                  DRAFT WHITE PAPER SECTION ON MUON PHYSIS

1. Introduction. A profound understanding of many of the mysteries of nature and the laws that govern the world around us has been achieved in the field of particle physics. Now, particle physics is about to take the next important steps to answer long-standing questions such as “What is the nature of the Universe?'', ”How did the Universe begin?'', and “How did the predominance of matter over antimatter initially appear?''. 
There are two experimental approaches that can be used to tackle such fundamental questions, namely, the energy frontier approach and the intensity frontier approach. In the intensity-frontier approach, high-precision measurements are compared to precise theoretical predictions, and searches for very rare or so-called forbidden processes are performed in order to study phenomena at the very high-energy scale. Such effects are largely based on quantum effects. In the Feynman diagrams entering some rare processes, one occasionally encounters intermediate virtual particles with heavy mass. In some instances, the mass of these particles is so large, like a few several thousands TeV, that they cannot be directly observed in high-energy accelerators. It is thus possible in rare processes to study physics phenomena at an energy scale unattainable by using existing particle accelerators. 
To explore the high-intensity frontier, a large number of particles should be produced to achieve high sensitivity and precision. Since the muon is the lightest unstable elementary particle, for a given proton beam power, a large number of muons can be produced. Furthermore, owing to R&D for a muon collider and a neutrino factory, novel technology to produce efficiently muons has been developed. With this technology and the promise of enormous beam power from Project-X, opens up a tremendous opportunity to explore the high-precision frontier approach with muons.

There are several advantages for muons to study the high-intensity frontier. First of all, since the muon is one of the leptons, searches for new physics beyond the Standard Model could potentially anticipate enormous physics sensitivities without any uncertainties associated with QCD. And for most the cases, interpretations of experimental achievements would be clean to unveil physics responsible for. Secondarily, searches for new physics beyond the Standard Model (SM) using muons might have strong connections with those using neutrinos. 

The enormous muon yields available to experiments with Project X will allow Fermilab to host a very diverse muon program covering all aspects of muon properties and interactions.  This can include charged lepton flavor-violating processes like μ−−e− conversion and μ+ → e+γ and μ+ → e+e+e- decays, CP violating processes such as muon EDM measurements, and CPT violation tests such as g-2 of the negative muon.
2. Project X IC-2 and Muon Physics: Project-X IC2 is an accelerator complex designed with the goal of exploring these opportunities. The IC2 complex will provide at least 1 mA of protons at 2 GeV for a total beam power of up to 2 MW in addition to the neutrino physics programs. This high beam power the Project-X IC2 would open new experimental possibilities for muon physics.
3. Muon Physics Programs at the Project-X era. With a total beam power of multi MW and flexible beam time structure that would be available at Project-X, various muon particle physics programs can be envisaged. 

3.1 Charged Lepton Flavor Violation: Recently there has been a firm evidence for the existence of none-zero neutrino masses and mixing based on the results of the neutrino oscillation experiments. Since neutrino oscillations indicate that lepton flavor (LF) is not conserved, LFV processes in muon and tau leptons are also expected to occur. In the framework of the Standard Model (SM) with massive neutrinos, however, the neutrino mixing introduces only small contributions to charged lepton flavor violation (cLFV) processes. For example, the branching ratio of μ+ → e+γ is of the order of O(10−54). 

However, in extensions to the SM, cLFV could occur from various sources of new physics beyond the SM. In fact, in many new physics scenarios, one would expect cLFV at sizable level. One of the well-motivated theoretical models predicting cLFV is supersymmetry (SUSY). The resulting cLFV rates can be as large as the present experimental upper bounds. And therefore they could be accessible and will be tested at future experiments. 

