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Muon LFV

μ+→e+g

• MEG	(PSI)
• MEG	upgrade	

(planned)

μ-N→e-N

• Mu2e	(FNAL)
• DeeMe (J-PARC)
• COMET (J-PARC)
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μ+→e+e-e+

• Mu3e	
(PSI,	planned)

_
Note : μ-→e-νeνμ



Muon Conversion:	μ -N→e -N

Signal
• Muon stops	at	Al	(or	Ti)	

target,	captured	in	1s	orbit
• Decay	with	mono-

energetic	electron
– E	=	mµ – Erec –EB	~	105MeV

Background
• Decay-In-Orbit	(DIO)

• Prompt	background	(to	
beam	arrival)
– Muon/pion	decay	in	flight
– Radiative pion	capture:	

πN→γX;	γ→e+e-
– Cosmic,	Anti-proton…
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Stopped	µ- in	matter
• Muon capture	:	

61%	(Al)
–
– Muon decay	
coherently	with	
nucleus	

– Source	of	
background	hits
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• Decay	in	orbit	
(DIO)	:	39%	(Al)
–
– (Dynamically)	free	
decay	of	muon	
inside	atom

– E(e,max,Al)		
~<	mµ ~	104MeV
(peak	at	50	MeV)
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COMET	Experiment
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Pion Capture Section
A section to capture pions
with a large solid angle 
under a high solenoidal
magnetic field by 
superconducting magnet

Pion-Decay and Muon-
Transport Section
A section to collect muons
from decay of pions under 
a solenoidal magnetic 
field.

Detector Section
A detector to search for 
muon-to-electron 
conversion process

COMET Phase-II
For R~10-17 muon conversion 
measurement
• 56 kW proton beam
• 1 year DAQ



COMET	Experiment
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Transport  Section
Pion decays to muon, with 
momentum and charge 
selection

Pion Capture Section
A section to capture pions
with a large solid angle 
under a high solenoidal
magnetic field by 
superconducting magnet

COMET Phase-II
For R~10-17 muon conversion 
measurement
• 56 kW proton beam
• 1 year DAQ

COMET-Phase-I
For BG measurement, 
R~10-15 muon conversion
• 3.2kW proton beam
• Half year DAQDetector Section

A detector to search for 
muon-to-electron 
conversion process



Facility	/	Beams
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COMET

1.17μs

Fast eXtraction

8GeV, 3.2kW pulsed proton beam in Phase-I,   4/9 (or 3/9) buckets filled in MR



Experimental	Principle
1. Protons	arrive	at	

production	target
2. Pions and	muons	

arrive	at	stopping	
target

3. Captured	muon	decay	
with	finite	lifetime

4. Some	time	after	
muon	beam	arrival,	
electron	is	measured

• Any	other	beam	
particles	in	this	time	
window	are	
backgrounds

– Bunch	beam	with	high
extinction	factor
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COMET Phase-I Muon Beam Line6. Muon Beam

Figure 26: Overview of the COMET 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 three elements are descibed 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 simulations were
compared. The comparison of the backward yields of π− and µ− three metres away from the proton
target for different hadron production codes is given in Table 3. It is found that there are a factor of 2.5
difference between different hadron production programs. Among them, the QGSP 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 the acceptance of the muon beamline it is desiarable to make them more parallel to the beam
axis by changing the magnetic field adiabatically. From the Liouville theorem, the volume in the phase
space occupied by the beam particles does not change. Under a solenoidal magnetic field, the product

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)Main proton pulse

(2)Proton beam

(3)Muon lifetime

(4)Event timing



Pulsed	Proton	Beam

• Pulsed	proton	beam	
– Beam	background	with	proton	pulse	is	major	BG	hit	source
– High	extinction	between	beam	enables	localizing	signal	event	in	time

• ~10-11 extinction	factor	measured	by	increasing	MR	RF	voltage	(May	
2014),	both	at	8GeV	and	30GeV,	in	Fast	Extraction	(@	Abort	line)

• More	test	with	Slow	Extraction	early	next	year
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Beam Power 3.2 kW
Energy 8 GeV

Average current 0.4 µA
Beam Emittance 10p mm･mrad

Proton/bunch <1010

Extinction 10-9

Bunch separation 1~2 µs
Bunch length 100ns

(= at the end of RF plateau)



