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Massive, oscillating neutrino  CLFV in minimally extended SM 

         But long range interaction! 

We want to understand Short range CLFV interaction in BSM with muon 



Very small possibility of CLFV in SM 

BR 

~O(10-

54) 

In SM, we need 30x more muon than the Earth. 
CLFV observation= Signature of New physics in BSM 
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How much sensitive to BSM 

W. Altmannshofer et al., Nuclear Physics B 830, (2010) 

★★★  Large effects 

★★  Visible but small 

★  No sizeable effect 
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Reach of New physics scale (1910.11775)  

(Muon) LFV experiments are generally most sensitive  
to many BSM models, very high NP scale.  

Note:  All experiments are equally important  to discriminate models 



Higgs CLFV 
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 CLFV via Higgs can be measured best in LHC, but, this is not the only BSM that CLFV 
experiments are sensitive to.  

 Muon LFV experiments can cover various BSM in much higher energy scale 

(R.Harnik, et al., JHEP 03 (2013) 026) 

<6.1x10-5  

(95% CL, ATLAS, 13TeV, 139fb-1,2020) 

<2.5x10-3  

(95% CL, CMS, 13TeV, 35.9fb-1,2018) 

<4.7x10-3  

(95% CL, ATLAS, 13TeV, 36.1fb-1,2020) 



Muon LFV 
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 MEG II  (PSI)  

 DeeMe (J-PARC) 
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μ+→e+e-e+ 

 Mu3e (PSI)  

 μ-N → e+N’ 

 μ-e- → e-e- 

 μ-→ e-X 

 Muonium 

Oscillation 

Other searches 

<4.2x10-13 @90% CL 

MEG, 2016 

<1.0x10-12 @90% CL 

SINDRUM, 1988 

<7x10-13 @Au, 90% CL 

SINDRUM-II 2006 

μ+→e+𝛄 μ-N→e-N 
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Dipole or Contact interactions 
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Muon conversion 

Probing O(104) TeV  

mass scale, 

Much higher  

   energy scale than LHC 



m- in matter 

    

 Muon decay with 

nucleus  

 BG hit source / 

Radiative Muon 

Capture (RMC) BG 

Sep 28, 2021 M.J.Lee,   COMET,   TAU 2021 9 

W- 

m- 

nm 

~2 n  

~0.1 p 

~1 g 

     

 Bound muon decay 

 Major BG source 
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COMET (Phase-II) Experiment: for O(10-18) SES  
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π-→μ- 

Production target + solenoid (5T) 

Proton 
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e- 
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COMET Phase-I Experiment: for O(10-15) SES  
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Muon Transport  

solenoid (3T) 

Production target + solenoid (5T) 
COMET 

Phase-I 

COMET 

Phase-II 

E(Proton) 8 GeV 

P(Proton) 3.2 kW 56 kW 

N (proton) 3.2x1019 6.8x1020 

Proton Target Graphite Tungsten 

Muon Target Aluminum Aluminum ? 

Detector  
Drift 

chamber 

Straw + 

calorimeter 

Sensitivity (90% CL) 7x10-15 2.6x10-17 

~10-18 

DAQ start 2023 – 2025? –  

DAQ Time (days) ~150 180 ~ 300 

Proton 

Beam  

e- 

Detector  

solenoid (1T) 
π-→μ- 

Cylindrical Drift 
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Muon Stopping target 



J-PARC facility / Beamline 
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 J-PARC currently MR 
shutdowned for PS 
upgrade, until middle 
of 2022, for MW 
beam 

 COMET beamline 
construction 
complete foreseen 
during shutdown 

 

COMET 



(1)Main proton pulse 

(2)Muon beam @ stopping target 

(3)Muon lifetime 

(4)Signal Event timing 

Pulsed proton beam 
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COMET Phase-I Muon Beam Line6. Muon Beam

Figure 26: Overview of theCOMET Phase-I Muon Beam line.

The COMET Phase-I muon beam line consists of a section for pion production and capture, a muon
transport section and a muon collimation section;. These threeelementsaredescibed in the following
sections. At the ‘downstream’ end of the muon beam line is the detector solenoid. The schematic
layout of the COMET Phase-I muon beam line is shown in Fig. 26.

