range, and will search for short-baseline oscillations and other indications of new physics in the neutrino sector.

As a sequential step after NOvA, LBNE --- a much longer baseline experiment between Fermilab and a proposed far detector site at the Homestake mine in South Dakota --- will significantly enhance the sensitivity to 23, m232, and 13. Most importantly, as its main goal, LBNE will search for a Standard-Model-like CP-violating asymmetry in the oscillation of muon neutrinos (and antineutrinos) to electron neutrinos (and antineutrinos). As designed, LBNE will be the first experiment capable of discovering CP-violation in the neutrino sector over a large range of possible 13 values. Even for small 13, LBNE's capabilities of measuring 13 and determining the mass hierarchy will greatly exceed those of NOvA.

An important aspect of LBNE will be its versatile and massive detector(s), either a water Cherenkov detector with a mass of several 100 ktons or a liquid argon time projection chamber of several 10’s of ktons with superb background suppression capabilities, at a distant location. Such massive and capable detectors are crucial for detecting neutrino oscillations and collecting sufficient event samples over such unprecedentedly long distances. In addition, both water Cherenkov and liquid argon detectors allow for a rich physics program beyond long-baseline neutrino oscillation studies, in particular, searches for proton decay signatures and studies of neutrino bursts from supernovae in our galaxy and nearby.

While the water Cherenkov technology is already very mature, liquid argon detectors have not yet been realized on such large scales. With the already completed ArgoNeuT detector and the upcoming MicroBooNE experiment, Fermilab is playing a very active role in this development. This technology is especially interesting because liquid argon-based time-projection chambers are also under active study as dark matter detectors and as detectors for neutrinoless double beta decay, a rare decay process that could shed light on the mechanism of neutrino mass generation (Majorana vs. Dirac masses).
The Fermilab Neutrino Program in the Project X Era 

After the next generation of mid-term long and short baseline neutrino experiments, the construction of a multi-MW source of high-intensity proton beams (Project X) provides a very interesting and fruitful upgrade path. Compared to the planned beam for NOvA, Project X would supply more than a factor of three higher beam power (see Figure 1). Project X’s flexible beam energy and higher power would especially enhance the sensitivity of LBNE, particularly boosting its sensitivity to leptonic CP violation. Figures 2-4 demonstrate the program’s ability to resolve the three most important questions currently facing neutrino physics: is 13 non-zero, what is the neutrino mass hierarchy, and is CP violated in the neutrino sector? The reach of the Fermilab neutrino program spans several orders of magnitude in parameter space and is significantly advanced with Project X. The physics achievable in 10 years with Project X would take 30 years without!

Similarly, a neutrino beam driven by Project X would allow for a new short-baseline program to study the nuclear physics of neutrino interactions with superior precision. Also, if the current and mid-term experiments provide hints for the existence of sterile neutrinos or new types of neutrino interactions, short-baseline detectors driven by a Project X beam could be turned into discovery machines for physics beyond the Standard Model.

Project X would allow for the production of a wide variety of proton beams, with energies between 3 GeV and 120 GeV, and thus the facility would provide the necessary flexibility to fine-tune Fermilab's physics program in the future. 
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(Figure 1) Proton Beam Power: Beam power as a function of proton beam energy for three neutrino facilities: the existing NuMI beam which currently supplies neutrinos to the MINOS and MINERA experiments (shown in green), the planned upgrade for NOvA (shown in blue), and Project X (shown in red).
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(Figure 2) Sensitivity to Non-Zero 13: Evolution of the sensitivity of the Fermilab neutrino program in determining whether or not sin2213 is non-zero. The colored bands show the 3 discovery potential for NOvA and LBNE as a function of sin2213 and the fraction of CP-violating phases for which the measurement can be made assuming a normal mass hierarchy. The NOvA projections assume 5+5 years of neutrino+antineutrino running and a 25 kton far detector operating in the 700kW NOvA beam. The nominal LBNE sensitivity assumes 5+5 years of neutrino+antineutrino running with a 200 kton water Cerenkov (or equivalently 34 kton liquid argon) detector in a 700 kW LBNE beam. Also shown are possible sensitivity reaches for 5+5 years of LBNE running with Project X or 5+5 years of LBNE running with Project X and a second far detector. While not shown, a Neutrino Factory can cover all of the accessible parameter region shown and has a sensitivity extending down to sin2213 values of a few x 10-5. 
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(Figure 3) Sensitivity to the Neutrino Mass Hierarchy: Sensitivity of the Fermilab neutrino program in resolving the neutrino mass hierarchy (i.e., whether the mass ordering is normal or inverted) at 3confidence. Same convention as Figure 1. While not shown, a Neutrino Factory can cover all of the accessible parameter region shown and has a sensitivity extending down to sin2213 values of a few x 10-5. 
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(Figure 4) Sensitivity to CP Violation: Sensitivity of the Fermilab neutrino program for detecting CP violation in the neutrino sector at 3confidence. Same convention as Figure 1. NOvA is unable to detect CP violation at this level of significance over the plotted range of 13 and hence is not shown. A Neutrino Factory can cover all the accessible parameter region shown and has a sensitivity extending down to sin2213 values of a few x 10-5.

