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COMET is an experiment at J-PARC, Japan, which will search for neutrinoless conversion of muons into electrons in the field of a nucleus (μ− + N → e− + N); a lepton flavor violating process. The experimental sensitivity goal for this process is order of 10−15 for Phase-I and 10−17 for Phase-II experiment, which is a factor of 100–10,000 improvements correspondingly over existing limits. Recent progresses in facility and detector development are presented, along with COMET Phase-I and Phase-II experimental schedule.
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1. INTRODUCTION

The discovery of the Higgs boson at the LHC in 2012 provided a successful demonstration of the Standard Model (SM) of particle physics. However, this does not answer unresolved questions in particle physics, for example, the matter-dominated universe, dark matter, lack of quantum gravity, and neutrino mass. The neutrino oscillation discovered from a lot of neutrino experiments, during 1990s and still under active investigation, is an important motivation that forces to extend the SM. The SM extension with massive neutrino which enables neutrino oscillation and other theories beyond Standard Model (BSM) enlightens the charged lepton flavor violation (cLFV). As the lepton number and lepton flavor are conserved quantities in SM, observation of cLFV process will provide clues on BSM theories. The cLFV process of muon and tau leptons have been searched for a few decades, and COMET experiment is one of the most recent experiment in muon cLFV search.

The COMET (COherent Muon to Electron Transition, J-PARC E21) experiment [1] aims to search for neutrinoless muon conversion process in the field of nucleus, μ−e conversion, which is one of the most important cLFV processes. The COMET experiment is located at Japan Proton Accelerator Research Complex (J-PARC) in Tokai, Japan. The 8 GeV bunched proton beam from the main ring (MR) of J-PARC will be supplied to the Nuclear Physics Experiment hall (NP hall) where the COMET facility and the detectors are installed. The COMET experiment will be carried out in two stages. The first stage (Phase-I) will utilize half length transport solenoid and a drift chamber detector for measuring μ−e conversion signal down to O(10−15). A background measurement program will be also performed with Phase-I beamline including the study of detector prototype for Phase-II experiment. In the second stage (Phase-II), full length C-shape transport solenoid, spectrometer solenoid, and straw tube detectors will be used to achieve O(10−17) level of μ−e conversion measurement. These target sensitivities are 100 or 10,000 times better than the current experimental world limit given by SINDRUM-II experiment [2].

In this review, an introduction on the theoretical and experimental aspects of cLFV is reviewed in section 2, the design and status of facilities and detectors of COMET Phase-I experiment are described in section 3, its physics reach, in section 4. The design of Phase-II detector and background measurement program are described in section 5.

2. CHARGED LEPTON FLAVOR VIOLATION EXPERIMENT

2.1. Physics of Charged Lepton Flavor Violation

In the SM, all lepton numbers are conserved quantities, and their sum, the total lepton number is also conserved. The observation of neutrino oscillation forces minimal extension of the SM, so that the neutrino is now massive (but very light) particle. The neutrino oscillation is described by PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix, just like the mixing of quarks described by CKM (Cabibbo-Kobayashi-Maskawa) matrix. This results in neutral lepton flavor violation.

While the neutrino oscillation does not break the symmetry of lepton number, it enables the cLFV, which is depicted in Figure 1A. The neutrino oscillation occurring in loop level induces radiative decay of charged lepton into another flavor. On the other hand, many BSM theories motivated by the unresolved questions of the SM, are predicting the cLFV independently to the minimal extension of the SM with massive and oscillating neutrinos. The estimated rates of cLFV in BSM theories are significantly bigger than the estimation in the SM. Therefore, observation of cLFV process can be a direct signature of BSM theories. Comparing with tau lepton, muon is the optimal particle to search for cLFV process, because of its much longer life time, easiness of production, and light mass which disables decay channels with hadrons. In case of easiness of production, the B-factory experiments had recorded 1~10 tau lepton pair productions per second, while the future muon conversion experiments will generate 1013~1014 muons per second. Therefore, the achievable sensitivity of muon cLFV is much lower than the tau lepton case.
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FIGURE 1. The diagrams of cLFV processes, (A) for μ+ → e + γ, and (B–F) for μ− + N → e− + N. (A) SM process due to massive neutrinos of μ+ → e + γ, (B) SM process due to massive neutrino of μ− + N → e− + N, (C) SUSY process in a loop diagram, (D) vector boson exchange process, and (E) s-channel scalar boson exchange process, and (F) SUSY process in a box diagram of μ− + N → e− + N.