The muon cLFV processes with LF being violated by one unit are marked as of significant importance, because most of the well-motivated theoretical models predict their sizable branching ratios. They are such as μ+ → e+γ decay, μ+ → e+e+e- decay, and μ−−e− conversion (μ− + N(A,Z) → e− + N(A,Z)). 
The three muon cLFV processes have different experimental issues that need to be solved to realize improved experimental sensitivities. The processes of μ+ → e+γ and μ+ → e+e+e- decays are limited by accidental backgrounds. Here, a CW beam from the Project-X ICD-2 complex would help. However, if the incident muon beam rate is increased by a factor N, background suppression has to be improved by a factor of N2. To achieve this, the detector resolutions have to be significantly improved, which is in general very challenging. In particular, improving the photon energy resolution for μ+ → e+γ is difficult. On the other hand, for μ−−e− conversion, there are no accidental background events, and thus an experiment with higher rates can be performed. If a new muon source at the Project-X complex with a higher beam intensity, an appropriate beam time structure and a better beam quality for suppressing beam-associated background events can be constructed, measurements of higher sensitivity such as less than 10-18 in branching ratios can be performed. 

Furthermore, it is known that there are more physics processes contributing to μ−−e− conversion and a μ+ → e+e+e- decay than a μ+→e+γ decay. Namely, the dipole interaction of photon-mediation can contribute to all the three processes, but the box diagrams and four fermion contact interaction can contribute to only μ−−e− conversion and μ+→e+e+e- decay. In summary, in consideration of the experimental and theoretical aspects, a search for μ−−e− conversion would be a natural next choice at Project-X to accomplish significant improvements in future.

3.1.1 Muon to Electron Conversion: A coherent neutrino-less conversion of a negative muon to an electron (μ−−e− conversion) in a muonic atom is one of the most prominent muon cLFV processes. Right now, two experimental projects, Mu2E in the USA and COMET in Japan, to search for μ−−e− conversion with a single-event sensitivity less than 2x10-17 are under preparation. As mentioned before, μ−−e− conversion is the most promising muon cLFV process, which would receive significant benefit of significant. At Project-X IC2, search for μ−−e− conversion with a single event sensitivity of 2x10-19 can be anticipated. The strategic scenario might be as follows. If the signals are found at a single event sensitivity of 2x10-17, different muon-stopping target materials may be used to discriminate new interaction responsible for cLFV. If the signals are not found, search with higher sensitivity should be made to cover full range of the theoretical model predictions. To carry out a new experiment with single sensitivity of 2x10-19 at Project-X IC-2, a muon beam should have a pulsed time structure, with high-purity (pion-free) and high quality like narrow beam energy width that would allow a thinner muon stopping target, should be required. To achieve this goal, a new idea using a muon storage ring installed in a muon beam line is being considered. 
3.1.2 μ+ → e+γ decay: The event signature of μ+ → e+γ decay at rest is a positron and a photon are moving back-to-back in coincidence, with their energies equal to half that of the muon mass (mμ/2 = 52.5 MeV). The present best limit of 1.2 x 10-10 was determined by the MEGA experiment at Los Alamos. Currently the MEG experiment at PSI is running now to achieve a sensitivity of 10-13 in a few years. The PSI cyclotron has a beam power of 2 MW with 600-MeV proton energy. They considering future upgrade to aim at a sensitivity of 10-14 in future. Major experimental issues for future upgrade exist in how the detector resolutions can be improved to reduce serious accidental backgrounds. At Project-X IC2, a CW beam would be suitable to pursue the search for μ+→e+γ decay. With some innovative ideas on detectors that would work at environments with high counting rates and the use of polarized muon decays, there would be potentials to improve better than the future programs at PSI.
3.1.3 μ+ → e+e+e+ decay: The search for μ+ → e+e+e- decay is very attractive since it might have new physics such as four Fermi contact interaction in addition to dipole interaction, as in the muon to electron conversion. The present best limit of 1.0 x 10-12 was determined almost 20 years ago. The experimental search requires coincidence three decay products, and therefore a CW beam from Project-X IC2 would be of great benefits. At Project-X, with detector technology at high rates developed, an improvement for μ+ → e+e+e- decay by several orders of magnitude can be anticipated.
3.1.4 Muonium to Anti-muonium Conversion: Muonium to anti-muonium conversion is a process where LF violated by two units but a net total lepton number conserved. It is analogous to oscillations of K mesons and B mesons. In the previous experiment, the upper limit of the new coupling constant of 10-3GF from the previous experiment at PSI was obtained. In this experiment, a coincidence of negative energetic electron from negative muon decay and a positron was made, A new idea to search for muonium to anti-muonium is to use laser irradiation to dissociate an anti-muonium produced from the muonium to anti-muonium conversion. Because of the use of laser, a pulsed muon beam is required.

