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The prospects for measuring the ultra-rare decays 
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 are discussed. Several new experiments are being constructed or have been proposed at existing facilities and ideas for  reaching very high precision experiments at a future high intensity proton source like Project X ICD2 are under discussion.
1.    Introduction
The ultra-rare decay modes 
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 are prime targets in the search for new physics offering incisive probes of  quark flavor dynamics. Both reactions have been calculated to high precision in the framework of the Standard Model  (SM) and hypothetical new phenomena coming from a wide range of physics beyond the SM would lead to measurable departures from the predictions.  

The predictions for the  
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 branching ratios are theoretically robust to the 2-5% level. No other loop-dominated quark processes can be predicted with this level of certainty. Since these reactions are  highly  suppressed in the SM  to the 10-11- 10-10 level, new physics can compete and be observed with large enhancement factors, e.g. 5-10, over the SM values. However, the certainty with which the SM contributions are known permits 5σ discovery potential for new physics even for enhancements of the branching fractions as small as 30%. This sensitivity is unique in quark flavor physics and probes essentially all models of new physics that couple to quarks within the reach of the LHC. Further, high precision measurements of 
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 are sensitive to many models of new physics with mass scales  beyond the reach of the LHC. 

The SM predictions for the 
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 branching ratios [1] are
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where the uncertainties arise from the CKM matrix, input parameters, electroweak and QCD perturbation theory, and the (isospin-corrected) 
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 normalization. In general, non-SM particles could alter the branching fraction. New particles with flavor-changing neutral currents will change the short-distance coefficient of the effective interaction. 



     In the following, the prospects for measuring 
[image: image8.wmf]00

 and 

L

KK

pnnpnn

++

®®

 at current and planned facilities will be discussed.
2.    
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2.1.    Measurement Issues

Measuring 
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 decay at the 
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 branching ratio level represents a significant experimental challenge. The poorly defined signal consists of a charged kaon followed by a charged pion, 
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, with no other observed particles.  Potential backgrounds, primarily from other K decays, at branching ratios 10 orders of magnitude  higher, have similar signatures. Therefore, the experimental strategy involves proving that candidate events have low probabilities of being due to background. To be successful at detecting 
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 and separating it from background, the detector must have powerful π+ particle identification so that 
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and 
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 decays can be rejected,  highly efficient 4-π solid angle photon detection coverage for vetoing 
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 events and other decays, and an efficient K+ identification system for eliminating beam-related backgrounds. 
2.2.    BNL E787/E949
BNL E787/E949 [2] was the culmination of long series experiments searching for 
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 spanning 50 years. Like its predecessors, it employed a low momentum beam of stopping kaons. E949 used a 710 MeV/c 
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 beam which was slowed in a degrader and stopped in a scintillating fiber detector. Measurement of the 
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 decay involved observation of the daughter π+ in the absence of other coincident activity in two momentum regions: 1) “PNN1”, above the 
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 peak and 2) “PNN2”, below the peak. The π+ was identified by its kinematic features obtained from energy in a plastic scintillator calorimeter, momentum, and range measurements. In addition, high-speed 500 MHz digitizers were used on all fast scintillation detectors to make precise observations of the complete 
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decay sequence. The entire spectrometer was immersed in a 1 T solenoidal magnetic field along the beam direction. In addition to the use of scintillating fibers and the large systems of 500 MHz digitizers, the challenges of E949 spurred the development of an exceptionally efficient detector of radiation and the invention and development of blind analysis methodology to avoid bias in background predictions and analysis of data.  The numerous sources of potential background were extensively studied in E787 (the predecessor experiment) and E949 resulting in reliable and testable background predictions and a likelihood analysis method for evaluating potential candidate events for the probability of being due to 
[image: image22.wmf]K

pnn

++

®

 decay or background. For the entire PNN1 high momentum region data set from the E787/E949 experiments the number of background events expected was considerably less than 1 event .