The neutrinoless muon to electron conversion process in a muonic atom, μ− + N → e− + N, is one of the most important cLFV processes of muon, along with μ+ → e + γ and μ+ → e+e−e+ processes. A diagram of the μ−e conversion in the minimally extended SM is shown in Figure 1B. Comparing the μ+ → e + γ decay (depicted in Figure 1A) vs. μ−e conversion, the photon is observable in the μ+ → e + γ process. However in the μ−e conversion, the photon is a virtual photon interacting with nucleus. In BSM theories, for example Supersymmetry (SUSY) theory, and similarly with the μ+ → e + γ, the μ−e conversion can happen through a similar loop diagram that does not involve massive neutrino but charged SUSY particle with photon interaction to quarks, as shown in Figure 1C.

Despite this small difference between μ+ → e + γ and μ−e conversion, two cLFV processes are complementary, as μ−e conversion can occur through a different process. μ+ → e + γ will not be sensitive in the case of cLFV process through hypothetical direct lepton-quark interaction (Figures 1D–F). This is clear when writing effective Lagrangian of μ−e conversion process [3]:
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The [image: image] and [image: image] terms are describing the effective couplings, and μ, e, u and d are describing the fields associated with the representing particles. Two free parameters are introduced, Λ describing the energy scale of the cLFV physics, and κ describing the relative strength of the two terms. Note that this equation is describing the effective Lagrangian, focusing on two possible dominating processes, which is derived from the full Lagrangian including all possible processes (shown in [4] and [5]). In this Lagrangian, the first term describes an electromagnetic dipole interaction by photon described by a field strength tensor Fμν. The second term describes a two-lepton and two-quark contact interaction. While the μ+ → e + γ exists and the process occurs through the electromagnetic dipole interaction (κ [image: image] 1, the first term dominating case), then it suggests that μ−e conversion process should exist and be observed. On the other hand, the existence of μ−e conversion does not necessarily imply that μ+ → e + γ should exist, as μ−e conversion may occur through the contact interaction (κ [image: image] 1, the second term dominating case). This difference between μ+ → e + γ and μ−e conversion leads different sensitivities to BSM theories, depending on the types of cLFV interaction (dipole or contact interactions). In order to understand the BSM theories, it is important to compare results between μ+ → e + γ and μ−e conversion experiments, and also between μ+ → e+e−e+ and μ−e conversion experiments, because of this different sensitivities to physics model of cLFV. The latest result of μ+ → e+e−e+ and the new generation experiment under construction (Mu3e experiment) are summarized in [6] and [7], respectively. It is also important to repeat μ−e conversion experiment with different muonic atom, as the expected μ−e conversion rate varies depending on the chiral structure of cLFV process, which again changes depending on the muonic atom material. See Kitano et al. [4] for detailed discussion.

Many BSM theories are suggesting μ−e conversion process. Figure 1D shows the tree level vector boson exchange process, where Z′ denotes a massive neutral vector boson. The Z′ is expected in, for example, grand unified theories (GUT) [8] with type-III seesaw mechanism, extra gauge group models [9], technicolor models [10], extra dimensional models [11, 12], or little Higgs models with T-parity [13]. Similar tree level interaction via scalar boson exchange is also possible, for example, when SUSY particle is violating R-parity [14, 15]. In the models with leptoquarks, lepton and quark are directly interacting, which results in a s-channel diagram as shown in Figure 1E. In this case, a scalar mediator particle is carrying lepton and hadron number together [16, 17].

Higher order cLFV process involving loop or box type interaction is more common in BSM theories. The mediating particle can be photon, Z, Higgs or any other new particle. The simplest example is R-parity conserving SUSY model [18–20], shown in Figures 1C,F, for loop diagram and box diagram, respectively. Other possible scenario includes SM extension with sterile neutrino [18, 21, 22], Type-II seesaw mechanism [23], or Left-Right symmetric models [24].

Whatever BSM theories are recalled, the expected μ−e conversion rate is significantly higher than SM process, because the SM process requires neutrino oscillations of which the rate is extremely small due to very tiny mass of neutrino, and heavy mass of mediating W-boson. In other words, SM process of μ−e conversion is suppressed by [image: image] from the unitarity condition of PMNS matrix in GIM mechanism, where GF and mν are Fermi constant and neutrino mass, respectively. The μ−e conversion rate is normalized to the muon capture:
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and its estimation in SM yields less than O(10−50). 1In comparison, the BSM process of cLFV might be enhanced depending on the masses and interactions of mediating BSM particles, which may lead observable rate of cLFV process in a modern particle physics experiments.

2.2. Experiments on Charged Lepton Flavor Violation

When the momentum of negative muon (μ−) 2 inside material is sufficiently low, it stops inside the material due to Coulomb field of atoms, and form muonic atom by orbiting around nucleus. Three processes are possible for the stopped muon: (1) muon can decay in the orbit (Decay-In-Orbit: DIO) without interacting with nucleus; (2) muon can interact with a proton of the nucleus through charged current, resulting into an excitation of the muonic atom; and (3) muon can decay through cLFV process, which is the target process of μ−e conversion experiment.

