Physics at the Precision Frontier

Numerous opportunities exist at the precision frontier involving muons, charm quarks, kaons, and B mesons.  These opportunities provide exciting discovery potential for the coming decades, independent of the nature of LHC discoveries. 
Muons:  
      The availability of an intense 8 GeV proton beam and the accumulator and debuncher rings after the end of anti-proton production for the Tevatron collider program will enable a search for muon and electron number violation (generically lepton flavor violation or LFV) with sensitivity that is orders of magnitude beyond that of current experiments. This experiment would be by far the single most sensitive search for any LFV process on the time scale considered. 

In the Standard Model, LFV is mediated by virtual neutrino mixing, but at a rate below the threshold of any possible experiment. In contrast, extensions to the Standard Model usually allow such processes, often at high rates, and limits on LFV processes significantly constrain models for new physics. In a sense, the powerful neutrino program at Fermilab addresses issues of mass and mixing of leptons in a Standard Model context, and LFV experiments address these questions in a non-Standard Model context. A new experiment to search for muons converting to electrons in the field of a nucleus would be sensitive to rates predicted in many specific models (e.g. grand unified supersymmetry) and see effects due to particles at a mass scale up to 3000 TeV/c2, in models with new vector bosons or leptoquarks, for example. The mass scale that would be probed indirectly is well beyond that which will be directly probed at the LHC or ILC, neither of which is likely to address the area of LFV processes. Other low energy LFV searches (e.g. →are typically not as sensitive to new physics, despite larger expected branching fraction, due to smaller  flux and unavoidable backgrounds. 

A new experiment could be based on the detailed technical design of the MECO experiment that was planned to be run at the BNL AGS operating at 8 GeV. With low cost modifications to the current accelerator complex, this experiment would detect LFV if Re ((-N→e-N)/(-N→N')) is as small as 2X10-17. It would collect data for 2-3 years with little or no impact on the beam available for the neutrino program, based on current plans to upgrade the 120 GeV beam to ~700 kW. The Fermilab beam implementation would be superior to that planned for BNL due to better duty factor (>90% vs. ~50%), superior micro time structure, and more running per year. The SNuMI accelerator upgrades would increase the total proton flux at 8 GeV and could allow modest increase in beam available to the muon program. A proton linac as proposed for Project X would increase the beam power to the muon program by close to a factor of 10. By re-optimizing the muon beam parameters (e.g. decreasing the energy spread and transverse beam size), backgrounds could be reduced, further improving the reach. 

The MECO design has been reviewed for cost and technical feasibility in detail, and a new experiment based on MECO could be developed into a reviewable project at Fermilab with about one year of effort. Physics results at sensitivity below 10-16 would follow 4-5 years of construction and 2-3 years of running. Upgrades to use a more intense beam following the SNuMI or Project-X construction would be studied and then implemented following the first physics running period.  

Kaons:
       The high intensity 8 GeV proton facilities and the Tevatron stretcher facility described in chapter 4 represent a potential breakthrough in ultra-rare kaon decay physics.   These facilities can provide kaon beams of unprecedented purity and intensity that can drive state-of-the-art rare-decay experiments in the next decade.   The ultra-rare Kprocess and the manifestly lepton flavor violating decays such as  Ke are sensitive to Beyond the Standard Model (BSM) physics with mass scales in excess of 1000 TeV/c2 in some models.  The Standard Model calculation of the Kbranching fraction is very robust, with theoretical uncertainties constrained to less than a few percent.   Figure-1 below illustrates how BSM models can enhance the Standard Model Krate by up to x3 in the charged case and up to x36 in the neutral case.  The excellent control of theoretical uncertainties permit 5-sigma discovery sensitivity for BSM enhancements as low as 20% in the charged mode and 10% in the neutral mode.  
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Figure-1:   Illustration of the Ksensitivity space for BSM physics compiled by F. Mescia for the CKM-2006 Workshop.   The reach above the Standard Model in units of current (2007) theoretical certainty of the Standard Model prediction is indicated in orange, and is a space of about (50x 600for ( charged x neutral ) modes.  The current measurement of  K+based on 3 events by the BNL E787-949 experiment is  x1.8 the Standard Model prediction.  Several BSM models are indicated:  Minimal SUSY (MSSM),  “Little Higgs Theories” (LHT), and “Minimal Flavor Violation” (MFV).  