Long Term Prospects: The Neutrino Factory 

Even though short- and mid-term experiments will be able to answer many of the open questions in neutrino physics, the final stage of the overall phased program is the construction of a Neutrino Factory.  Its target station would use a high-intensity proton beam from Project X to copiously produce muons. These muons will be collected to form a high-quality muon beam that can be accelerated and circulated in a storage ring. The muons decay within fractions of a second, yielding a high-quality, background-free neutrino beam. Neutrino detectors would be located at distances of up to several thousand kilometers, making the Neutrino Factory an ideal tool to study the perturbations of the oscillation pattern induced by the matter through which the neutrinos travel.

Depending on the value of 13, which will be measured or tightly constrained by prior experiments, both a high energy Neutrino Factory with a 25 GeV muon beam and a low energy option with a 5 GeV muon beam are under consideration. Small values of 13 require a high energy Neutrino Factory whereas for large 13, a low energy Neutrino Factory is more optimal as the high energy facility would suffer from larger backgrounds due to CP-conserving electron <-> muon oscillations. In both cases, a Neutrino Factory with suitable detectors could study up to 12 of the 18 known three-flavor oscillation channels together, thus thoroughly covering the landscape of standard and non-standard neutrino physics.

Finally, many components of the Neutrino Factory accelerator complex are identical to those ultimately required for a Muon Collider. Thus, a Neutrino Factory would not only consolidate the strength of the U.S. intensity frontier program, but would also pave the way to the Muon Collider thereby enabling the U.S. to once again host experiments at the Energy Frontier.
	Muon Physics

High-intensity sources of muons enable experiments that can make ultra-precise measurements of the fundamental physical parameters of the muon and search for new physics in rare processes. These new processes carry the potential of yielding significant discoveries, such as the unexpected violation of lepton flavor symmetries that are part of the Standard Model.  These experiments complement the rest of the worldwide particle physics program by looking for effects that the LHC, the heavy flavor factories in Italy and Japan, the neutrino program, and cosmic frontier experiments cannot detect.   Results from these muon experiments are important in formulating a more complete and deeper description of nature and addressing fundamental open questions of particle physics.

Precision Measurements

The goal of precision measurements is to probe nature at the “quantum loop level,” by comparing the precise experimental results to comparably precise theoretical predictions derived in the Standard Model.  A significant discrepancy between the measurement and prediction indicates that the theory is incomplete and requires new physical ingredients beyond the Standard Model.  

An possible example of such a measurement is the anomalous magnetic moment of the muon, “g-2”, which was measured by the E821 experiment at Brookhaven with a precision of 0.54 parts per million.  This measurement is currently moderately discrepant with the Standard Model prediction and could indicate the existence of new particles or interactions.  The Brookhaven measurement is statistics limited, which suggests that significantly improved precision is possible.  A new g-2 experiment using the Fermilab complex of proton accelerators to produce high-intensity bunches of muons can achieve a fourfold improvement in precision.  By including improved theoretical analysis, involving possibly input from lattice gauge theory, the discrepancy with the Standard Model prediction could persist, and even widen. This would constitute a major failure of the Standard Model and provide an important constraint for any proposed new beyond-Standard-Model theories.  

The required muon beam would be produced reusing the Fermilab Booster and the Accumulator/Debuncher rings that were used to manage antiprotons in the Tevatron era.  The experiment would also reuse the Brookhaven muon storage ring. It would employ the same measurement strategy, but using an upgraded and improved experimental apparatus. This apparatus can also be used to search for a possible permanent electric dipole moment (EDM) of the muon with sensitivity 100 times better than the current world’s best limits.  The muon EDM is predicted to be vanishingly small in the Standard Model and its observation would constitute a major discovery.  A dedicated muon EDM experiment using Project-X to produce an intense source of muons could further improve the sensitivity by another three orders of magnitude. 