From the kinematics point of view, μ+ → e + γ have two final state particles which share the mass of muon exactly half and half. In the μ−e conversion process, the final state particle is only one electron, which carries most of muon mass energy. Therefore, the signal of μ−e conversion experiment is mono-energetic electron around muon mass. On the other hand, the tail of DIO spectrum extends nearly up to muon mass, therefore DIO is irreducible physics background. Most of other background events are originating from the beam. See details in section 4.

Historically, the cLFV experiments started in the early of 1960s. In case of μ+ → e + γ, the MEG experiment [28] provides current best limit [29, 30], B(μ+ → e+γ) < 4.2 × 10−13 (90 % C.L.). For μ−e conversion, the best upper limit, [image: image] (90 % C.L.), is given by SINDRUM-II experiment [2]. The COMET experiment [1] at J-PARC, Japan, and Mu2e experiment [31] at Fermilab are next generation experiments for μ−e conversion measurements. The biggest difference with SINDRUM-II and COMET or Mu2e is the application of curved solenoids in the entire muon beam lines. This increases the muon transportation yield, as well as provides a method to suppress background beam particles. The COMET Phase-I experiment is targeting to achieve intermediate level of sensitivity between COMET Phase-II and SINDRUM-II experiments. The COMET Phase-II and Mu2e are similar in many aspects, however, they employ different shapes of muon transport solenoid. COMET Phase-II is focusing on utilizing high power proton beam and efficient DIO suppression, while Mu2e is focusing on higher detector efficiency. Table 1 compares important parameters of these experiments.


Table 1. Comparison of μ−e conversion experiments.
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3. COMET DETECTOR AND FACILITY

The muon beams are generated from the decays of pions which are generated by the proton beam collisions to target. In the COMET experiment, proton beam from J-PARC MR is injected to the proton target in order to generate pions. Pions are collected by solenoidal field and transported to the detector during its decay to muons. Muons delivered to the detector section stop at the muon target inside the detector, and when cLFV occurs, a single mono-energetic electron from muon decay is emitted from the muon target which is measured by the surrounding detectors. The COMET Phase-I experimental setup including the proton target, the muon transporting solenoid, and the detector are shown in Figure 2. From the right side to left, pion production and capture solenoid system, muon transport solenoid system, and detector system are shown. The proton beam enters to the pion capture solenoid system at an angle from the top left direction of the proton target which is drawn as red line in the center of pion capture solenoid. Muon transport solenoid system provides solenoidal field and dipole field, so that produced pion and its decay to muon are transported to detector system.


[image: image]

FIGURE 2. The layout of detectors and beamlines of COMET Phase-I experiment. The pion capture solenoid system with proton target in the center (right part), the muon transport solenoid system (middle part), and the CyDET detector system with muon stopping target in the center (left part) are shown. See the text for more description.



Two separate detector systems are under development for COMET Phase-I experiment. For measuring μ−e conversion, the CyDET (Cylindrical DETector system) detector system will be used. The CyDET is composed of a cylindrical drift chamber and scintillator counters. The muon stopping target locates at the center of the cylindrical drift chamber, which is drawn as gray cylinder in the Figure 2. After the experiment, a special beam measurement program is planned for a direct estimation of the beam-related background. This background estimation will be applicable to the tuning of simulation and sensitivity estimation of Phase-II experiment. The detector for beam measurement program is called StrECAL, where details will be discussed in section 5. The difference of solenoid system is the reason of choosing different detector system for Phase-I and Phase-II. In Phase-II, full length pion and muon transport solenoid, and curved electron transport solenoid will be installed before the detector system. These additional solenoid system effectively filters lower and higher momentum particles except the electron momentum from muon conversion. This reduces a lot of the beam background. Even though using 56 kW beam in Phase-II which is 17.5 times more powerful than Phase-I, these momentum filtering reduces hit rate a lot where the straw detector system can manage. In contrast, even though using 3.2 kW beam in Phase-I, the hit rate is expected high due to the beam particles. Cylindrical drift chamber is employed so that beam particles pass the center hole when it does not hit muon stopping target, and does not affect the detector.

3.1. Accelerator for the COMET Experiment

Table 2 summarizes the specification of COMET proton beam. The COMET experiment is utilizing pulsed protons as primary beam. The captured muons in the muon stopping target materials decay with finite life time in the order of 1μs, while the background events coming from the pion decays or other beam particles are not structured in time. The pulsed muon beam is required to avoid these beam related backgrounds out of muon capture event, by applying pre-defined measurement time window between proton pulses. Considering the lifetime of captured muon, 1~2μs bunch spacing is required. The straying beam particles during bunch spacing generates background events in the measurement time window, therefore the inter-beam particles should be suppressed. This inter-beam extinction is one of the most important requirements of the COMET experiment, defined by the number of straying inter-beam particles (mostly protons) divided by the number of protons in the bunch. The requirement of this extinction factor in the COMET experiment is O(10−9), where extinction measurements at the proton extraction line to long-baseline neutrino experiments (“Fast extraction”) have achieved O(10−11).


