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Charged Lepton Flavor Violation
The establishment of the Standard Model and the observation of the Neutrino 
Oscillation  worked-out very much in the particle physics.  
However, There are still mysteries like 

- dark matter ?? / dark energy? 
-  why does our universe consist of dominant “matter” ? (not anti-matter) 
- absolute neutrino mass ? why so small ?

Processes of the CLFV 
- highly prohibited (O(<10-54)) in the  
   SM with Neutrino Oscillation 
  (= no/less SM background) 
 - are very rare events/decays 
 - not found yet ! 
 - if found, immediately indicates 
   something beyond the SM

That’s why “CLFV” is interesting!
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μ - e conversion search
1. Generate “muonic atom” by muon stopping at the target 
2. Measure emitted electron momentum from muonic atom 

A. spectrum of decay in orbit is Michael edge and longer tail up to 105 MeV 
B. μ-e conversion signal is a mono-energetic ~ 105 MeV peak  

(neutrinoless muon decay → emitted electron has all energy of the decay) 
3. Spectroscopic search for μ-e conversion signal
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COMET Experiment
Search for “μ-e conversion” in Japan at J-PARC hadron hall

Experimental Target : 

This is 10,000 times improvement 
 from the current limit given by the SINDRUM II experiment (2006).

B(µ� + Au⇥ e� + Au) < 7� 10�13Current World Limit : 

2. Reduction of Background by Detector System and Pulsed-Beam

1. Increase of Muon Intensity with an Innovative Pion Capture System
MuSIC in RCNP-Osaka University demonstrated more than x 103 improvement 
of pion capture efficiency with larger target and surrounding superconducting 
solenoid to capture pions.

Important Keys for COMET

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
2.6 (S.E.S)
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Backgrounds Reduction

Intrinsic Background  
　DIO spectrum has longer tail up to ~105 MeV  
　→ require high momentum resolution of the detector 
                                                           to separate the DIO tail and signal 

DIO

(extinction factor = # of proton after bunch / # of proton in 1 bunch)
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Backgrounds Reduction

Intrinsic Background  
　DIO spectrum has longer tail up to ~105 MeV  
　→ require high momentum resolution of the detector 
                                                           to separate the DIO tail and signal 

DIO

the DIO electrons is presented in Section 17.2. 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. 107 [61].
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 106: 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 fro 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 nanoseconds. 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. There-
fore, 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 of 700 nanoseconds is assumed,
although it would be optimized in the future offline analysis.

The acceptance due to the time window cut, εtime, can be given by,

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

where Nall and Ntime are the number of muons stopped in the target and the number of muons which
can decay in the window, respectively, Tsep is the time separation between the proton pulses, t1 and t2
are the start time and the close time of the measurement time window, respectively, and n indicates
the window for the nth pulse. The time distribution of the muon decay timing N(t) is obtained by
Monte Carlo simulations. In our case, t1 and t2 are 700 nsec and 1100 nsec, respectively and Tsep is
1.17 µsec, and εtime of 0.3 is obtained.

16.1.5 Net Acceptance of signals

it is assumed that the efficiencies of trigger, DAQ, and reconstruction efficacy are about 0.8 for each.
From these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 24.

98

DIO

Signal

(extinction factor = # of proton after bunch / # of proton in 1 bunch)
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Backgrounds Reduction

Tau 2010 13th September 2010Ajit Kurup Page 11

The COherent Muon to Electron Transition 
(COMET) experiment

Proton Beam for COMET

• Background rate needs to be low in order 
to achieve sensitivity of <10-16.

• Extinction is very important.  

– Without sufficient extinction, all 
processes in prompt background 
category could become a problem.

0.7sSpill time

5.3x105Bunches per Spill

1.2x108Protons per Bunch

100nsBunch Length

10-9Extinction

1.3 µsBunch Separation

Bunch Structure

• Muonic lifetime is dependent on 
target Z.  For Al lifetime is 880ns.

Proton Beam for COMET

Intrinsic Background  
　DIO spectrum has longer tail up to ~105 MeV  
　→ require high momentum resolution of the detector 
                                                           to separate the DIO tail and signal 

DIO
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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 106: 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 fro 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 nanoseconds. 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. There-
fore, 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 of 700 nanoseconds is assumed,
although it would be optimized in the future offline analysis.

The acceptance due to the time window cut, εtime, can be given by,

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

where Nall and Ntime are the number of muons stopped in the target and the number of muons which
can decay in the window, respectively, Tsep is the time separation between the proton pulses, t1 and t2
are the start time and the close time of the measurement time window, respectively, and n indicates
the window for the nth pulse. The time distribution of the muon decay timing N(t) is obtained by
Monte Carlo simulations. In our case, t1 and t2 are 700 nsec and 1100 nsec, respectively and Tsep is
1.17 µsec, and εtime of 0.3 is obtained.

