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Muon	
  Conversion:	
  μ -­‐N→e-­‐N 	
  
	
  

Signal	
  
•  Muon	
  stops	
  at	
  Al	
  (or	
  Ti)	
  

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

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

Background	
  
•  Decay-­‐In-­‐Orbit	
  (DIO)	
  	
  

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

πN→γX;	
  γ→e+e-­‐	
  
–  Cosmic,	
  AnD-­‐proton…	
  

Aug	
  5,	
  2016	
   M.J.Lee,	
  COMET	
  Phase-­‐I,	
  ICHEP	
  2016	
   3	
  

Muon	
  	
  
mass 

? µ 
γ 

e 
q q ? 

µ e 
q q 



COMET	
  Experiment	
  

Aug	
  5,	
  2016	
   M.J.Lee,	
  COMET	
  Phase-­‐I,	
  ICHEP	
  2016	
   4	
  

Detector	
  Section	
  
	
  

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

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	
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A	
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  to	
  capture	
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  under	
  a	
  high	
  solenoidal	
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  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	
  
•  3kW	
  proton	
  beam	
  
•  Half	
  year	
  DAQ	
  



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

Facility	
  /	
  Beams	
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COMET	
  

•  8GeV,	
  3.2kW	
  pulsed	
  proton	
  
beam	
  

•  4/9	
  (or	
  3/9)	
  buckets	
  filled	
  in	
  MR	
  

proton	
  

pion	
  

Transport	
  solenoid	
  
(Apr	
  2015)	
  

Pion/Muon	
  	
  
to	
  detector	
  

1.17μs	
  

COMET Staged Approach (2012~)

Mu2e@FNAL COMET@J-PARC

muon beamline

electron  
spectrometer

S-shape C-shape

Straight solenoid Curved solenoid

COMET Solenoids and Detectors
for the CDR
version 090609.001

Proton beam
Pion production target Radiation shield

Muon stopping target Beam blocker

DIO blocker

Beam collimator

Calorimeter Tracker

Late-arriving particle tagger

Capture solenoid

Muon beam transport solenoid

Detector solenoid

Muon target solenoid

Curved sepctrometer solenoid

Matching solenoid

Comparison : COMET vs. Mu2e

Stopping
Target

Production 
Target 

Detector Section

Pion-Decay and
Muon-Transport Section

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

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Detector Section

Pion-Decay and
Muon-Transport Section

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

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Stopping 
Target 

Production 
Target 

COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 12 days

      *90deg. bend solenoid, cylindrical detector

      *Background study for the phase2

COMET Phase-II : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 2 years

 *180deg. bend solenoid, bend spectrometer,  

   transverse tracker+calorimeter

Mu2e : 
physics run 2019-
BR(μ+Al→e+Al)<7x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years

 *2x90deg. S-shape bend solenoid, 

  straw tracker+calorimeter

COMET Phase-I COMET Phase-II



Pulsed	
  proton	
  beam	
  

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

•  <10-­‐9	
  exDncDon	
  factor	
  achievable	
  by	
  increasing	
  MR	
  RF	
  voltage	
  
(May	
  2014),	
  both	
  at	
  8GeV	
  and	
  30GeV	
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Figure 4.5: Beam acceleration pattern for COMET 8GeV test

Figure 4.6: Measured horizontal (left) and vertical (right) beam profiles for 8 GeV-3.2 kW beam at
30 ms before the end of extraction period.

and 6.1 fi mm mrad respectively) for a beam at Phase-I intensities to be extracted to the NP857

hall. For Phase-II beam intensities we will need to adopt an additional method, such as the858

dynamic collimator described above, to accommodate the emittance requirement.859

Systematic studies of the proton beam extinction factor were also carried out with the extinction860

monitor installed in the MR abort line. The monitor is composed of a plastic scintillator viewed861

by four photomultipliers with di�erent light attenuators to cover a large dynamic range of862

scintillation light, while remaining sensitive to single protons. The whole set-up is mounted on863

a movable stage which locates the monitor in the beam line when the measurement is conducted.864