Table 2. Proton beam specifications in COMET Phase-I experiment.
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The 8 GeV proton beam for the COMET experiment is extracted from the MR of J-PARC to the NP hall, which get filled by primary proton LINAC, followed by 3 GeV Synchrotron (RCS: Rapid Circulating Synchrotron). The beam energy is chosen so that the anti-proton production is minimized during the collision at proton target, and the extinction of inter-beam proton is maximized. The anti-proton production increases rapidly above 10 GeV proton energy. Lower energy proton beam is easier to deflect to make higher extinction beam. Special beam injection method from RCS to MR (“Single Bunch Kicking”) that advances injection kicking time around 600 ns in order to avoid empty bucket kicking is developed. For beam extraction from MR to NP hall, the RF voltage is kept high in order to maintain the pulse structure and to avoid deterioration of extinction factor (“Bunched Slow Extraction”). Tests with accelerator showed that achieving 10−12 extinction is possible by keeping RF voltage of 255 kV.

The harmonic number of MR is nine, which means nine beam bunches are able to circulate the MR at the same time. However, not all beam buckets are filled, in order to keep the fixed bunch spacing which is required in the COMET experiment. Filling three buckets out of nine buckets (one filled bucket and two subsequent empty bucket) results in 1.75 μs proton pulse spacing, or filling four even order buckets only results in 1.17 μs proton pulse spacing. Both filling schemes satisfy beam pulse requirement, however, 1.17 μs spacing is favorable to deliver more protons, and 1.75 μs spacing is favorable in longer measurement time window. The 1.17 μs spacing scheme is shown in Figure 3 along with the overview of J-PARC facility.


[image: image]

FIGURE 3. The J-PARC facility. The primary proton driver LINAC and 3 GeV RCS beam lines are shown in red. The MR and related beamlines to NP hall where the COMET experiment locates (“Hadron experimental facility” at the bottom right) are shown in yellow. Note that maximum storage beam energy of MR is 50 GeV while the COMET experiment will use 8 GeV beam. The filled and hollow green circles around MR and RCS beamlines are filled and empty proton buckets, respectively. As written in the text, not all buckets are filled to maintain required bunch spacing between proton pulses. The photo credit of bird-eye view goes to J-PARC.



3.2. Proton Beamline

The COMET experiment is built in the NP Hall, along with a new beam line called B-line, which is under construction. The existing beam line (A-line) from the MR is serving various hadron experiments in NP hall. The B-line is split into two beam lines, one for 30 GeV high-momentum experiment and the other for the COMET experiment. During the standard high-momentum running, the A-line and B-line share the beam in the ratio of 10,000:1. In the low-momentum running for COMET, the entire beam is sent to the B-line. To enable this beam sharing, a Lambertson magnet and two subsequent septum magnets are configured at the branch of A- and B- line.

A special proton beam monitoring detector will be installed at the end of proton beam line before COMET solenoid system. The purposes of this detector are (1) monitoring the beam extinction in order to reject data with poor extinction; and (2) monitoring the beam position in order to avoid misalignment of beam. As the monitoring detector will be located inside the beam line flange connecting the proton beam line to the COMET solenoid system, high fluence up to 1016/cm2 is expected. Also, to measure timing structure of beam for extinction measurement, fast response and charge collection at around 10 ns level is required. A detector utilizing CVD (Chemical Vapor Deposition) Diamond shows good performances in tests, and is now under development.

The delivered protons will hit the target and generate pions. The proton target locates inside capture solenoid system providing 5 T solenoidal magnetic field. The field strength decreases to 3 T at the entrance of pion and muon transport solenoid. As proton target material, Graphite or Tungsten will be used for Phase-I and Phase-II, respectively. While Tungsten target will produce more pions due to heavier atomic mass, it will be carefully designed including water (or other coolant) cooling method in order to handle the heats. From simulation studies, the average momentum of forward directing pions (to the proton beam direction) is estimated to be around 200–400 MeV/c, where that of backward pions is around 150 MeV/c. It is also found that a lot of a few GeV pions are generated in forward pions, when the low momentum pion yield are similar for backward and forward pions. High momentum pions are not preferred because it decays to high momentum muons which will not lose sufficient energy in the thin muon stopping target and do not stop there. Also longer lifetime of high momentum pions will result in pion decays inside the detector solenoid that become backgrounds. Therefore, the backward directing pions are collected in the COMET experiment. The designed proton target for Phase-I experiment is 13 mm radius and 700 mm length with Graphite material, which is designed so that it can be replaced in Phase-II experiment to Tungsten target.