16.1.5 Net Acceptance of signals

it is assumed that the efficiencies of trigger, DAQ, and reconstruction efficacy are about 0.8 for each.
From these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 24.

98

DIO

Signal

Beam-related Background  
　Radiative pion capture, muon decay in flight and so on 
  → require pulsed beam and excellent proton extinction < 10-10

(extinction factor = # of proton after bunch / # of proton in 1 bunch)
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J-PARC layout
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COMET at J-PARC E21

14

COMET beam-line at J-PARC HD

 Hadron Experimental Facility (HD) is being modified to be safe, to 
have more beam lines; High-p beam line & the COMET beam line.!

 will be realized by putting a Lambertson magnet and extending 
the experimental hall.

Hajime NISHIGUCHI (KEK)                                         The COMET Experiment                                       ICHEP2014  2-9/Jul./2014, Valencia 

Nov. 2014

built in 2015
  

View from HD Facility Entrance

Main Entrance

�����
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COMET Phase-I

6. 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 di�erent hadron production codes

In order to study the pion and muon production yields, di↵erent hadron production simulations were
compared. The comparison of the backward yields of ⇡� and µ� three metres away from the proton
target for di↵erent hadron production codes is given in Table 3. It is found that there are a factor of 2.5
di↵erence between di↵erent 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 systemmuon transport systemdetector system
COMET Phase-I Layout 

Pion productiondetector for  
µ-e conversion

Muon transport

Figure 1.1: Schematic layout of COMET Phase-I.

2

・With shorter muon transport solenoid (90° bending) 
・Not-full power operation of proton beam (3.2 kW) 
・Quick and Low-Cost Construction to get result earlier 

- under construction since ~2013, budget funded (almost fully). 
- will be completed the detector construction in 2019  

・Containing R&D for Phase-II 
- Background Measurement 
- Detector Study and Development 

・COMET Project is approved by  
   J-PARC in summer 2016 
・Technical Design Report is  
   being updated as 2018 version. 

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
3.0
7

15

15COMET Phase-I Goal : 
(S.E.S)



 10

COMET Phase-I Detectors

• Cylindrical Drift Chamber 
• for physics search in Phase-I  
• muon stopping target at center 
• ~20,000 wires with He base gas

• Straw Tracker  
+ Electron Calorimeter 

• for beam background measurement 
• also as R&D for Phase-II

CDC StrawECAL
1T

B-field



CDC

Stopping target

Return yoke

Superconducting coils

Trigger hodoscope

CDC inner wall CDC outer wall

Vacuum window

CDC endplate

Cryostat

 11

Cylindrical Drift Chamber
COMET CDC 
- Surrounding target 
- 19 layers structure  
    ~5,000 sense wires 
  ~15,000 field wires 
- All stereo layers 
- He base gas 
  (He : iC4H10 = 90 : 10) 
- Study of prototype chamber is done 
- basic performance study was done, it is OK 
- spatial resolution < 200 μm obtained 
- wire aging test is almost done 

- Design was fixed based on Belle-II CDC with modification for COMET 
- Construction started in 2014, and completed in 2016 
- Commissioning with cosmic-ray is ongoing in KEK now

μ e-



 12

COMET CDC Commissioning
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3

−status	at	last	CM22−

2017/9/26 COMET	CM23

Get	σ of	residual	to	understand	spatial	resolution.

\F
P	value	for	tracking>0.05
#	of	layers	which	has	single	hit	>14
#	of	layers	which	has	multi	hits<2

Requirements	for	event

I		estimated	XT	curve,	spatial	resolution	and	hit	efficiency	for	the	layer.
I	analyzed	the	event	which	meets	condition	of	event	selection.

Spatial	resolution

XT	curve	for	layer	10

XTCurve

I	made	XT	curve	which	corresponds	to	the	relation	
between	drift	distance		and	drift	time	for	CDC.

Residual =radius	of	drift	circle	– |DCA|

DCA	=Distance	Closest	Approach

XT	curve	for	layer	10
6

vimproving	XT	curve

2017/9/26 COMET	CM23

I	changed	the	way	to	fit	XT	curve	to	cover	the	hits	around	edge	of	cells.