Rare Processes with Muons

Rare decay processes of muons, if observed, could be harbingers of new physics. In the Standard Model rare processes are probes of quantum loops and precise predictions can be made.  The observation of a rare decay process at a rate significantly different than predicted by the Standard Model would signal the discovery of beyond-Standard-Model physics.  Lepton flavor violation (LFV) is an example of a rare decay process, such as a e transition known as “charged LFV,”  and offers just such a window to new physics and the potential of a major discovery.

The Standard Model predicts that charged LFV is un-observably small. Many theoretical models, however, predict charged LFV at rates that could be within reach of the experiments being proposed at Fermilab.  These theories incorporate ideas such as grand unification, extra space-time dimensions, supersymmetry, or exotic heavy-neutrino mixing.  Combined with neutrino and LHC results, these experiments could elucidate new previously unidentified sectors of physics.  In general, searches for charged LFV using muons are amongst the most powerful and promising probes of new physics at the Intensity Frontier and to scales well above the TeV scale.

There are several promising experimental possibilities for discovering charged LFV.  Two of the most promising are μ→eγ decay, and μ-to-e conversion. These experiments have sensitivity to very high energy scales, orders of magnitude beyond the direct reach of the LHC. Other possibilities to search for charged LFV use tau leptons but are not expected to have comparable sensitivity due to the available tau flux, which is much less than that of muons, and to the greater cleanliness of the muon experiments.
The Muon-to-Electron-Gamma (MEG) experiment at the Paul Scherrer Institute has begun collecting data and will search for the LFV process μ→eγ with a predicted sensitivity at the 10-13 level.  As demonstrated in the figure above, this offers sensitivity to mass scales of thousands of TeV for certain new physics scenarios (model parameter <<1).  
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μ-to-e conversion sensitivity
Figure 5:  Comparison of the sensitivity to charged lepton flavor violation of the MEG (μ→eγ ) experiment at a transition rate of 10-13 and a μ-to-e conversion experiment using the Fermilab Booster at the rate of 10-17.  The comparison is made as a function of a model parameter which controls the type of processes that generate the LFV effects.  For values <<1 magnetic dipole type interactions dominate, while for values >>1 four fermion type interactions dominate.  The range of the model parameter considered was chosen to qualitatively capture the predictions of most new physics scenarios generating charged LFV effects.  The figure demonstrates that the Fermilab Mu2e experiment offers superior sensitivity for all physics scenarios.
The Mu2e experiment at Fermilab will use the 8 GeV proton beam from the Booster to search for the μ-to-e conversion process with sensitivity at the 10-17 level, 10,000 times more sensitive than previous experiments.  The required proton intensity can be delivered in parallel with that required for the NOvA experiment discussed in the previous section.  The Mu2e beam line will re-purpose the Accumulator and Debuncher rings from the Tevatron complex once the Run II program is completed.  As demonstrated in the figure above, sensitivity at the 10-17 level will enable this experiment to probe mass scales that exceed the capabilities of the MEG experiment independent of new physics scenario, achieving sensitivity up to 10,000 TeV, significantly beyond the reach of the LHC.  This level of sensitivity gives the Mu2e experiment impressive discovery potential that covers a wide range of beyond the Standard Model theories.  Project X offers the possibility of increasing the beam power to the experiment by another factor of 10 or more.  This increased intensity could be used together with improvements to the muon beam to reach sensitivity at the 10-18 - 10-19 level.  If the Mu2e experiment discovers charged LFV by observing a signal, the Project X era experiment would offer the unique capability of distinguishing the underlying new physics by measuring the μ-to-e conversion rate using different nuclear targets.