Accelerator	Facility
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Shielding wall of 
COMET beam line

under construction

Installation of 
magnets in “SY-Wall”
before

after

Chapter 5

Proton Beamline

The COMET experiment will be built in the NP Hall, commonly called the ‘Hadron Hall’.
In addition to the existing beam line (A-line) from the MR, a new beam line is being built
(B-line). The B-line will serve both high-momentum (up to 30 GeV) experiments and COMET
(8 GeV) and will have two branches: one from the A-line, and a second between COMET and
the high-momentum experiments. 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. The schematic of the beam lines are shown in Figure 5.1.
It is noted that the proton beamline is common for COMET Phase-I and Phase-II.

A-line

B-line

COMET
Hall

Figure 5.1: The A and B-lines from the MR into the NP Hall. A schematic of the COMET experiment
is shown in the bottom right.

5.1. Branch between A- and B-line

To realize multiple operation modes, a Lambertson magnet followed by two septum magnets
will be deployed to provide the A/B-line branches. Figure 5.2 shows the cross section of the

27

Switching magnet installation (2016)

COMET proton beam line (2016)
– Under construction

Switching yard (2014) 
– Almost ready

J-PARC 
Hadron hall



Solenoids
• Pion	Capture	Solenoid
– Downstream	parts	ready,	
Upstream	parts	this	and	
next	year

– All	SC	wires	prepared

• Transport	Solenoid
– Ready,	test	and	installation,	
alignment
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Superconducting Cable Production 

• Final batch of superconducting cable for the 
Pion Capture Solenoid has been delivered. 

• Mandrel for CS0 
coil winding was 
already 
prepared in 
FY2016. 

Production 
Status of 
Capture 

 Solenoid 
• Coil winding TS1a – 

TS1f completed. 
• Winding of CS0 coil is 

under bidding 
process in this year. 

• CS1, MS1, MS2 coils 
will be processed 
from the next year. 
 
 

5T
3T

proton

pion

Y. Fujii @ CLFV2016

Proton Monitor/Target
• Proton monitor

• Measure the beam profile/extinction in front of the capture solenoid
• Use the innovative diamond detector

• High radiation tolerance & Fast time response
• First beam test for diamond prototype is ongoing @J-PARC MR

• Clear signals synchronized with beam bunch observed
• Proton target

• Graphite(or SiC)/Tungsten target for Phase-I/Phase-II
• Geometry optimized to increase the stopping muon yields, 

R=13mm, L=700mm

13

Target prototype

Geometry of proton monitor

Diamond prototype detector

Scintillator signal 
inside beam pipe

Abort lin
e @J-PARC MR



Cylindrical	Detector	system

Sep	25,	2017 M.J.Lee,	COMET	Phase-I,	NUFACT2017 13

Super-
conducting 
Coil

Cylindrical
Drift Chamber

Trigger s
cintillator
+Cerenkov 
detector

Muon 
stopping 
target

• All	stereo-wire	drift	chamber,	18	
layers,	~5000	sense	wires

• Hodoscope for	timing	and	trigger
• Construction	completed	June	2016,	

Cosmic	ray	test	from	August	2016

CDC Pictures
11OMET

on 31st Aug. 2015

( Detector for muon conversion search )



CDC	CR	test	@	KEK

• Spatial	resolution	better	than	
200μm	requirement	measured	
from	cosmic	run
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円筒型ドリフトチェンバー (CDC) 宇宙線テスト

平成28年8月からスタート

Electronics Installation 

5 

RECBE installation 
• #1: trigger making 
• #2-5: upper region 
• #6-8: lower region 

Signal check (1) 

10 

2016/08/13 
RECBE analog out 
He:i-C4H10 (90:10) 

HV = 1700 V 

Typical pulse height ~ 100 mV 

HV = 1800 V 

Typical pulse height ~ 200 mV 

The first cosmic-ray 
signal was observed !! 