<Hit	condition	for	XT	Curve>
• Hit	on	the	test	layer
• P	value	of	tracking>0.05
• residual -0.5mm~0.5mm	

f t =
0… 							t < 0ns

5th		pol	function… 					0ns ≤ t < 350ns
linear	function		 … 350ns ≤ t < 700ns

N A⁄ … 	700ns < t									

�Fitting	function	for	XT�

XTCurve

5th-pol	function			

5th-pol	function	and	linear	function

spatial resolution

σ~170μm

・Cosmic-ray test is ongoing in KEK Fuji B4 
・Basic performance test is evaluated. 
　→ Good performance was obtained so far. 
・Trying to increase active channels. 
・Development of related sub-system is ongoing.

X-T curve

drift time [ns]

Dr
ift
 D
ist
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ce

 [m
m
]
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try

residual [mm]
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Read-out Electronics and DAQ

Slit�

Slit�

ASDs�

ADCs�

SFP+slot�

LVDS�JTAG�

Power�

analog+input+from+CDC+48ch�

DAQ/IF+
SiTCP�

Trigger/IF�

FPGA�

RECBE (semi-copy of Belle-II CDC read-out) 
- 48ch read-out per board  
- 960MHz TDC and 10bit ADC 
- 1Gbps SiTCP communication 
- 128 RECBEs mass production done! 
- firmware development ongoingFigure 16.1: Block diagram of the StrEcal fast control and trigger systems.

Figure 16.2: Block diagram of the CyDet fast control and trigger systems.

experiment. In COMET, it will be used as the source of fast control signal distribution, as well
as the central trigger processor. Both GLIB and FC7 boards will be housed in a µTCA [82]
shelf and controlled over Ethernet connection. Comparing FC7 and GLIB boards, the FC7 can
drive up to 16 GBT links, rather than 8 for GLIB, and has a more powerful Xilinx 7-series
FPGA. Consequently, while the previous design of fast control system used two GLIB the new
design uses only one FC7 board. This enabled the handling of more complex trigger algorithms
and makes implementing the fast control systems significantly easier. Currently, the test setup
for fast control and trigger system and performance evaluation uses one GLIB board, which
will be replaced to the FC7 board within the year 2016.

198

block diagram 
of trigger system

FCT board 
- intermediate board 
  between trigger and 
  various read-out 
- prototyping done

Tracking Trigger 
- triggering with 
  track finding to  
  reduce trigger rate 
- under development

Decisions and
COMET

Ewen Gillies

COMET
Design
Principles

New Tracking
Techniques
Neighbour-Level
GBDT
Hough
Transform
Track-Level
GBDT

Backup

Typical Event [3]

12
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Figure 11.35: Measured detection e�ciencies; (Left) Straw single e�ciency, (Right) Detection e�ciency
as a tracker layer

tubes11 a certain ine�ciency should be there, thus the detection e�ciency as a tracker layer is
also measured as shown in Figure 11.35 (Right). Even the full-scape prototype has a certain
ine�ciency, high enough e�ciency such as ≥95 % is obtained.

Distance from wire (cm)
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

D
ri

ft 
tim

e 
(n

se
c)

0

20

40

60

80

100

120

140

160

180

200

Residual (mm)
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

a.
u.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

mµ = 143 xσ

Figure 11.36: Obtained X-T relation and its residual distribution, gas mixture = Ar/C2H6(50/50),
HV = 1900 V

Figure 11.36 shows the obtained X-T relation (Left) and its residual distribution for tracks
(Right) which is corresponding to a spatial resolution of 143.2 µm for the gas mixture of
Ar/C2H6(50/50) and HV of 1900 V. Here the obtained spatial resolution contains the un-
certainties such as a precision of track reconstruction etc., and the subtracted true spatial
resolution could be estimated to be 119.3 µm.
Figure 11.36 (Right) is a residual distribution for whole tracks without any event selection
related to the incident position. As discussed in Section 11.2.3, drift-distance dependence of
the spatial resolution is interesting to have a better understanding of the tracker, and such
dependences are already carefully investigated by simulation; cf. Figure 11.18. Figure 11.37

11 The full-scale prototype has a small gap of 0.3 mm between each straw tubes.
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Strawtube Tracker
1st straw plane (x1)

2nd straw plane (x2)

3rd straw plane (y1)

4th straw plane (y2)

gas manifold

gas manifold
front-end boards

front-end boards

optical fibre-link
feedthrough

optical fibre-link
feedthrough

anode 
feedthrough

anode 
feedthrough

gas outlet

gas inlet

signal lines

signal lines

Beam

390
1950

15
60

(a) (b)
Figure 11.1: Schematic view of the straw tracker; (a) Side view (the straw dimensions is scaled by a
factor of three for clarity) and (b) cross-sectional view of a plane.