Kaon Physics
Theories of beyond-Standard-Model physics often predict new flavor-violating processes involving quarks.  Experiments at the flavor factories, the Tevatron, and elsewhere have unexpectedly found no clear signals of such contributions. This suggests a strategy of concentrating on rare processes that are as theoretically and experimentally clean as possible in order to maximize the sensitivity. 
The ultra-rare kaon decay process K 
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 is one of the most promising opportunities for implementing this strategy.   Both the charged 
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  decays are extremely suppressed in the Standard Model.  The charged mode has been studied by the Brookhaven E787/949 experiment using a high intensity stopped-kaon technique to yield a total of seven candidate signal events.   The NA62 experiment at CERN is pursuing a new in-flight technique with the aim of achieving a 100-event sensitivity at the Standard Model level.  
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K→πνv sensitivity
Figure 6: Project X experiments based on 1000 Standard Model events could probe beyond TeV physics with greater than five sigma sensitivity.
The 
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 decay has not yet been observed.  An upper limit a factor of 1000 away from the Standard Model prediction was established by the KEK E391a experiment.   The KOTO experiment at J-PARC is pursuing a staged approach to reach single event sensitivity, with an ultimate goal of reaching 100-event sensitivity, at the Standard Model level. The 
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 decay is a purely CP-violating process, with a predicted Standard Model theoretical uncertainty no larger than two percent, since the transition matrix element is controlled by an approximately conserved vector current.  The theoretical uncertainty for the 
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decay is also at the level of a few percent. To fully probe for possible new physics contributions requires experiments capable of detecting about 1000 of each of these decays, achieving a statistical error that approaches the theoretical uncertainty.  

Such experiments would be sensitive to new sources of CP violation involving quarks. Rare kaon decays offer a historic and unique window on these phenomena, having provided powerful constraints on the Standard Model over the past 40 years.  They would provide a complete determination of the CKM matrix of the Standard Model independent of b-physics, and this in turn offers the tantalizing prospect of emergence of tension within the Standard Model framework. Rare kaons are sensitive to effects from new particles or new interactions in nature.   For example, if superpartner particles are discovered at the LHC, kaon experiments could address such fundamental questions as distinguishing among different mechanisms for the breaking of supersymmetry. Or, if electroweak symmetry breaking involves new strong dynamics, again the rare kaon decays would reveal departures from Standard Model predictions.
Other rare kaon-decay modes offer opportunities for major surprises. They include possible detection of the lepton-flavor-violating decays such as K→πμe or K→μe, and exotic decays of kaons, e.g., into axions or gravitons in certain models of extra dimensions.

The high intensity proton beam of Project X would enable experiments at the 1000 event level for both the charged and neutral K 
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 decays.  The continuous-wave-linac technology proposed for Project X creates ideal conditions for these experiments, which could yield simplifications of the experimental apparatus and reduced technical risks.  The two experiments would be conducted using a common production target and could form flagship elements of the initial Project X physics program.  Each experiment would build upon proven and well studied experimental techniques.  Both measurements would reach precisions of a few %, comparable to the uncertainty on the Standard Model prediction, thus offering the ultimate sensitivity for new physics contributions to these processes.  The two experiments would additionally offer world class sensitivity to a variety of other rare kaon decays.

Summary

We have described a program exploring the “Intensity Frontier” and consisting of a suite of challenging and compelling experiments that Fermilab is beginning now, continuing into the future, and eventually becoming the focus of Project X.   This program is rich and diverse. It probes the highest energy scales, or shortest distance scales, achievable with present human capability.  It searches for well-motivated, subtle and rare phenomena well beyond the reach of energy frontier machines, and can reshape the focus of our field, just as the discovery of the weak force in the early 1900’s became the mainstay of energy frontier physics today. 
[image: image14.emf]
Figure 7: Overview of the physics topics and experiments that will address important questions in particle physics at the intensity frontier now, soon, and in the near future. The Fermilab program evolves from the use of existing upgradable neutrino beams to the advent of intense particle sources available with Project X. Combined, this diverse plan allows a robust and unparalleled program in neutrino, muon, kaon, and nuclear physics ultimately leading to the transition back to the energy frontier with a Muon Collider.

The Intensity Frontier program consists of experiments that address in detail the properties of neutrinos, muons and kaons.  It ultimately puts these particles under the most powerful “microscope,” the intense beam of Project X, which provides copious data and allows us to study new physics down to distances that are millions of times smaller than the proton.   As Project X evolves, it will provide a Neutrino Factory that derives from a storage ring of muons.  

Project X  enables the possibility of eventually building a Muon Collider, one of the most complex devices ever created by humans, which produces and accelerates beams of muons and antimuons, colliding them at high energies of order 4 TeV, and allowing direct probes of energy and distance scales, and new processes, beyond the reach of the LHC.  The Muon Collider would allow the U.S. to again host physics experiments at the energy frontier.
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