3.2 Muon g-2 Magnetic Moment: The static properties of the muon have been attracting considerable attention from theorists and experimentalists. One of the most intriguing situations is the comparison of the measurement of the anomalous magnetic moment of the muon, g-2, to the standard-model prediction.  The Brookhaven final g-2 result was established to 0.54 ppm; present theory is known to 0.42 ppm.  When compared, a difference on the muon anomaly, 
[image: image1.wmf](

)

11

2558010

a

-

m

=±´

, a 3.2 standard deviation effect. 

At Project-X, one can take a further step.  There it becomes conceivable to consider a complementary measurement of negative muon anomaly at the same precision as the new positive muon result.  This measurement would provide an independent look at many of the systematic errors, and provide a CPT test as well. If the ICD-2 design is realized, the fill rate can be even higher, perhaps close to 50 Hz, which would be ideal to increase statistics.  With high power, a smaller radius storage region would be possible, which would confine the muon beam to the very uniform magnetic field at the center of the storage volume. This could reduce both the field error, and perhaps the systematics on the muon spin precession frequency.  Naturally, the motivation will depend on theoretical considerations at the time.  We view the proposed Fermilab experiment as a “discovery” experiment.  With data from the LHC well in hand by the time Project-X begins, a next-generation g-2 effort would aim at “characterization,” that is, a precise statement on what kind of new physics is causing the deviation and, presumably, the findings at the LHC from the high-energy approach.
3.2 Muon Electric Dipole Moment: Electric dipole moments (EDMs) have been searched for since the suggestion by Purcell and Ramsey that there was no evidence that parity was a good symmetry for the nuclear force, and could be tested by searching for an electric dipole moment of the neutron. The EDM, like the magnetic dipole moment would be vector directed along the spin, and it’s strength is characterized by a parameter h, which plays the role for the EDM that the g-factor plays for the magnetic dipole moment. Their experiment, cited as Smith, et al., placed a limit of < 10-20 e-cm on the neutron EDM and was not published until after parity violation was an established fact.  Since that time, limits on electric dipole moments have decreased to the 10-26- to 10-29 e-cm level.  Since a permanent EDM violates both parity and time-reversal symmetries, and by implication CP, the discovery of an EDM would imply the existence of non-standard model CP violation, which is necessary for the baryon asymmetry of the universe. Models of new physics, such as supersymmetry, have new CP-violating phases which could cause an EDM. In fact, the non-discovery of an EDM thus far has been dubbed the SUSY CP problem; just as the non-discovery of a neutron EDM has been called the strong CP problem.
Thus the muon EDM presents both an opportunity and a challenge. The former is the chance to measure an EDM for a second-generation particle, the latter being the necessity to measure a large number of muons, ~ 1016 to 1018. Except for the neutron EDM experiments, where the neutron lifetime is finite, atomic EDM experiments carried out thus far have copious sources of the atoms or molecules under study.  Unlike the standard EDM experiment a narrow time bunch of muons is created, stored in a magnetic storage ring, with the g-2 precession turned off by a radial electric field. The motional electric field b X B acting on an EDM would make the spin steadily move out of the plane.  The measurement then becomes an up-down asymmetry measurement.

With the intense muon beams available in the Project X era, one could hope to reach a sensitivity of 10-24 to 10-25 e-cm, which becomes quite interesting theoretically. Naively one might expect the EDM to scale linearly with mass, i.e. the muon EDM being larger than the electron EDM by mμ/me, but a number of models predict a higher power of this mass ratio. 
****

In conclusion, diverse muon physics programs that have been recognized as being world-top-class can be implemented at Project-X IC2. Some of the experimental programs require a CM beam and the others do a pulsed beam down to 1 kHz. However, in the worldwide there are many other running proton facilities like PSI and J-PARC and future high power facilities like ESS in Europe. It would be of great importance to make Project-X IC2 unique over the others that Project-X should keep a capability to provide different beam time structures (from a CW to 1kHz pulsed) to various muon physics programs.
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