11.1.2 Mechanical construction

The straw-tracker design assumes 9.75 mm diameter conducting straws, composed of metalised
Polyethylene Terephthalate (PET) film of 20 µm thickness1. The straws are mounted on alu-
minium supports in the shape of rings, with inner and outer radii of 65 and 78 cm respectively.
Gas manifolds and electrical connections are also attached to the supports. The gap between
them provides a space to mount the front-end electronics, its power distributors and high volt-
age (HV) distributing circuit. This space should be large enough in order to contain all the
front-end boards, however, the thickness should be minimised to make the fiducial tracking
volume as large as possible. Thus, by putting the front-end boards along the beam direction,
it is possible to reduce the space down to 15 cm. Because of this, the depth of the manifold
including a clearance for cables is relatively large at 19.5 cm, which corresponds to one half of
the gap between each tracker station (see Figure 11.1), and each of the five stations are properly
spaced and rigidly attached to each other.
Each station, consisting of two double-arrays, is constructed as a stand-alone unit. These units
are then mounted on the detector frame which positions and aligns the planes with respect
to each other. The frame is inserted and removed from the detector solenoid on rails and
linear bearings for access and maintenance. A spare plane will be constructed so that it can
be swapped, when needed, with a malfunctioning one, reducing downtime for detector repairs.
The detailed design of the support structure is shown in Figure 11.2. The left picture shows an
overview of one station without straws, and also the outer rim is removed for a visualization.
The right picture shows a close-up view of one station with straws. As shown in both pictures,
the gas-manifold volume is separated into two volumes for each layer in order to provide gas
flow by pressure gradient.
Detail of the components of the support structure is shown in Figure 11.3. The left and centre
pictures show details of support-structure design as an exploded view. Almost all components
are made by an aluminium since it should be non-magnetic material. The right picture shows
the close-up view of the special jig which is supposed to determine the straw positioning and
also provide the gas tightness. This jig determines the straw spacing which should be as

1 There is a possibility to reduce the thickness of the straw wall, and its R&D is currently ongoing, see
Section11.1.3.

84

・Tracker of Straw-tubes 
- 9.75mm diameter 
- 20μm thickness 
- 2-Dimensional config. 
- a station has 2x2 layers 
- 5 stations for Phase-I 

・⊿p = 150~200 keV/c 
　(for 105 MeV/c electron) 
・Ar:C2H6=50:50

Figure 11.24: “ROESTI”: data format

11.4.5 Board prototype

With support from OpenIt and KEK-Electronics group, a prototype ROESTI board has been
developed. Currently, the prototype version 3 is under investigation and design work for final
prototype is ongoing to improve the performance, correct problems discovered using prototype
3 and optimise the design. Figure 11.25(a) shows the completed prototype version 3 of ROESTI
board. As described in the previous section, ROESTI can be connected with several boards via

(a) (b)
Figure 11.25: Prototype ROESTI

board; (a) Prototype Version 3, (b) Daisy-chained boards

SFP I/O interface as shown in Figure 11.25(b). Intensive testing and R&D work is currently
ongoing. For example, Figure 11.26(a) shows the recorded waveform (red asterisks) with the
test pulse input (blue line) from a function generator; gain calibration is performed using test
input pulses and we have confirmed good agreement with design value as shown in Figure
11.26(b); the obtained calibration constant is 1.03 mV/fC, while 0.98 mV/fC is expected.
One of the most important performance parameters is the timing resolution of the readout.
By taking two test inputs to channels 1 and 7 and reading them out at 1GSPS, the timing-

104

Prototype Straw Station Spatial Resolution
ROESTI : read-out electronics 
(developed for COMET, DRS4)

Phase-I 実験準備状況

18

ストローチューブ飛跡検出器

Mass production

実寸大プロトタイプ
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Electron Calorimeter (ECAL)

Chapter 12

Electron Calorimeter (ECAL)

The electron calorimeter (ECAL) system consists of segmented scintillating crystals. It is placed
downstream of the straw chamber detector and serves the following three purposes : to measure
the energy of electrons (E) with good resolution, to add redundancy to the electron momentum
(p) measurement and to provide the ratio E/p for electron identification. The ECAL will also
provide an additional hit position to the electron track trajectory at the location of the ECAL,
to cross-check the tracker-based electron trajectory. The ECAL also provides the trigger signals,
carrying the timing with respect to which the electron events are referenced. Independent and
redundant measurements of the energy of electrons are of critical importance to separate true
signals of µ≠N æ e≠N conversion from background tracks that conspire to mimic a signal.