[image: image23.emf]
Fig. 1. Schematic side (a) and end (b) views of the upper half of the E949 detector. Illustrated in this figure, an incoming K+ that traverses all the beam instruments, stops in the target and undergoes the decay 
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. The outgoing π+ and one photon from 
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 are also shown.
 Three events were observed by E787 and E949 in the momentum region 211 ≤ P ≤ 229 MeV/c above the 
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peak. Analysis of E787 and E949 data in the phase space region below the  peak  gave 4 additional events resulting in 
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.  The estimated probability that all the 
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 candidates observed by E787 and E949 were due to background was <0.001. The measured branching ratio although twice as large as the SM prediction was consistent with it within the statistical uncertainty. 

2.3.    NA62

NA62 [3] at CERN is a new experiment dealing with 
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 seeking  to reach an order of magnitude beyond the sensitivity obtained by E787/E949. The aim is to collect 100 events at the SM level in two years of data taking with a 15% background. The experiment uses a 400 GeV/c proton beam from the CERN-SPS exploiting a decay-in-flight technique with 75 GeV/c kaons. The detector requires  sophisticated technology for which an intense R&D program has been in progress since 2006.  The detection scheme shown in fig. 2 includes  tracking detectors, particle ID detectors and veto detectors. Tracking will be performed by a kaon spectrometer and a pion spectrometer. Two new tracking detectors, the Gigatracker (three planes of pixel detectors) in the kaon spectrometer and the Straw Tracker in the pion spectrometer are under development. Particle ID is done with Cerenkov detectors.  The hermetic photon system covers the forward small and large angles and  includes  the liquid krypton calorimeter inherited from NA48.
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Fig. 2  Layout of NA62 at CERN[3].
2.4.    Fermilab


Tevatron Stretcher

A unique opportunity for producing extremely high rates of low energy charged kaons under ideal conditions for a measurement of the rare process 
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 exists at Fermilab once Run-II of the collider is completed.  The “Tevatron Strecher” scheme involves operating the Tevatron as a 150 GeV high-duty factor (95%) synchrotron “stretcher” of the beam supplied by 10% of the available Main Injector flux.  With kaon production from the Tevatron Stretcher, the demonstrated performance of the BNL E949 technique can be extrapolated to a Fermilab experiment capable of observing O(1000) 
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 events at the  SM level. 
In order to evaluate the potential of such an experiment at Fermilab  the experience of E949 can be used taking advantage of the potential for incremental improvements in a well established technique.  Sensitivity and background estimates can be reliably made relative to the measurements for E949.
  For the new proposed Fermilab experiment, kaon beams of lower momentum, 550 MeV/c, would be used, in order to substantially improve the kaon stopping efficiency.  Low energy K production cross sections at 0 degrees for 150 GeV protons were estimated using  simulation resulting in  favorable yields compared to  BNL. A new design for a shorter higher acceptance charged K+ beam has been made leading to higher flux with good pion separation.   

An acceptance gain of >10 can be attained compared with the BNL experiment with reduced backgrounds by making several incremental improvements to the E949 technique. An existing magnet, such at the CDF solenoid, run with a 1.25 T magnetic field may be used in comparison to E949 which used a 1 T field; the detector could also be made longer to increase the solid angle acceptance and momentum resolution.  Several  other improvements are anticipated including finer segmentation of the pion stopping region detectors (RS) which will substantially reduce  muon backgrounds allowing a significant improvement in acceptance. Finer segmentation of the RS will also facilitate improvements in 
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tracking prior to stopping. Improved momentum resolution will make primary 2-body background rejection easier and result in acceptance gains. In addition, the photon veto detector can  be improved by using more radiation lengths than in E949 and reducing inactive material. This would result in better background rejection and higher acceptance.  In spite of considerably higher stopping kaon rates, accidental losses (killing of valid events) due to extraneous hits in the photon veto system will be comparable to the E949 situation due to the higher duty factor. 