6.1 Pion Production

The COMET experiment uses negatively-charged low-energy muons, which can be easily stopped in
a suitable thin target. The low-energy muons are mostly produced by in-flight decay of low energy
pions. Therefore, the production of low energy pions is of major interest. Conversely, we wish to
eliminate high-energy pions, which could potentially cause background events.

6.1.1 Comparison of different hadron production codes

In order to study the pion and muon production yields, different hadron production simulationswere
compared. The comparison of the backward yields of π− and µ− three metres away from the proton
target for different hadron production codesisgiven in Table3. It isfound that therearea factor of 2.5
differencebetween different hadron production programs. Amongthem, theQGSP BERT and FTFP BERT
hadron production models have the lowest yield. Therefore, to make a conservative estimation, the
QGSP BERT hadron production model is used to estimate and optimize the muon beam.

Figure 27 shows the momentum distributions for various particles produced by 8 GeV proton bom-
bardment at the location of the end of the pion capture solenoid sections.

6.1.2 Adiabatic transition from high to low magnetic fields

The pions captured at the pion capture system have a broad directional distribution. In order to
increase theacceptanceof themuon beamline it isdesiarable tomake them moreparallel to thebeam
axisby changing themagneticfield adiabatically. From theLiouville theorem, thevolumein thephase
spaceoccupied by thebeam particlesdoesnot change. Under a solenoidal magneticfield, theproduct

24

pion production  
system

muon transport system

detector system

COMET muon beam-line：  

6x109 muon/sec with 3kW  beam 
produced. The world highest 

intensity.

COMET Phase-I detector：  

About 1016 muons are stopped in 
the  target. Electron from µ-e 
conversion will be measured

(1)proton 

(2)pion 

(3)muon 

(4)electron 

1. Pulsed protons arrive at 
production target, producing pions. 

2. Muons(+pion) arrive at stopping target 
   : Prompt RPC BG events 

3. Captured muon processes with  
finite lifetime. 

4. Some time after muon beam arrival, 
signal electron is measured, avoiding 
prompt events.  

Pulsed proton beam + delayed signal timing window  

suppresses Radiative Pion Capture (RPC, 𝜋±𝑁 → 𝑁′𝛾) BG. 

10-10 extinction factor required. 

13 

Al:864ns Ti:338ns 

Muon lifetime 



Extinction test in 2019/21 
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Measurement in neutrino beam dump 
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Measurement in Hadron hall 

9.3x10-11 Extinction achieved (Preliminary) 

Kicker field  

shift 600ns 

LINAC 

Extinction  

10-6  

Main Ring 

RCS 



Solenoid magnet status 
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COMET Phase-I Muon Beam Line6. Muon Beam

Figure 26: Overview of theCOMET Phase-I Muon Beam line.

The COMET Phase-I muon beam line consists of a section for pion production and capture, a muon
transport section and a muon collimation section;. These threeelementsaredescibed in the following
sections. At the ‘downstream’ end of the muon beam line is the detector solenoid. The schematic
layout of the COMET Phase-I muon beam line is shown in Fig. 26.

6.1 Pion Production

The COMET experiment uses negatively-charged low-energy muons, which can be easily stopped in
a suitable thin target. The low-energy muons are mostly produced by in-flight decay of low energy
pions. Therefore, the production of low energy pions is of major interest. Conversely, we wish to
eliminate high-energy pions, which could potentially cause background events.

6.1.1 Comparison of different hadron production codes

In order to study the pion and muon production yields, different hadron production simulationswere
compared. The comparison of the backward yields of π− and µ− three metres away from the proton
target for different hadron production codesisgiven in Table3. It isfound that therearea factor of 2.5
differencebetween different hadron production programs. Amongthem, theQGSP BERT and FTFP BERT
hadron production models have the lowest yield. Therefore, to make a conservative estimation, the
QGSP BERT hadron production model is used to estimate and optimize the muon beam.

Figure 27 shows the momentum distributions for various particles produced by 8 GeV proton bom-
bardment at the location of the end of the pion capture solenoid sections.

6.1.2 Adiabatic transition from high to low magnetic fields

The pions captured at the pion capture system have a broad directional distribution. In order to
increase theacceptanceof themuon beamline it isdesiarable tomake them moreparallel to thebeam
axisby changing themagneticfield adiabatically. From theLiouville theorem, thevolumein thephase
spaceoccupied by thebeam particlesdoesnot change. Under a solenoidal magneticfield, theproduct
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COMET muon beam-line：  

6x109 muon/sec with 3kW  beam 
produced. The world highest 

intensity.