 

Figure 12.1: A schematic layout of the electron calorimeter system.

The ECAL is required to have an energy resolution of better than 5% at 105 MeV and a cluster
position resolution of better than 1 cm. With su�cient crystal granularity, the shower topology
can also be used to discriminate electrons from neutrons and low energy photons. The crystals
need to have a good light yield, and fast response and decay times to reduce pileup. A schematic
layout of the ECAL system is shown in Figure 12.1. Unlike the Mu2e calorimeter, the COMET
calorimeter will not require a central hole to allow the beam pass, since COMET will have
a muon beam stop between the stopping target and ECAL and it has an electron transport

115

・Energy Measurement for PID 
- at end-cap of the detector system 
- combination of 1920 LYSO crystals 
- 2x2x12 cm (10.5 radiation length) 

・Making trigger decision 
・Event timing measurement 
・⊿E/E = 5% (for E = 105 MeV) 
・APD + read-out (EROS)

prototype of ECAL system performance test results

55

FIG. 69: A vacuum chamber for the prototype ECAL system.

(SiPM) which is mounted on the strip with a special plastic connector to fix its position and guarantees a small air
gap to the fibre.

The proposed strip design has the following advantages over a wider strip with several WLS fibres:

• Light from a MIP is not shared between di↵erent SiPMs resulting in a very high e�ciency even with a high
signal threshold.

• The e�ciency of each strip can be measured using coincidences with other strips.

• In case of problems with one channel only a small part of the detector is a↵ected.

• A time resolution of about 1 ns can be achieved.

To form each module, both sides of a set of 15 strips are glued to a 1.5mm-thick plastic support. The layers are
shifted by 2mm in x in order to avoid alignment of gap positions (see Figure 72). This is repeated for the next two
layers, which are shifted by about 3 cm in z to avoid dead zones between super-modules. All four layers will be covered
by black plastic to protect strips from external light sources.

Modules are fixed inside super-modules which will be connected with shifts of layer positions to avoid dead zones.
There are three types of inactive zones: inter-strip gaps, inter-module gaps, and gaps between layers. These gaps

were included in the simulation, which demonstrated that, despite the inactive zones, muon detection e�ciency meets
the integrated value of 99.99 %. Some dead time may result from random coincidence of SiPM noise signals occurring
in two layers within the spatial and time resolution range .

Neutron shielding The neutron flux in the experimental hall can cause problems for the cosmic veto system by
introducing noise signals and causing radiation damage to the SiPMs. The neutrons originate from the pion production
target (above 1 MeV) and the beam dump (below 1 MeV).

Thee dark current of the SiPM increases after irradiation above 108 neutrons/cm2 [48], causing noisy response.
However as the decrease in the SiPM gain is about 50% even after 7◊1011 neutrons/cm2 irradiation [48], the detector
e�ciency can be retained by adjusting the threshold. It has been shown, that operating with a threshold level above
7 pixels keeps the fraction of dead time at the few percent level whilst, even at an 11-pixel threshold, the muon

Kou Oishi / Kyushu University, JapanCOMET-CM24 @ Osaka Univ., Japan / 31st Jan. 2018
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Momentum Scan Sets
Momentum scan No.1

Momentum scan No.2

Energy resolution ~ 4.4% @ 105 MeV/c  
★ Due to the difficulty in waveform fitting, a bit worse than the previous beam test 
★ Achieved the requirement. 

Position resolution ~ 7.8 mm @ 105 MeV/c  
★ Evaluated fluctuation of the reconstructed cluster centers from incident position 

extrapolated from the fitted track. 
★ Need to evaluate the incident position resolution of the BDC-Straw Tracker system.
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ECAL Performance (2)

Crystal Timing Resolution 
✦ Compared timings of two crystals with similar energy deposits. 

★ The difference was divided by √2 

✦ Changed the timing reconstruction in the waveform analysis to 'fixed threshold' timing. 
★ In the previous method ('constant fraction' timing), slewing was not corrected enough. 
★ Greatly improved from the previous result.

19
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StrECAL system
Integration tests of StrECAL system were performed at ELPH in Tohoku Univ.

- with prototype of Strawtube Tracker  
and prototype of ECAL 

- operation in vacuum same as real system 
- 100 MeV/c electron beam 
- successfully triggered by the ECAL 
and the electron track was reconstructed 
with the Strawtube Tracker. 

- The prototype of trigger system was tested.