2016.8.13 最初宇宙線測定

Event Name 9th Jan, 2016CDC meeting 28th June, 2016

Event display w/o tracking
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5

Drift	distance

Spatial	resolution	

Residual=drift	distance– DCA*
*DCA	(Distance	Closest	Approach)

Use	events	which	P	value	is	over	0.05
$%&'()*+,
=	166.m

/01234567＝spatial	resolution＋Tracking	error

2017/5/30 COMET	CM22	@J-PARC

Requirements	for	hit6+
• P value>0.05
• #	of	Hits>14	
• #	of	layer	which	have	single	hit>14
• #	of	layers	which	have	multi	hits<2

Check	spatial	resolution	for	test	layer(layer10)

CyDet Cosmic ray tests

CR test setup at KEK:  
• Instrument detector with 

development DAQ
• Trigger with external 

hodoscope counters at 
top and bottom. 

First
event!



CTH: Trigger	Hodoscope
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CyDet Geometry 

2015/12/16 4 

1mm CFRP 

Option D is used for CTH 

Upstream
Scintillator

Upstream 
Cherenkov

Downstream
Scintillator

Downstream 
Cherenkov

Average rate @200 ~ 1170 ns  (MHz) 3.5 1.5 - 2 4 3

CyDet Geometry 

2016/1/7 3 

• Twisted,	overlapped	two	scintillators	+	two	Cerenkov	detectors	
• Primary	hit	rate	too	high	for	trigger	

• Adding	lead	shielding,	require	4-fold	coincidence	for	trigger
:	primary	trigger	rate	20	– 30	kHz	



Trigger	/	DAQ

• High	trigger	rate	(20-30	kHz)	for	
DAQ
– Mostly	background	hits	
– Beam	electron,	secondary	from	
capture	neutron/gamma

– Online	trigger	suppress	BG	hits
• A	configurable	and	flexible	

Trigger	system	
– Central	system	based	on	
commercial		CERN	product	
and	a	custom	interface	board

– Ensuring	commonality	in	
interfacing	with	different	systems.
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FMC slot1
(12 MGT links)
for IO expansion

FMC slot2
(8 MGT links)
for IO expansion

Xilinx 
K7  

FPGA

SDRAM
(back)

μC (back)
as MMC

A
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Table 30: List of GBT links for FC7 and FCT.

Direction Name Number of GBT lines
Outbound Fast control: Trigger 1

Fast control: BeamTime 1
Fast control: SignalWindow 1
Fast control: PreBeamTime 1
Fast control: SpillWindow 1
Fast control: Busy 1
Fast control: HardReset 1
Fast control: Spare 1
Fast control: TimingPulse0 4
Fast control: TimingPulse1 4
Generic write interface 96

Inbound Status flag: FPGA fault 1
Status flag: Wrong board ID 1
Status flag: Busy 1
Status flag: Data line active 1
Status flag: Spares 4
Spare 8
Generic read interface 32
Trigger data 64
Total (Inbound/Outbound) 112

Figure 177: Photograph of the prototype FCT board. The SFP+ housing for the GBT fibre is at the upper
left and FPGA is to the right of this. The empty space along the right edge is for the 400-pin FMC connector,
which is mounted on the opposite side of the board.

detector and gathering any BUSY signals when necessary to prevent further triggers. Some interface
boards also gather the trigger information for transmission to the FC7 (see below). In most cases,
these boards are reasonably straightforward and do not require FPGAs. These boards will have an
identifying number hard-wired into their connectors, allowing the FCT board to know which detector
it is handling.
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Xilinx
K7 

FPGA

COTTRI Prototype
• Two COTTRI prototype boards arrived at KEK in the end of the last month!

• Small delay w.r.t. the original schedule

4
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Y. Fujii @ CLFV2016

R&D Status

• Single crystal optimizations
• APD: 5×5mm

2
 → 10×10mm

2
, ×3 photon yield

• Wrapping: Teflon+Al-mylar → ESR+Teflon, ×1.3 photon yield
• Vacuum test using 8×8 prototype detector newly manufactured

• Reach ~1Pa vacuum level
• Two candidates

• Saint-Gobain and OXIDE, performance comparison ongoing
24
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}×4 better

Straw	- Electron	Calorimeter	
Detector	(	Detector	for	background	measurement	)