COMET Phase-I detector：  

About 1016 muons are stopped in 
the  target. Electron from µ-e 
conversion will be measured

DS coil delivered 2015 BS coil delivered 2018 

CS area, beam dump ready 

CS cold-mass under construction, 

Ready by 2023 

Phase-I Graphite target  
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TS installed 2015, under test Cryogenics  
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Main detector for Phase-I: CyDET(CDC+CTH) 
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 CDC: All stereo-wire drift chamber, 20 layers,  
~5000 sense wires, He:iC4H10 = 9:1, HV=1850V 

 Momentum resolution <200keV/c @ 105 MeV/c,  
spatial resolution 170um 

 Cosmic test underway in KEK  

 CTH : 64-segmented two 
layered scintillators, providing 
trigger 

 ~0.8 ns timing resolution    

the detector to be read out.

A key feature of COMET is to use a pulsed beam that allows for elimination of prompt beam back-
grounds by looking only at tracks that arrive after the beam pulse. Therefore, a momentum tracking
device should be able to withstand a large flux of particles during the burst of “beam flash” particles.
The time window for the measurement of electrons from µ− N → e− N conversion in COMET will
start after several hundred nanosecond after the prompt.

The dimensions of the CyDet are shown in Fig. 91. The length of the CDC at the inner wall is
1490.3 mm. The inner wall of the CDC is made of a 500 µm thick carbon fibre reinforced plastic
(CFRP). The endplates will be conical in shape. The thickness of the endplate is about 10 mm to
rigidly support the feedthroughs. The outer wall of the CDC is made of CFRP which is 5 mm thick.

Trigger hodoscopes are placed at both the upstream and downstream ends of the CDC. In addition,
to reduce protons emitted from nuclear muon capture, a cylindrical absorber that is also made CFRP
will be placed concentrically with respect to the CDC axis. A preliminary thickness of the proton
absorber is 0.5 mm. 13 14

CDC

Beam duct

3210

Stopping target

Return yoke

Superconducting coils

Shielding

Proton absorber

Trigger hodoscope

CDC inner wall CDC outer wall

Vacuum window

CDC endplate
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Figure 91: The CyDet geometry used in the CyDet simulat ion studies in this TDR.

13All calculations presented in this report are based on this design except design of the inner wall and the absorber;
the inner wall and the absorber are modeled as a 100 µm thick aluminised Mylar and a 1 mm thick CFRP, respectively.
Total amount of mass is almost same. T he thickness of absorber might change in further optimization in future.

14T he geometry in Fig. 91 has no support structure of the trigger hodoscope, which is illustrated in Fig. 101. Opti-
mization of the geometry of the CDC including design of the collimator and the detector solenoid is underway. T he final
geometry will be determined in near future considering engineering aspects.
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CDC BG Rejection, On/Offline, using BDT  
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Figure 190: A 20% occupancy event in the CyDet. This is a projected view from the end-plate of the detector,
looking in the direction of the beamline. The red circles are hits caused from background processes, while the
blue circles correspond to hits from the signal electron whose track is roughly outlined by the large blue circle.
The fill of these hits is scaled to the output of the wire-level BBDT. The remaining points are the inactivate
wires. The grey centre in the middle is the aluminium stopping target.

This binary binning scheme results in the smallest number of possible energy-feature combinations.
The size of the resulting lookup table is 2 ◊ 2 ◊ 2 ◊ 18 = 144 entries, where each energy feature
contributes a factor of 2, and the radial distance contributes a factor of 18. This performance increase
is further enhanced by the ability to analyse each layer in parallel on different processing units in the
online environment. In this instance, 18 different lookup tables can be defined, each with 8 entries.
The features themselves could be defined using only 3 bits, which minimises the overhead of passing
energy information to the relevant processing centres. This also minimises the information that would
need to processed, as all three energy features are pooled from the same set of energy deposition data.

This rebinning scheme shows a substantial performance improvement over using only the energy
deposition on the wire. A simple cut defining hits with bj = 1 as signal removes 83% of background
while retaining 99% of signal. Once the neighbouring bins and radial distance are considered, this
performance improve to 93% background suppression at 99% signal retention. The ROC curves in
Figure191 givea moredetailed breakdown of performance in termsof achievablebackground rejection
ratesand thecorrespondingsignal retention rates. From thesecurves, it seemstherebinningprocedure
has littleeffect on thehigh signal retention region, while incurringa small penalty for signal efficiencies
less that 95%. Overall, the wire classification performs well enough to continue to the layer level.