3.3. Pion and Muon Beam Line

The pions generated at the proton target pass the muon transport solenoid system. Charged particles follow helical trajectories in a solenoidal field. In a curved solenoid, the central axis of this trajectory drifts in the direction perpendicular to the plane of beam center. The magnitude of this drift, D, is given by

[image: image]

where [image: image] is momentum, pL and pT are longitudinal and transverse momentum, respectively, q is the electric charge of the particle, B is the solenoidal magnetic field at the beam axis, s is the path length along the beam axis, R is radius of solenoid system, and θ is the pitch angle of initial momentum of particle. For adjusting the beam trajectories drifting out of the beam axis plain which eventually results in beam misalignment and loss, two different solutions can be implemented. One solution is to apply compensation dipole field parallel to the drift direction, which effectively tilts the solenoidal field toward the opposite direction from the drift direction otherwise applied. The compensation dipole field, Bcomp, is obtained as

[image: image]

Another solution is to have oppositely bending subsequent transport solenoid with the same bending angle. This solution is adopted in Mu2e experiment. It should be also noticed that the drift direction is opposite to the different charge particles. This separates trajectories depending on the particle charge, and enables charge selection of beam. In the COMET experiment, positive pions and muons are filtered out using proper collimator at the end of the transport solenoid.

As shown in Figure 9 and described in section 5, in COMET Phase-II experiment, a complete C-shape transport solenoid with 180° will be installed, however, the half length 90° solenoid will be used in the Phase-I experiment, as a staged approach of solenoid construction. The strength of solenoidal field is 3 T, where compensation dipole field strength is around 500 Gauss.

3.4. The COMET Phase-I Detectors

The CyDET, shown in Figure 4, is composed of a Cylindrical Drift Chamber (CDC) and two trigger hodoscope arrays, which are located inside the detector solenoid system providing 1 T solenoidal field. At the center of CDC there is the muon stopping target system composed of Aluminum disks, where the muons are captured.


[image: image]

FIGURE 4. The layout of CyDET detector system.



The CDC is a conventional drift chamber, with around 5,000 wires, structured into 39 layers. First and last layers are guard layers, even order layers are field layers, and odd layers are sense layers, where field wires are grounded, and sense wires are energized to around 1.7 kV. The stereo angle of sense layers are alternating positive and negative. The inner and outer radii are around 500 and 850 mm, respectively, which are determined in order to cover full track of 105 MeV electron from muon conversion, and reject electrons less than 60 MeV. The requirement of momentum resolution is 200 keV/c for 105 MeV electron, to achieve designed experimental sensitivity. In order to reduce the multiple scattering effects that affects the momentum resolution in low momentum measurements, the CDC is designed to be low mass as possible. The spatial resolution better than 200 μm is measured during cosmic ray tests. The baseline choice of CDC gas is Helium and Isobutane (90:10) mixture.

Two trigger hodoscope arrays (CTH: CyDET Trigger Hodoscope) surround both inner edges of CDC, where each array is composed of 48 sets of scintillator and Cerenkov detector pairs. Direction of each detector modules are innerly tilted, and they are overlapped around half depth. When μ−e conversion occurs, the helical trajectory inside 1 T solenoidal field generates CDC hits and subsequently hodoscope hits. These hodoscope hits are primary trigger of conversion electron. From simulation study, the primary CTH hit rate is estimated to be around a few MHz. This very high rate is due to the beam particles, and Bremsstrahlung from Michel electrons produced in muon decay at rest in the muon stopping target. To reduce the hit rate and provide manageable rate of primary trigger, 16 mm lead shielding is added in the inner part of CTH ring. Also coincidence is required for 2 adjacent hodoscope pairs (4 scintillator or Cerenkov detector modules), benefiting from the tilted and overlapped structure. After application of these methods, the trigger rate is estimated to 19 ~ 26 kHz, depending on the length of measurement time window after beam flash. Note that, during the beam flash timing, the CTH hit rate is much higher due to beam particles, and the measurement time window is set a few hundred ns after beam flash to avoid the effects from beam flash.

At the center of CDC and detector solenoid, the muon stopping targets are located. Aluminum is chosen as muon target material considering the lifetime of a muonic atom and expected cLFV process rate for different chiral currents in different theories. The lifetime of Aluminum muonic atom (Z = 13) is around 0.88 μs. This is decreasing with increasing atomic number, therefore, high Z material is not preferred as muon target material. Another candidate material is Titanium (Z = 22) with muonic atom lifetime 0.33 μs. 17 Aluminum flat disks of 200 μm thickness and 100 mm radius are placed with 50 mm spacing.