Based on the assumptions above and five years of operation,  the  numbers of events to be expected for a Fermilab experiment using the Main Injector/Tevatron Stretcher combination would be approximately 200/yr.; precisions, including projected background subtraction, of approximately 5% would be anticipated in a five year run if the branching ratio is consistent with the SM. This would represent an improvement of two orders of magnitude over the work done at BNL.  Further improvements in precision of 
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 measurements would be anticipated at Project X beam intensities. 

3.    
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3.1  Measuring 
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 decay at the few ( 10-11 branching ratio level represents, perhaps,  a more difficult experimental challenge than for the charged mode. The poorly defined signal consists of a neutral kaon followed by a neutral pion, KL((0, with the pion immediately decaying into two (’s with no other observed particles.  Potential backgrounds, from other K decays, at branching ratios many orders of magnitude higher, have similar signatures.  In addition, neutrons, which inevitably dominate a neutral beam, can create (0s from material in or near the beam.  The  experimental strategy involves proving that candidate events have low probabilities of being due to background. The principal intrinsic source of background is KL((0(0 decay with a branching ratio 8.64 ( 10-4.  This process can fake the signal either when one of the two (0s is missed entirely, or when one ( from each of the (0s is missed and the two odd (’s happen to reconstruct to a (0 to within the resolution of the detector.  There are many other possible background processes. 

3.1.    KOTO

The current experimental limit   B(
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) < 2.6×10−8  (90% C.L.) was reported by the KEK-PS E391a experiment [4]. The new J-PARC E14 KOTO experiment [5] aims at  sensitivity  sufficient for observation of 
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at the SM level with an  upgrade of the E391apparatus shown in fig. 3.  Energy and position of the gammas from 
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 are  measured by the main pure CsI calorimeter at the downstream end of the decay region. To ensure that nothing else was present, the decay region is hermetically covered by photon veto counters with high efficiency. In addition, KOTO has a  well-collimated “pencil” neutral  beam. In the experiment, 
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 decay will be reconstructed assuming that the decay vertex is on the beam-axis.  Other background issues revolve around the scattering of  neutrons in the halo of the neutral beam in beam line producing  
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 which can contaminate the signal region due to the assumption of 
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 reconstruction.

[image: image43.emf]

 Fig. 3. Diagram of the KOTO experiment at JPARC[5].
3.2.    Fermilab  Project X ICD2
To definitively measure and study the decay 
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 a  low energy technique  originally proposed for operation at BNL [6] may be highly effective and suitable for implementation at Project X ICD2 [7]. This approach focuses on obtaining the maximum possible information about each event, i.e. the direction, energy, production time and decay position of the KL, and the directions, energies and times of the (’s from 
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decay.  In addition, the technique requires highly efficient hermetic rejection of events (vetoing) with extra particles. A low energy neutral beam is created by protons tightly bunched in time, so that the production time of the kaons is known.  Combined with direction and timing measurements on the final state (’s [8], this gives the time-of-flight (TOF) and therefore the energy of the incident kaon.  The directional measurement of the (’s gives the kaon decay position, assuring that the photons originated in a 
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 decay from the beam.  Finally, the energy measurement of the (’s allows powerful kinematic constraints to be imposed on candidate events in the 
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 center-of-mass system enabling rejection of the background from KL((0(0 decays.

The tight time bunch structure and high duty factor of the primary beam for the Project X ICD2 accelerator [7] could make the ideal beam for the low energy TOF approach to 
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.  Rough estimates indicate that combining an intense pencil beam approach with elements of the technique proposed in [6] could lead to an experiment capable of recording 200 events per year at the SM level. Such an experiment would cover nearly all non-SM effects accessible to 
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 [9] or lead to severe constraints on theoretical hypotheses.
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� Operation of E949 was prematurely stopped after one short run.
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