Layer-Level GBDT In an online environment, long-range hit structure can be quickly recovered by
analysingthevaryingdistributionsof signal-likehitsacrossgroupsof wires. Thiscan betuned tomatch
the architecture of the readout hardware, such that each group is analysed in parallel. Currently, the
algorithm groups the wires by layer, although this will be updated to match the wiring and structure
of the readout hardware. Each layer is able to classify all the hits it contains as signal or background
using the wire-level BBDT, and return a smaller set of features describing the layer. The current
algorithm returns the sum of the BBDT output across all wires in the layer. This feature space has
not been explored fully, but ideas for future development include returning the longest chain of hits,

161

these curves, it seems the rebinning procedure has little effect on the high signal retention
region, while incurring a small penalty for signal efficiencies less that 95%. Overall, the wire
classification performs well enough to continue to the layer level.

Figure 16.16: ROC curves for three independent classifiers of wire-level BBDT, in full scale (left) and
zoomed scale (right). The red curve is from a BBDT trained on energy deposition alone, the blue
curve is from the unbinned wire-level features, and the green curve is from the rebinned wire-level
features.

Layer-Level GBDT In an online environment, long-range hit structure can be quickly recov-
ered by analysing the varying distributions of signal-like hits across groups of wires. This can
be tuned to match the architecture of the readout hardware, such that each group is analysed
in parallel. Currently, the algorithm groups the wires by layer, although this will be updated
tomatch thewiring and structureof the readout hardware. Each layer isable to classify all the
hits it contains as signal or background using the wire-level BBDT, and return a smaller set
of features describing the layer. The current algorithm returns the sum of the BBDT output
acrossall wires in the layer. This featurespacehasnot been explored fully, but ideas for future
development include returning the longest chain of hits, the sum of the BBDT output on the
longest chain of hits, and other similar features.

Performance A GBDT is trained on the sums returned from each layer, with each sum
defining a feature. While a GBDT will not be possible in a live environment, it serves as
a good performance benchmark for this early stage of development. Figure 16.17 shows ROC
curvesfrom GBDTstrained on thesumsfrom all of the layersand sumsfrom only thenine inner
most layers. While statistics are low, it is clear that there is little to no performance hit from
only considering the values returned by the inner most layers. With that said, this may bias
the signal acceptance towards tracks that only enter the inner layers. Careful considerations
must be taken in future studies to ensure these biases are avoided. As of now, this algorithm
can produce a factor 20 background suppression at only a 10% signal loss. In order to further
optimise, a larger simulated data sample is needed. Additionally, this algorithm must be
integrated into the readout hardware system, which will require some restructuring of how the
algorithm groups the wires at the higher, layer-level GBDT.

Conclusion Even in its relatively early stagepresented here, a BBDT-based track-level trigger
shows promise as a flexible discriminator that would be robust against the high occupancy

213

Figure 16.17: ROC curves for two independent classifiers of layer-level GBDT, in full scale (left) and
zoomed scale (right). The red curve is from a GBDT trained on the layer-wise sum of the wire-level
BBDT output for all layers. The blue curve only considers these sums from the inner most layers.

predicted in the CyDet. Further work includes refining the input features and flow of the
algorithm, grouping the hit wires by readout board to match the intended hardware structure,
and writing thefirmwareimplementation of thealgorithm. A larger simulation sample isneeded
to move forward with this study. This simulation sample is currently being produced using the
ICEDUST framework.

16.2. Data Acquisition System

16.2.1 Overview

For both the StrEcal and CyDet, the readout system is based on standard Ethernet network-
ing, and implemented using commercially available off-the-shelf networking components. The
readout an?d control networks for the StrEcal detector are shown in Figure 16.18, and for the
CyDet in Figure 16.19. The factors influencing these designs are discussed in the following
sections.