・Strawtube Tracker
Current Status

・ECAL

- the strawtubes were already mass-produced and checked. 
- the 1st station of the real detector will be constructed soon (in the winter)

- in the process to purchase ~500 LYSO crystal for Phase-I 
- the design work for the real detector is also ongoing

H.Nishiguchi(KEK)                                                  StrECAL Overview                                                                   COMET CM22
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Construction of Hall and Beam-line

  

Installation Yard

Installation Door

Beam Room

Installation Hatch

Door to Exp. Room

Cooling Equipment
will be installed

  

Beam Room
(view from Installation Yard)

Hole for proton beamline

Experiment Room

Beam Dump
(Iron Blocks will be located)

COMET Hall next to Hadron Hall

  

Beamline Construction (1)

COMET
BLhigh-p

BL

A-Line

Installation Yard Experimental Room

COMET Beam-line Wall in Hadron Hall was built
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Construction of Solenoid

• The delivery of aluminum stabilized 
superconductors is being made ( 10 
km in 2013, 12 km in 2014, and 8 km 
in 2015). 

• TS1a coil winding is made by a new 
winding machine. 

• CS and MS coils were made in 2016

Pion capture solenoid system

Muon transport solenoid system
• The muon transport system (TS2-TS3) 
has been constructed and delivered by 
Toshiba Co. in 2015

TS1a coil  
winding

6. 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

Detector solenoid system
• under construction, will be completed  
in 2019
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8 GeV test and Extinction Measurement
The test was done at J-PARC MR and the measurement was performed at 
K1.8 beam line at Hadron Hall in Jan. - Feb. 2018.

8 GeV test & Extinction measurement
!24

8-GeV operation & extinction measurement 
were done at J-PARC in Jan.-Feb., 2018.

12

Reminder: Available Two Measurements with FX and SX

Hajime NISHIGUCHI (KEK)                                                       ”8GeV Campaign”  　　                                                      COMET CM25, J-PARC

Reminder : Available Two Measurements
5

✤ FX : Fast Extraction for Neutrino beam
✤ Abort monitor is installed in front of 

the beam dump to measure extinction
✤ SX : Slow Extraction for Hadron hall

✤ By measuring the secondary beam, 
extinction at hadron hall is measured

FX

SX

•Last measurement
•2014 @MR abort, 8 GeV
•Result:

              Ext. = 10-11 ~ 10-12

COMET R&D Status
• Proton beam study (Extinction 

Measurement)

• Measurement at MR abort line 
(Fast Extraction) and Secondary 
beam line (Slow Extraction)

• Both provided consistent result

• Extinction: (5.4 ± 0.6)!10-7

• Further improvement expected (O
(10-6)) by double injection kicking

• External extinction device 
improves even more (O(10-6))

• US-Japan cooperative 
research program
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•Last measurement

•2010 @ SX, 30GeV

•Result:

         Ext. < 5.4×10-7 

•w/o any treatment 
to improve extinction

• Should be repeated 
with the final condition

1.2!s

Hajime NISHIGUCHI (KEK)                                                       ”8GeV Campaign”  　　                                                      COMET CM24, Osaka

HD
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Extinction Measurement

Extinction with FX 
(at MR-ABD)

Extinction with SX 
(at Hadron)

 By abort monitor with abort shot

 Advantage;
 Can measure quickly
 Can measure w/o SX process

 Disadvantage;
 Cannot measure continuous beam

 Not an actual situation

 By beam counter with secondary beam

 Advantage;
 Most similar with an actual beam
 The way to demonstrate Bunched SX

 Disadvantage;
 Time consuming for statistics

 Difficult to secure the beam time
Hajime NISHIGUCHI (KEK)                                                       ”8GeV Campaign”  　　                                                      COMET CM25, J-PARC

FX abort line

See Hajime Nishiguchi’s talk on Friday

• Campaign was successfully carried out. 
• Extinction was measured by both FX & SX. 
✓ First trial of 8 GeV Bunched SX. 

Rext in Hadron Hall (SX)
• Extracted pulsed proton beam injected to the Hadron Primary 
target and produced secondary beam transport to K1.8 area 

• Secondary beam time structure measurement with a 
hodoscope 

• Proton leakage is appeared in K4_rear only within very early 
extraction timing (<0.1sec) 

• No leakage is appeared in other region 

• By rejecting <0.1sec events, upper limit of extinction is 
obtained: <6.0 x 10-11  

• Good enough for COMET  though we need further studies on 
K4_rear leakage

w/o kicker shift = initial extinction

w/ kicker shift = improved extinction

preliminary

preliminary
Ion Chamber Hodoscope Trig. Counters

!- beam

Hadron hall K1.8 beam line

・successfully demonstrated the operation! 
・extinction was measured by FX&SX both 

- the 1st demonstration of COMET mode (8 GeV Bunched-SX) 
- good extinction was < 1.0 x 10-10 obtained. 
→ the improvement is expected by solving the current issue  
    and increasing the statistics (longer beam time)

Normal COMET

Energy 30 GeV 8 GeV

Extraction Fast (T2K) 
Slow (Had.)