The CDC and CTH signals are read out by custom readout boards, RECBE and COTTRI, respectively. The RECBE boards are originally developed as Belle-II CDC readout [32], and are customized for the use in COMET CDC readout. One RECBE board processes signals from 48 CDC channels, amplifying and digitizing, and send the ADC and TDC data to data acquisition (DAQ) system. It also sends hit information to trigger process board, the COTTRI (COmet TRIgger board). The COTTRI system [composed of several frontend boards (FE) and one or two mother boards (MB)] is used for digitizer board of CTH detectors, as well as timing data processor board from CDC. The processed hit and timing information of CDC combined with CTH hit information are sent to central trigger system. In this trigger chain, the CDC hit information is also used for generating final trigger decision, therefore, it effectively reduces the trigger rate down to O(kHz) level by rejecting background events.

This design of trigger system is shown in Figure 5. In the design of the central trigger and timing system, the main trigger processor board is FC7 board [33], which has been developed for the CMS experiment at CERN. It collects primary trigger, decides final trigger decision, and provides it with control clock to the readout boards. To keep the commonality between FC7 and readout or trigger board connections using 4.8 Gbps optical serial link, a custom FPGA board (FCT board) is developed which will be connected to the readout or trigger boards. The DAQ system is based on MIDAS (Maximum Integrated Data Acquisition System) [34] frameworks.


[image: image]

FIGURE 5. The design of CyDET trigger and readout system.



4. PHYSICS REACH OF THE COMET PHASE-I EXPERIMENT

To understand the physics reach of the COMET experiment, a GEANT4 [35] based simulation framework called “ICEDUST” has been developed. The ICEDUST (Integrated Comet Experimental Data User Software Toolkit) framework is based on the framework used for the ND280 experiment. While the detector response simulation is mostly managed by GEANT4, the true particle generations and their decays can be simulated with external Monte Carlo packages, such as MARS [36], FLUKA [37], or PHITS [38]. A special physics process description is incorporated for muon capture process into ICEDUST.

4.1. Signal and Backgrounds in COMET Phase-I Experiment

The signal of μ−e conversion is a single mono-energetic electron with an energy of:

[image: image]

where mμ is the mass of muon, Bμ is the binding energy of muonic atom in 1s state, and Erecoil is the energy loss of emitting electron due to the recoil of nuclei. The momentum of the signal (or background) electron will be measured by CDC of CyDET in the case of COMET Phase-I, or by straw detector of StrECAL in the case of COMET Phase-II.

The electron track and its momentum can be reconstructed by applying hit selection, track finding, and track fitting algorithms. In the track fitting procedure, elimination of background hits are very important to have good track fitting results. The hits generated by highly ionizing particles such as proton are easily rejected by applying criteria on energy deposition in the CDC wire. This simple method does not work in rejecting hits from delta-rays, electron-positron pair created by photon backgrounds mostly coming from muon stopping target, or charged particles generated primary by neutrons, all with low energy and with short path lengths in the CDC. In contrast, conversion signal electrons or high energy DIO electrons generate helical trajectories in CDC, which can be distinguishable by their shapes. Therefore, the first procedure in the signal analysis is to identify CDC hits from signal electrons out of background hits. From simulation study with ICEDUST with signal and background overlaid data sample, it is found that applying Gradient Boosted Decision Tree (GBDT) algorithm with input feature of energy deposition of sense wire, energy deposition of neighboring sense wire, and layer number, is quite effective to discriminate background hits. Preliminary result shows around 95% signal retaining when 99% background hits can be removed. Figure 6 shows one example of GBDT application in the hit selection. This algorithm can be applied not only at the data analysis stage, but also at the trigger level in COTTRI, to further reduce the background hits and the trigger rate. After hit selection, track candidates are found by using either the Hough transformation or the Neural network. The Kalman filtering method can be used in the track fitting for the signal momentum estimation.


[image: image]

FIGURE 6. A visual representation of the hit level GBDT applied to the signal event with background hits. The red and blue filled circles are passed hits by GBDT application, while empty circles are rejected. Big blue arc pattern is a signal electron.



The signal acceptance of Phase-I experiment is estimated under ICEDUST simulation study, and Table 3 shows the result. The major inefficiencies are coming from the geometry of CDC which is not 4π detector. Pure geometric acceptance is around 34 %, and the requirement of a 4-fold coincidence together with track quality selection reduce the efficiency to 18 %. It should be noted that track quality selection is preliminary result and can be improved with real data. Benefiting from a good CDC resolution performance, momentum window criteria do not significantly affect the efficiency. In this estimation, the measurement time window is set from 700 ns after the beam pulse, up to 1,170 ns, assuming a bunch spacing of 1.17 μs. Longer bunch spacing will increase the efficiency, sacrificing the total DAQ time. Advancing the starting time of measurement time window up to 500 ns can be considered to increase efficiency. The overall signal acceptance is estimated to around 4.1%.


Table 3. Breakdown of the μ−e conversion signal acceptances.
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For the background events of the COMET experiment, they can be categorized into physics backgrounds and beam-related backgrounds.

The physics backgrounds are consequence of muonic atom.