• StrEcal
– Detector	for	Phase-II
– 5	station	of	straw	detectors+	~2000	LYSO	

calorimeter
• Beam	measurement	program	at	Phase-I

– Particle	composition,	beam	profile
– 1/1000	reduced	beam	

• no	radiation	tolerance,	pile-up	issue.	
– CyDet rolls	out	and	StrEcal installed	
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Integrated	Beam	Test	for	StrEcal
• Integrated	test	with	

beam	at	Tohoku	univ.
• Mar	2016	and	Mar	

2017
• Including

– One	Straw	chamber	
prototype

– 8x8	LYSO	calorimeter
– MIDAS	DAQ
– DRS4	based	RO	
– Trigger	based	on	

FC7+GBT
• All	successful	operation	

and	test,	data	under	
analysis
– Preliminary	data	

matches	with	prototype	
tests
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H.Nishiguchi(KEK)                                                  StrECAL Overview                                                                   COMET CM22
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Figure 11.37: Incident position dependence of the obtained spatial resolution, gas mixture =
Ar/C2H6(50/50), HV = 2000 V. (Left) Data, (Right) Garfield++ simulation

(Left) shows the incident position dependence of the obtained spatial resolution for for the gas2400

mixture of Ar/C2H6(50/50) and HV of 2000 V. Figure 11.37 (Right) shows the result from2401

the simulation by GARFIELD++. In the Section 11.2.3, two contributions are investigated, ie.2402

a fluctuation of the primary ionisation position and a di�usion e�ect of drift electron. Now2403

further detailed estimation is possible to take into account the other uncertainties such as tim-2404

ing resolution due to noise, tracking resolution, and the multipe scattering e�ect. Figure 11.372405

(Left) shows the expected spatial resolution simulated by GARFIELD++, where the green (open2406

circle) plot shows the ideal spatial resolution which is simulated in Figure 11.18. As shown in2407

both plots of Figure 11.37, the behavior of incident-position dependence is almost reproduced2408

in the simulation, thus the detector response is now well understood. Figure 11.38 shows the
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Figure 11.38: Incident position dependence of the obtained spatial resolution, gas mixture =
Ar/CO2(70/30), HV = 1900 V. (Left) Data, (Right) Garfield++ simulation

2409

same plots as Figure 11.37 but the tracker condition is di�erent; gas mixture of Ar/CO2(70/30)2410

and HV of 1900 V. In both gas mixtures, good enough spatial resolution, better than 200 µm,2411

over all the straw region is obtained.2412

2413

As described at the beginning of this section, inside the full-scale prototype can be evacuated2414

via vacuum ports whilst operating the straws as a stand-alone detector. Figure 11.39 (Left)2415

shows the straws viewing from outside the vacuum window. This photo was taken during2416

112

σ~180keV/c

Figure 12.18: The measured energy resolution as a function of beam momentum, depending on the
beam particle impact position. The definition of the centre, border and corner area is shown in the
bottom-right figure, where the black solid line represents the 20 ◊ 20 mm2 central crystal and each
area is 10 mm square.

Figure 12.19: The measured position resolution as a function of beam momentum.

Figure 12.20: The measured position resolution as a function of beam momentum, depending on
the impact position (CENTER, BORDER and CORNER defined by Figure 12.18). ”NO CUT”
corresponds to the resolution without using the CENTER, BORDER and CORNER separation.

126

σE/E~4.2%



CDC	BG	Rejection,	Reconstruction
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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 di�erent processing units in the
online environment. In this instance, 18 di�erent 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
Figure 191 give a more detailed breakdown of performance in terms of achievable background rejection
rates and the corresponding signal retention rates. From these curves, it seems the rebinning procedure
has little e�ect on the high signal retention region, while incurring a small penalty for signal e�ciencies
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
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 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 e�ect on the high signal retention
region, while incurring a small penalty for signal e�ciencies 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
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, 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
curves from GBDTs trained on the sums from all of the layers and sums from only the nine 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 stage presented 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 the firmware implementation of the algorithm. A larger simulation sample is needed
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 o�-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 o�-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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• Signal	/	BG	hit discrimination	using	BDT
– Signal	efficiency	=	0.99,	when	BG	rejection	=	0.95
– 1/20	BG	hit reduction	:	trigger	rate	=	1	~	2	kHz

• Signal	/	BG	event discrimination	
– Signal	efficiency	=	0.90,	when	BG	rejection	=	0.95
– Hardware	implementation	on	trigger	system	under	
development