Bunched-SX 
1b on RCS
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Software Framework “ICEDUST”details).

SimDetectorResponse

ICEDUST Offline 
Software Suite and 
Event Display

MARS

Fluka

oaUnpackoaRawEvent

SimG4

SimHitMerger

oaOfflineDatabase oaChanInfo

AnalysisTools

ReconGlobal

EventDisplay

Code usage

Executable

Library

Key: Data type

Data Flow

Input

Output

oaAnalysis
Simple event 

data

Calibration 
Data
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Figure 17.1: An outline of the ICEDUST framework. The structure is largely based on the ND280
framework.

17.2. Data Formats

The ICEDUST framework has inherited the o�ine and online data formats from the ND280
framework. The key strength of the approach used is the ability to treat experimental data on
such an equal footing as the simulated data. This is achieved in two ways:

• An unpacking mechanism which converts the raw MIDAS data into o�ine root files.

• A wrapping package which can provide a semi-transparent method to process raw data.

The o�ine format consists of a structured ROOT file, known as the “oaEvent” format. This
format provides room for header information such as a description of the geometry in the exper-
iment, experimental conditions such as temperatures and times, and magnetic field information.
Alongside this the actual event data is stored in a container specific to the current stage of data
processing (calibration, reconstruction or simulation).
The description of the geometry is stored alongside the data, either in the form of a hash
tag pointing of a particular archived geometry which is automatically retrieved as needed, or
else as a persisted ROOT format. The ROOT format uses the various TGeo classes which
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* The structure is based on ND280 framework.
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The framework “ICEDUST” has almost been ready in 2015. 
Still need to be implemented more, such as detector response. 
The simulation and analysis is/will be studied with ICEDUST now. 
Mass MC events generation is ongoing for more higher statistics study.

an example for Phase-I
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Event Display with ICEDUST

Event Display of  “μ-e conversion” generated with ICEDUST

μ- e-
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Sensitivity Estimation in COMET Phase-I

Signal Acceptance

• fcap = 0.61, fgnd = 0.9

• Aμe = 0.041 

• Nμ = 1.5 x 1016 muons

Signal Sensitivity

Muon intensity about 0.00052 muons stopped/proton
With 0.4 µA, a running time of about 150 days is needed.

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
3 -15

-15

the DIO electrons is presented in Section 17.2. 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. 107 [61].
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 106: 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 fro 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 nanoseconds. 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. There-
fore, 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 of 700 nanoseconds is assumed,
although it would be optimized in the future offline analysis.

The acceptance due to the time window cut, εtime, can be given by,

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

where Nall and Ntime are the number of muons stopped in the target and the number of muons which
can decay in the window, respectively, Tsep is the time separation between the proton pulses, t1 and t2
are the start time and the close time of the measurement time window, respectively, and n indicates
the window for the nth pulse. The time distribution of the muon decay timing N(t) is obtained by
Monte Carlo simulations. In our case, t1 and t2 are 700 nsec and 1100 nsec, respectively and Tsep is
1.17 µsec, and εtime of 0.3 is obtained.

16.1.5 Net Acceptance of signals

it is assumed that the efficiencies of trigger, DAQ, and reconstruction efficacy are about 0.8 for each.
From these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 24.
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20.1.5 Net Signal Acceptance

Thus the net acceptance for the µ≠e conversion signal of Aµ-e = 0.041 is obtained for T1 = 700
ns and T2=1170 ns, where appropriate numbers of the online event selection (see Section 16.1.3),
the o�ine track finding e�ciency (See Section 13.5.1) and DAQ e�ciency (assumed) are con-
sidered. The breakdown of the acceptance is shown in Table 20.2.

Event selection Value Comments
Online event selection e�ciency 0.9 Section 16.1.3
DAQ e�ciency 0.9
Track finding e�ciency 0.99 Section 13.5.1
Geometrical acceptance + Track quality cuts 0.18
Momentum window (Ámom) 0.93 103.6 MeV/c < Pe <106.0 MeV/c
Timing window (Átime) 0.3 700 ns < t < 1170 ns
Total 0.041

Table 20.2: Breakdown of the µ≠e conversion signal acceptances.