(1) Decay-in-Orbit (DIO),

[image: image]

is the muon decay in a muonic atom without interaction with nucleus, into one electron and two neutrinos The energy distribution of DIO electrons peaks at 52 MeV, however extends up to 105 MeV due to the recoil of nuclei. The spectrum of high energy tail of DIO is well modeled by Czarnecki et al. [39]. This high energy tail of DIO is a non-reducible physics background source.

(2) The other possibility of muon in muonic atom is its capture on the nucleus, meaning that it decays through weak interactions with nucleons leaving them in excited states and decaying with secondary particle emission. Specially the secondary γ may have enough energy to create e−e+ pair, and those electrons with similar energy with μ−e conversion signal will be a background event. This is called Radiative Muon Capture (RMC), which can be expressed as

[image: image]

During de-excitation of nuclei, around 2 neutrons and 0.1 protons are emitted [40], however those particle emission does not affect significantly on the background estimation.

The beam-related backgrounds are effects of non-muon particles in the beam and their decay products, or muon decay effects during transportation to the muon stopping target.

(3) The Radiative Pion Capture (RPC) background,

[image: image]

is the result of remaining pions in the muon beam, which are captured in the stopping target and decays with a γ which may create e−e+ pair.

(4) Neutrons generated from proton target by proton pulse may penetrate the shielding structure around the capture solenoid and the detector solenoid. These neutrons may create photons which subsequently creates electron-positron pair. One reason for having a curved transport solenoid is to avoid line-of-sight neutron from proton target, entering to the detector and the muon stopping target. The concrete shielding around the solenoid effectively reduce these neutrons. Actually, neutrons are more problematic in the radiation tolerance of SiPM detectors used for the cosmic ray veto detectors. The effects are under investigation.

(5) Beam particles which are not captured in muon stopping target may decay into electrons during their flights. Such decay near stopping target becomes a direct background source. Any other particle in the beam contamination, such as electron or anti-proton may scatter into detector and become background. These beam related backgrounds can occur prompt to proton pulse or delayed. Delayed beam particles can be ignored when inter-beam extinction factor is very low.

(6) Muons in the cosmic ray may hit stopping target and captured. In the COMET experiment, muon veto detectors are designed around the detector solenoid system in order to veto signal like events originating from cosmic rays. The total cosmic rays can also be counted, to take into account its effect during data analysis. It should be noted that, in COMET Phase-I experiment with CDC detector covering muon stopping target, the cosmic ray passing through the stopping target can be fully reconstructed in CDC.

While DIO is non-reducible, COMET Phase-I experiment is subject to rather higher RPC background, due to short length of pion transportation. All other backgrounds are distributed flat in the μ−e conversion signal region, when DIO shows rapidly dropping spectrum nearly up to 105 MeV. Therefore, to reduce the effects of DIO, it is critical to have enough momentum resolution of electron measurement. Table 4 summarizes estimated background events from ICEDUST simulation study. The total number of background events estimated in the μ−e conversion signal region is 0.032.


Table 4. Summary of the estimated background events for a single-event sensitivity of 3 × 10−15 in COMET Phase-I with a proton extinction factor of 3 × 10−11.

[image: image]



4.2. Sensitivity Estimation

Figure 7 shows the estimated DIO background spectrum and μ−e conversion signal spectrum assuming 3 × 10−15 conversion rate. Other backgrounds are not shown in this plot, as their contributions are negligible. It is also evident that signal and DIO background separation will be clear due to enough momentum resolution of CDC.


[image: image]

FIGURE 7. The momentum distributions for the reconstructed μ−e conversion signals (right solid red curve with peaking distribution) and reconstructed DIO events (left solid blue curve with decreasing distribution). The vertical scale is normalized such that the integral of the signal curve is equal to one event. This assumes a branching ratio of B(μN → eN) = 3.1 × 10−15.



Based on these acceptance and background estimations, the Single Event Sensitivity (SES) can be obtained by:

[image: image]

where [image: image] is the total number of protons, [image: image] is muon yield per proton obtained from simulation, fcap = 0.61 is the fraction of captured muon to the total muons on target, fgnd = 0.9 is the fraction of muon conversion to the ground state, and Aμ-e = 0.041 is the signal acceptance. The estimated SES is
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With the proton beam current of 3.2 kW, the measurement requires about 1.26 × 107 s, corresponding to around half year. It should be noted that the pion production rate per proton is not well understood. Therefore, the run time could be uncertain accordingly.