     The “KTeV-II” experiment described below is designed to make a precision measurement of the K+branching fraction that matches the small theoretical uncertainty.   In parallel with K+running, the KTeV-II experiment can probe   many other decay channels including precision measurement of K+eand K+e searches which are both uniquely incisive probes of  BSM physics.    The “KOPIO” experiment described below is designed to discover and measure the ultra-rare K0decay process which is very sensitive to CP-violating BSM amplitudes.   Several BSM models can be discovered or excluded on the road to the Standard Model expected K0 branching fraction of 3x10-11.   Upon acquiring the Standard Model sensitivity the experiment then becomes sensitive to very high mass scale (>1000 TeV/c2) and extra-dimensional models through precision measurement of the K0branching fraction.  
KTeV-II:    The KTeV-II experiment is based on the conceptual design of the CKM experiment (Charged Kaons at the Main injector).  Driving the experiment in the NuMI or SNuMI era with the high duty-factor Tevatron stretcher simultaneously reduces detector rates by x3 and the proton tax on the Main Injector neutrino program from 30% to 5%.   The lower detector rates reduce the technical risk of the experiment and supports scaling of the CKM design to much higher sensitivity in the Project-X era.  The high energy separated kaon beam based on ILC crab cavity technology drives this next step in ultra-rare K+ sensitivity with samples of 100-200 K+decays per year within reach.   Project-X can further increase the rare-decay sensitivities by x3 while maintaining a small 5% tax on the Main Injector neutrino program.  The CKM conceptual design has been technically reviewed in detail, and could be developed into a reviewable project with one year of effort.  Several years (3-4) of funding and construction would then be necessary to start detector operations 5 years following a decision to proceed with this opportunity.  

KOPIO:     The experiment was originally designed and optimized for the BNL AGS 24 GeV proton source.  The KOPIO proponents have estimated the K0  flux at the Fermilab Booster energy of 8 GeV and have found the flux to be comparable to the BNL AGS.  The limited proton intensity of the AGS drove the KOPIO design to an unusually large solid-angle kaon beam in order to collect sufficient kaon decays to measure the K0process.  This large beam complicated the detector design and contributed technical risk to the experiment.  The very large proton intensity of Project-X (x12 Booster intensity) motivates a re-optimization based on a much smaller solid angle beam which could deliver sufficient kaon decays. This smaller beam could significantly simply the experiment and reduce technical risk.   An experiment optimized for Project-X intensities could still have sufficient sensitivity to discover the K0process in early running during the NuMI (no Nova proton tax) or SNuMI (10% Nova proton tax) era using the Fermilab Booster as a proton driver.  The lower intensities of the Booster driving a smaller kaon beam would provide a natural timeline to develop and commission this challenging experiment.   The KOPIO conceptual design has been reviewed in detail, and could be developed into a reviewable project with one year of effort.  Several years (3-4) of funding and construction would then be necessary to start detector operations 5 years following a decision to proceed with this opportunity.

Charm and hyperon physics with anti-protons:
Fermilab operates the world’s most intense antiproton source – which will continue to hold even after the planned 2014 startup of the GSI FAIR facility. The anticipated shutdown of the Tevatron in 2009 thus presents the opportunity for a world-leading low- and medium-energy antiproton program. A range of physics questions can be studied with unequaled sensitivity,  including hyperon CP violation and rare decays, charm mixing, the charmonium spectrum and recently discovered nearby states, and CPT and antimatter-gravity tests with antihydrogen. Such a program will take some years to complete and could start with inexpensive apparatus as soon as the Tevatron finishes. A Letter of  Intent and a one-page proposal have been submitted outlining some of  

these possibilities. Further exploration should be pursued rapidly so as to capitalize on the  

earliest availability of the antiproton source.

B physics:  A second generation B factory with a luminosity above 1036/cm2/s providing data samples of 50-100 ab-1 can explore a wide range of physics beyond the Standard Model.  In many scenarios, the physics reach extends beyond the TeV scale and the pattern of deviation from Standard Model predictions can help distinguish between models.  The possibility of constructing a super-B factory at Fermilab should be re-examined sometime around 2012 in light of LHC discoveries, progress on ILC development, and worldwide plans for super-B factories elsewhere.
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