20.1.6 Single Event Sensitivity

The single event sensitivity (SES) aimed by COMET Phase-I and the required running time
are described. The current upper limit on gold from SINDRUM-II is 7 ◊ 10≠13 [1]. The goal
of COMET Phase-I is an improvement of a factor of 100 on aluminium over the current limit,
namely,

B(µ≠ + Al æ e≠ + Al) = 3 ◊ 10≠15 (as SES) or (20.3)
< 7 ◊ 10≠15 (as 90 % C.L. upper limit). (20.4)

The SES is given by

B(µ≠ + Al æ e≠ + Al) = 1
Nµ · fcap · fgnd · Aµ-e

, (20.5)

where Nµ is the number of muons stopped in the target. The fraction of captured muons to
total muons on target fcap = 0.61 is taken, while the fraction of µ≠e conversion to the ground
state in the final state of fgnd = 0.9 is taken [22]. Aµ-e = 0.041 is the net signal acceptance.
To achieve SES=3 ◊ 10≠15, Nµ = 1.5 ◊ 1016 is needed. By using the muon yield per proton
of 4.7 ◊ 10≠4 in Section 8.5., a total number of protons on target (POT) of 3.2 ◊ 1019 is
needed. With the proton beam current of 0.4 µA, the measurement requires about 1.26 ◊ 107

seconds, corresponding to about 146 days. Note that that the pion production yield may have
an uncertainty of a factor of two or three, as shown in Section 8.1.2. The estimated running
time might be uncertain accordingly.

20.2. Background Estimation with CyDet

The potential background sources in the search for the µ≠N æ e≠N conversion are grouped
into four categories. These categories are intrinsic physics backgrounds, beam-related prompt
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toward COMET Phase-IISolenoid Magnet Extension 
in Phase II

Phase I Setup (Proton Beam 3.2 kW) 
Muon Transport by a 90 degree bend Solenoid 
CDC detector in a spectrometer solenoid

Phase II Setup (Proton 
Beam 56 kW) 
Muon Transport by a 
180 degree bending 
solenoid and a 180 
degree bending 
spectrometer magnet to 
detect the signal 
Straw Tracker & Ecal

Solenoid Magnet Extension 
in Phase II

Phase I Setup (Proton Beam 3.2 kW) 
Muon Transport by a 90 degree bend Solenoid 
CDC detector in a spectrometer solenoid

Phase II Setup (Proton 
Beam 56 kW) 
Muon Transport by a 
180 degree bending 
solenoid and a 180 
degree bending 
spectrometer magnet to 
detect the signal 
Straw Tracker & Ecal

In Phase-I setup
- 3.2 kW proton beam operation 
- 90 degree muon transport solenoid 
- CDC in a spectrometer solenoid

In Phase-II setup
- 56 kW proton beam 
- new W Proton target 
(C target in Phase-I) 

- 180 degree transport    
  solenoid for muon  
- 180 degree spectrometer 
  solenoid for electron  
- StrawECAL detector

S-Shape Design in Phase-II

proton

proton
stopping target

stopping target
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Phase-II Detector

• 180° curved solenoid for higher momentum resolution in the muon/electron transport 
• Less dense detectors (Straw Tracker and ECAL in vacuum)

* # of straw stations is not determined yet.

in vacuum under 1T magnet field

ECAL detector Straw Tracker

Phase-II Goal : B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
2.6
6(in a year operation)

(S.E.S)
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Status of COMET Phase-II
・Development of Phase-I StrawECAL is essentially R&D for Phase-II 
・ICEDUST framework enables feasible study for Phase-II

Phase-II Optimisation, 22 Feb. 2016 Ben Krikler: bek07@imperial.ac.uk10

Fieldmaps

Phase-II Optimisation, 22 Feb. 2016 Ben Krikler: bek07@imperial.ac.uk90

Simulation Set up 

・Working for further foundation in Phase-II, and negotiating with  
   J-PARC facility for operation schedule for Phase-II

field map design for Phase-II simulation setup for Phase-II
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Summary
・COMET is an experiment search for “μ-e conversion” at J-PARC 

- aiming improvement the sensitivity x 10,000 better than the past 
- staging approach called Phase-I (under construction) / Phase-II 

・COMET Phase-I is now under construction 
- aiming improvement the sensitivity x 100 better than the past  

 
 
- CDC detector for physics search is under commissioning now 
- the other system is also under construction 
- will be ready in 2019, stay tuned! 

 
・R&D for COMET Phase-II is underway. 

- expecting to start in 202X?, aiming further higher sensitivity

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
3.0
7

15

15
Phase-I Goal : 

(in 150 days operation)

http://comet.kek.jp/

(S.E.S)

http://comet.kek.jp/