5. BEAM MEASUREMENT PROGRAM IN PHASE-I AND COMET PHASE-II

5.1. Beam Measurement Program and StrECAL Detector

After μ−e conversion measurement is completed in COMET Phase-I, the beam measurement program in view of COMET Phase-II will follow. This measurement will utilize the prototype of StrECAL COMET Phase-II detector, that will be put instead of CyDET at the end of pion and muon transport solenoid. Those detectors will measure the pions and muons, along with other particle components, and finally, the beam profile, rate, and timing structure as a function of the energy for each kind of particle in the beam will be estimated. These information will be very useful to understand the background of Phase-II experiment, and estimation of its sensitivity. The simulations can be tuned using acquired realistic data which will provide more realistic estimation on the background. The beam power will be reduced around 1/1,000 than Phase-I running, because of limited rate capability of StrECAL detector which is actually designed for Phase-II experiment with reduced background condition after curved detector solenoid and particle momentum selection.

In this regard, the Phase-II detector, StrECAL is being developed along with Phase-I setup. StrECAL is composed of tracker stations using straw detectors, followed by the calorimeter array, for measuring the particle momentum and the energy, respectively. Figure 8 is the configuration of straw detector for COMET Phase-II experiment. The calorimeter array will be located at the end of the Straw detector stations (not shown in the figure).


[image: image]

FIGURE 8. Straw detector configuration for COMET Phase-II experiment.



Straw tracking system is composed of several units of single straw tracking detectors, each is composed of four layer of straws. The directions of the two and the other two layers are orthogonal in order to provide 2 dimensional hit position information. The straws are 9.75 mm diameter conducting straws, composed of metalized polyimide film of 20 μm thickness. The anode wires are 25 μm diameter gold plated Tungsten wire. The baseline choice of the gas is Argonne and Ethane (50:50) mixture. The readout boards are custom made utilizing ASD chip [41] as amplifier and DRS4 chip [42] as digitizer.

The calorimeter array is composed of around 2000 LYSO (Lutetium-Yttrium Oxyorthosilicate) crystal calorimeter module. The size of each module is 2 × 2 cm2 cross-section with the length of 12 cm corresponding to 10.5 radiation length. The calorimeter is required to have an energy resolution of better than 5% at 105 MeV and a cluster position resolution of better than 1 cm. Avalanche photodiode (APD) or silicon photomultipliers (SiPMs) are candidate as photon detector. The calorimeter arrays measure the particle energy, as well as it provides the primary trigger signal.

5.2. COMET Phase-II Experiment

The COMET Phase-II experiment is aiming at measuring the μ−e conversion with a sensitivity of O(10−17), using a proton beam of 8 GeV and 56 kW. The target sensitivity will be 100 times better than COMET Phase-I experiment. Figure 9 shows the conceptual drawing of COMET Phase-II experiment, compared with Phase-I experiment setup. In COMET Phase-I, half length 90° pion and muon transport solenoid will be used, however, full 180° curved transport solenoid followed by straight solenoid section for further pion decay will be employed in Phase-II. This will enable less pions and more muons in the beam, and finally decrease the RPC background with higher muon statistics. After muon stopping target, curved detector solenoid will be placed which provides solenoidal field as well as compensating dipole field. This solenoid system performs effectively as particle momentum selector. Therefore, the detector will observe around 60–120 MeV/c momentum ranging particles only. This removes most of low energy beam particles as well as other beam related or DIO backgrounds. The curved solenoid structure also removes background from line-of-sight neutral particles, such as photons from RMC. The full setup of StrECAL detector system will be placed in the solenoidal field to measure the momentum and energy of conversion electrons. Simulation study is ongoing for design update and starting of construction after Phase-I experiment completion. Preliminary study result shows signal efficiency of 5.7%, number of backgrounds of 0.66 events dominated by cosmic ray background, and single event sensitivity of 2.6 × 10−17 using 6.83 × 1020 protons during 1.57 × 107 s [43].


[image: image]

FIGURE 9. COMET Phase-II experiment setup, compared with COMET Phase-I setup.



6. SUMMARY AND PROSPECTS

The COMET experiment is a search for μ−e conversion, which is one of the most important cLFV searches. It utilizes 8 GeV proton beam from J-PARC to produce muons, which will be captured in Aluminum target for muon conversion. The muon conversion signal will be measured using cylindrical drift chamber detector in the Phase-I experiment. The estimated single event sensitivity is 3 × 10−15 which is 100 times improvement over the current world limit. The detector and facility construction is on schedule. Some of important parts such as muon transport solenoid and drift chamber are ready and operational. Other detector components will be commissioned and tested by the end of 2019, to be ready for the beam which will arrive subsequently. The COMET Phase-II development is also in progress, for example, the prototype StrECAL detector test is completed. The data taking of Phase-II experiment will be performed after Phase-I completion, where it will be possible to reach O(10−17) muon conversion sensitivity.
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FOOTNOTES

1The μ−e conversion rate in minimally extended SM is expected to be O(200~400) times less than μ+ → e + γ rate depending on target material [25]. The μ+ → e + γ rate in minimally extended SM is estimated in Petcov [26] and Marciano and Sandra [27].

2Hereafter, it is regarded to refer negative muon (μ−) when referring muon, otherwise specifically referred as positive muon (μ+).
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