• Offline	track	reconstruction	with	Kalman filter



Physics	sensitivity

• 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
– RPC	~	0.003
– DIO	~	0.01
– Cosmic	<0.01

• SES(Phase-I)	~	3.1x10-15
– SES(Phase-II)	~	2.5x10-17
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number of CDC hits are applied firstly. Here, tracks passing though the 4th-sense layer and more and
leaving 20 CDC-hits are accepted. After that track finding procedure follows. Track finding efficiency
is estimated to be 80% in case that averaged hit occupancy is 20%. In the next, a cut on reduced
chi-square is applied to remove tails on reconstructed momenta. Here, tracks whose reduced chi-square
is 2.0 and less are accepted. Finally, cuts on residual of the first hit CDC positions in x and y axis are
applied, which also help to remove the tail events. Here, 2.0 mm is used for both x and y axis. The
efficiencies for each cuts as a function of transverse momenta, PT is shown on the right in Figure 162.
It is found that net track reconstruction efficiency is 66%.

16.1.3 Momentum window for signal

A momentum cut can be used to reduce contamination from the DIO electrons. Figure 163 shows the
reconstructed momentum spectrum for the µ−N → e−N conversion signal events that were generated
using Monte Carlo simulations and the DIO electron spectrum. In Fig. 163, the vertical scale is
normalized so that the integrated area of the signal event curve is one event, assuming a branching
ratio of B(µN → eN) = 3.1× 10−15. A detailed description of the estimation of contamination from
the DIO electrons is presented in Section 18.1. In this study, the momentum cut of 103.6 MeV/c <
Pe < 106.0 MeV/c, where Pe is the momentum of electron, is determined as shown in Fig. 164 [64].
According to this study, the contamination from DIO electrons of 0.01 events is expected for a single
event sensitivity of the µ−N → e−N conversion of 3.1× 10−15.
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Figure 163: Left: Distributions of the reconstructed µ−N → e−N conversion signals and reconstructed DIO
events. The vertical scale is normalized so that the integrated area of the signal is equal to one event with its
branching ratio of B(µN → eN) = 3.1× 10−15. Right: The integrated fractions of the µ−N → e−N conversion
signals and DIO events as a function of the low side of the integration range and the high side of the integration
range is 106 MeV/c. The momentum window for signals is selected to be from 103.6 MeV/c to 106 MeV/c so
that the DIO contamination would be 0.01 events.

16.1.4 Time window for signals

The muons stopped in the muon-stopping target have the lifetime of a muonic atom. The lifetime
of muons in aluminium is about 864 nsec. The µ−N → e−N conversion electrons can be measured
between the proton pulses to avoid beam-related background events. However, some beam-related
backgrounds would come late after the prompt timing, such as pions in a muon beam. Therefore,
the time window for search is chosen to start at some time after the prompt timing. As discussed in
Section 16.2, the starting time of time window of measurement is assumed to be 700 nsec, although it
would be optimized in the future offline analysis.
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veto system at the BS system (BS-CRV). With the assumption that the BS-CRV also has a6185

veto ine�ciency of 10≠4, a upper limit of background contribution is obtained to be Æ 0.01 for6186

a running period of the COMET Phase-I physics run. This estimate is currently limited by an6187

available computing time, and can be improved once more computing resource is available.6188

Cosmic-ray run during and prior to the physics run It is noted that COMET will also be6189

able to directly measure the cosmic-ray induced background using data collected during the6190

J-PARC MR spill o� time.6191

It will be useful to have a cosmic-ray run with the complete COMET Phase-I detector (with6192

the CTH triggers), prior to the physics run without a proton beam (see Section 22.2.). This6193

cosmic-ray run would provide an opportunity to study and determine any special arrangements6194

to suppress cosmic-ray backgrounds further.6195

20.2.6 Summary of background estimations6196

Table 20.8 shows a summary of the estimated backgrounds. The total estimated background6197

is about 0.032 events for a single event sensitivity of 3 ◊ 10≠15 with a proton extinction factor6198

of 3 ◊ 10≠11. If the proton extinction factor is improved, the expected background events are6199

further reduced.6200

Table 20.8: 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.