The underground area where the detector sits is a comparatively high radiation environment,
and is assumed to be unsuitable for off-the-shelf computing equipment. Therefore all switches
and PCs will be housed outside of the underground area, on the control room floor of the
building. Since transmission in the readout network is essentially one way, and the control
network is “slow”, this should not present any latency issues, provided all the long cable runs
take similar routes. In practice there are only a few O(10) cm diameter service pipes out of
the underground area. Using standard optical cables for Gigabit Ethernet, each DAQ would
require about 1 service pipe dedicated to the transmission of (digitised) data. Optical cables
are preferable as they have smaller cross section, eliminate the possibility of cross-talk within
the bundle and simplify grounding considerations, however it should also be possible to use
cat 6/7 twisted-pair. To reduce the possibility of damage to the cables a trunk line, including
several spares, can be installed through the shielding, with passive patch panels at each end to
which the readout cards and PCs are connected. If the StrEcal and CyDet are only to be used
sequentially and not in parallel this also allows the same trunking to be used for both DAQs.

Most of the custom elements will be in the underground area, as control and triggering impose
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StrECAL (Straw+ECAL)     / CRV (CosmicRay Veto) 
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 Detector for Phase-II experiment / Beam 
measurement in Phase-I (1/1000 beam power) 

 5 station of straw detectors+ ~2000 LYSO  
calorimeter 

 Beam test with prototype achieved 150um 
spatial resolution, <200keV/c momentum 
resolution feasible.  

 First full scale straw module assembled    

H.Nishiguchi,  

NuFACT 2021 

Double gap Glass RPC  
for BS coverage 

Four-layer  
scintillator CRV for  
CyDET coverage  
with SiPM readout 

 To suppress Cosmic Ray muon to 
factor of 10-4 

 Note: CDC can full- 
reconstruct Cosmic ray 



A new search: μ-→e+ in COMET Phase-I 
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 Similar process with 0νββ in eμ sector,  
Provides clues in LNV and Majorana ν 

 Theoretical estimation :  

 

 

 

 

 

 Hard to beat 0νββ for (heavy) Majorana neutrino search, but observation imply: 

 Majorana neutrino ; Flavor effect suppressed in 0νββ but becomes dominant in eμ sector 
; Even more complex interaction is responsible to neutrino mass  

(Note: Most recent  measurement by SINDRUM-II (1998) with Ti : 1.7x10-12) 



A new search: μ-→e+ in COMET Phase-I 

Sep 28, 2021 M.J.Lee,   COMET,   TAU 2021 20 

 Experimentally simple but hard to achieve good sensitivity 

 By flipping charge. No DIO BG 

 RMC background dominates – Endpoint energy not well measured / understood 

 N(A,Z-2) may be excited (Giant resonance) – broader (O(10MV)) signal 
spectrum 

 Although, COMET (and Mu2e) will be able to provide new opportunity 
for improved measurement  

 Experimental understanding of RMC / proper muon target choice are 
important 

 Replacing Al target to  
other nuclei may allow  
O(104) sensitivity  
improvement 
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Experiment Sensitivity of μ-→e-  

Sep 28, 2021 M.J.Lee,   COMET,   TAU 2021 21 

 COMET Phase-I Target single event sensitivity : 3x10-15  

 100 times improvement from SINDRUM-II 

 Phase-II : 2.5x10-17 ~ 10-18 

 Net acceptance = 4.1% 

 Online efficiency ~0.99 

 Geometric acceptance + track quality ~0.18 

 103.6 MeV < p < 106MeV : 0.93 

 700ns < t < 1170 ns : 0.3 

 Background = 0.032 

 DIO ~ 0.01 (dominant) 

 RPC ~ 0.003, Cosmic <0.01 

 Schedule  

 Detector integration by 2023 summer  

 Engineering run: end of 2023, followed by physics run 



International Future Planning 
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• COMET is an experiment at J-PARC searching for muon to electron process.
• Aims at S.E.S = 2.6×10−17 (4 orders of magnitude improvement) with 1 year beam time using 

56 kW 8 GeV proton beam. 

• With the same beam power, 10 times better sensitivity (𝒪(10−18 ) ) is likely and optimization is 
on the way.

• COMET will be carried out in two phases and Phase-I is under construction.
• Aims at S.E.S = 3×10−15 (2 orders of magnitude improvement) with 150 days beam time using 

3.2 kW 8 GeV proton beam.

• Will directly measure the muon beam.

• COMET Phase-II R&D study is on going and will be adjusted based on Phase-I result.

32/32Rich physics in near and long future for Muon LFV ! 

A.Baldini et al., arXiv:1812.06540v1  