Type Background Estimated events
Physics Muon decay in orbit 0.01

Radiative muon capture 0.0019
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001

Prompt Beam * Beam electrons
* Muon decay in flight
* Pion decay in flight
* Other beam particles

All (*) Combined Æ 0.0038
Radiative pion capture 0.0028
Neutrons ≥ 10≠9

Delayed Beam Beam electrons ≥ 0
Muon decay in flight ≥ 0
Pion decay in flight ≥ 0
Radiative pion capture ≥ 0
Anti-proton induced backgrounds 0.0012

Others Cosmic rays† < 0.01
Total 0.032

† This estimate is currently limited by computing resources.
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LNV	physics:	µ--e+ Conversion

• Similar	process	with	0nbb in	eµ sector
– Provides	clues	in	LNV	and	Majoranan
– Another	physics	case	with	COMET	Phase-I	detector

• Experimentally	simple	but	hard	to	achieve	good	sensitivity
– By	flipping	charge
– RMC	background	dominates

• Replacing	Al	target	to	other	nuclei	may	allow	O(104)	
sensitivity	improvement	(arXiv:1705.07464)
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4

The number of accepted positrons from RMC (NRMC)
above Emin is summarized by

NRMC ⇠ Nµ�
stop

⇥Br(RMC)⇥ P�!e�+e+

⇥PV⇢T ⇥ PEe+>Emin ⇥ E , (5)

where Br(RMC) is the branching ratio of RMC whose
photon energy is higher than Emin, P�!e�+e+ is the
probability of a pair production, PEe+>Emin is the prob-
ability that a positron from the pair production has an
energy higher than E

min

, and PV⇢T is the probability
that a pair production vertex is located inside the stop-
ping target, Here, PV⇢T is supposed to be considered
because the events that the pair production vertex is lo-
cated outside the stopping target can be avoided by us-
ing the extrapolation of the trajectory of the daughter
particles. There is another probability that internal con-
version could occur with an o↵-shell photon. Since there
have not been detailed studies on the energy spectrum of
positrons emitted by the internal conversion, the amount
of background was conservatively assumed to be the same
as the on-shell RMC background through this paper.
In the following subsections, simulation studies using

Geant4 [39] were carried out with a muon-stopping tar-
get made of aluminum and target nucleus candidates,
respectively.

A. Subcase: aluminum target

For the sensitivity estimation, It is required to know
the probability density functions (PDF) of positrons from
both of the µ��e

+ conversion and RMC, including their
normalization factors of PDF, i.e., Nµ�e+ and NRMC .
The PDF of signal positrons was obtained by generating
the positrons of 104 with the energy of Eµ�e+ in the alu-
minum muon-stopping target. The muon-stopping tar-
gets were composed of 17 flat disks whose radius is 100
mm, thickness is 200 µm, and the spacing between disks
is 50 mm, which benchmarked the design of COMET
target [27]. The energy of positrons was measured after
they get out of the target to consider the energy loss in
the target. The PDF of f(Eµ�e+ � x), where f(x) is the
standard Landau distribution, was used to fit the signal
positron distribution. The fitted PDF was normalized to
Nµ�e+ , which is determined by the value of Br(µ��e

+),
while Nµ�

stop

of 1018 and E of 10�2 were assumed based
on the specification of the upcoming experiments.
NRMC was obtained by generating 107 photons with

the RMC spectrum above 90.30 MeV (Emin) inside alu-
minum stopping targets. Simulation result showed that
P�!e�+e+ is 0.97, PV⇢T is 0.0058, and PEe+>Emin is
0.018. Br(RMC) has the value of 6.22⇥ 10�7 in the en-
ergy range from 90.30 MeV to 101.85 MeV according to
the result of Ref. [31]. By plugging these values into Eq.
(5), NRMC is expected to be 6.24⇥105 without consider-
ing the internal conversions of the o↵-shell photons. For
the PDF of RMC positrons, another simulation was done
independently to get enough samples of positrons from
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FIG. 1. Fitted energy histogram of the µ� � e+ signal (red
and short dashed line) stacked on the on-shell RMC photon
background (blue and long dashed line). Br(µ� � e+) is set
to 1.7⇥ 10�12. Black dots represent the randomly generated
positrons from the background and signal composite model.

RMC. The RMC photons of 2⇥106 with the same energy
range were generated inside the large size of aluminum
in which almost half of photons decay with the pair pro-
duction. The PDF of positrons from the pair production
was fitted to the power function of A(Eend

RMC�x)y, where
A is the normalization constant, x is the positron energy,
and y is the fitted power of the function. The fitted PDF
was forced to be null above E

end
RMC , and normalized to

NRMC afterward.
For an illustrative purpose, Fig. 1 shows the estima-

tion of the energy spectrum of the RMC background
from on-shell photons and the µ

� � e

+ signal positron
with the Br(µ� � e

+) of 1.7 ⇥ 10�12, which is the cur-
rent limit. The energy distributions of signal and RMC
were convoluted with a Gaussian detector response func-
tion with 200 keV standard deviation. To estimate how
much the sensitivity would be improved over the current
limit, the statistical significance of the signal with a given
Br(µ� � e

+) was examined using a maximum likelihood
method. The systematical uncertainties were assumed
to be negligible. With this assumption, Br(µ� � e

+)
that has 3� significance under the null hypothesis was
found to be 2.5 ⇥ 10�13. When the internal conversions
of RMC are included, Br(µ� � e

+) of 3.5 ⇥ 10�13 was
found to have 3� significance. These results imply that
sensitivity improvement of more than a factor of ten may
not be achieved, which requires at least Br(µ� � e

+) of
1.7⇥ 10�13.

Nµ-stop = 1018, BR(µ-e+)=1.7x10-12 Candidate for muon stopping target



Schedules	
• Highly	recognized	by	KEK	IPNS,	stage-2	of	COMET	Phase-I	

approved	(i.e.	project	full	funded,	beam	will	be	delivered)
• Phase-I	physics	data	taking	in	2019	
– Depending	on	budget	allocation
– Cosmic	run	at	2018,	4	weeks	of	engineering	run
– 5	month	data	taking

• Phase-II	R&D	in	parallel	with	Phase-I	R&D	and	data	taking
• Phase-II	physics	data	taking	in	2021~2022
– 1	year	data	taking
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2016                                              2017                                              2018               2019

Detector Construction/ Installation

Proton beamline

CR 
run

COMET 
Phase-I 

Operation

Solenoid 



Summary…

• SES	:	3.1	x	10-15
– SES	(Phase-II	@~2022):	
2.5	x	10-17

• Start	data	taking	at	2019
• Half	year	data	taking	for	
– Muon conversion	
measurement

– Beam	measurement

• … and	the	Future?
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… and	the	Future	up	to	O(10-19)
• x(1/2)	from	reduced	beam	

acceptance	from	solenoid	
to	FFAG

• x3	from	removing	
detection	time	window	(no	
pion)

• x3	from	pion	capture	
improvement

• x20	from	56	kW→1MW

• Multi	GW	beam
• PRISM (Phase	Rotated	

Intense	Slow	Muon	source)
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PRISM Specifications

• Intensity : 

• 1011-1012 muons/sec.

• for a MW proton beam 

power

• Central Momentum : 


• 68 MeV/c

• lower than 77 MeV/c


• Momentum Spread : 

• ±3% (from ±30% after phase 

rotation.)

• Beam Repetition


• 100 - 1000 Hz 

• due to repetition of kicker 

magnets of the muon 
storage ring.


• Beam Energy Selection

• 68 MeV/c ±3%

• at extraction of the muon 

storage ring.

5  m
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RF  Power  Supply
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“PRISM/PRIME” or something…
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~2x10-17

x10~100  
improvement?!



Backups
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Cosmic	ray	/	Neutron
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• To	suppress	Cosmic	Ray	muon to	
factor	of	10-4
– Decay	in	flight,	interaction	with	detector	
material

– Note:	CDC	can	full-reconstruct	CR
• Neutron	issue
– SiPM weak	to	neutron	irradiation,	
generates	noise	at	Strip	sensor

– Internal	Neutron	Shield	reduces	neutron	
from	stopping	target

– Similar	neutron	flux	expected	from	proton	
target,	shielding	around	beamline under	
study



μN→eN vs μ→eγ
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Mu2e

Probing O(104) TeV
mass scale,
èMuch higher 

energy scale than 
LHC
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