In normal slow extraction of protons from the MR, the RF cavity voltage is usually switched865

o� in order to give a flat time structure to the proton beam. In contrast, for the COMET beam866

acceleration, the RF voltage needs to be kept at a non-zero value in order to maintain the pulse867

structure during extraction. Figure 4.7 shows the extinction measurements at the MR abort868

line as a function of the voltage applied to the RF cavities before extraction. The measurement869

was performed by filling only one bucket with an equivalent amount of protons to that of 3.2 kW870

operation. The other buckets were empty and Single Injection Kicking was employed to remove871

any remaining particles in neighbouring buckets. We observe that accelerated particles start872

to be scattered along the ring when the RF voltage was reduced, and that the extinction can873

be reduced to as low as 10≠12 by applying an RF voltage of 255kV, which is su�ciently small874

24

One	
  MR	
  cycle	
  :	
  2.48sec	
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  stopping	
  target	
  

COMET Staged Approach (2012~)
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Comparison : COMET vs. Mu2e
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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 
maget

A detector to search for 
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sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.
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A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget
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Stopping 
Target 

Production 
Target 

COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 12 days

      *90deg. bend solenoid, cylindrical detector

      *Background study for the phase2

COMET Phase-II : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 2 years

 *180deg. bend solenoid, bend spectrometer,  

   transverse tracker+calorimeter

Mu2e : 
physics run 2019-
BR(μ+Al→e+Al)<7x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years

 *2x90deg. S-shape bend solenoid, 

  straw tracker+calorimeter

COMET Phase-I COMET Phase-II

•  All	
  stereo-­‐wire	
  drin	
  chamber,	
  20	
  layers,	
  ~5000	
  
sense	
  wires	
  

•  Hodoscope	
  for	
  Dming	
  and	
  trigger	
  
–  Trigger	
  :	
  see	
  page	
  8	
  
–  Timing	
  requirement	
  1ns,	
  <0.8ns	
  could	
  be	
  achieved	
  

Figure 13.43: Pulse height distributions of the Cherenkov detector, left, and the scintillator, right.
Black histograms show the pedestal distribution, whilst the red histograms show the signal response.
All areas are normalized to unity.

detector and the scintillator (Both were arranged closely so that the electron beam hit both3163

counters). From fitting the distribution, the combined �T resolution is measured to be 0.8 ns.3164

The individual time resolutions, which must both be lower, therefore meet the requirement of3165

resolution better than 1 ns.3166
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Figure 13.44: Detection time di�erence between the Cherenkov detector and the scintillator.

13.3.6 CTH trigger rates3167

A CyDet trigger is made by a four-fold coincidence of two adjacent CTH pairs of a scintillation3168

counter and a Cherenkov counter. An example event is shown in Figure 13.38. The trigger rate3169

was estimated by simulations with all possible accidental hits taken into account. The trigger3170

coincidence window was set at 10 ns. The time window of measurement is either from 500 ns to3171
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CyDet	
  construcDon	
  

•  ConstrucDon	
  completed	
  June	
  
2016,	
  Cosmic	
  ray	
  test	
  from	
  
August	
  2016	
  

•  SpaDal	
  resoluDon	
  requirement	
  
200μm	
  can	
  be	
  possible	
  both	
  gas	
  
mixture	
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CDC Pictures
11OMET

on 31st Aug. 2015

June	
  2016	
  

Y. Fujii @ CLFV2016

CDC

• Cylindrical Drift Chamber
• Main tracker for Phase-I physics measurement

• All stereo wires enable to reconstruct 3D hit positions
• 20 layers consists of ~5,000 sense wires  + ~15,000 field 

wires
• Gas mixture, He:iC4H10=90:10 or He:C2H6=50:50

• Both gas mixtures show good performance
• Required momentum resolution, σp ~ 200 keV/c 

@p=105MeV/c, is achievable
• Mass production/test of readout boards done @IHEP

17

Position resolutions of CDC prototype obtained in the beam test @Spring-8

RECBE Board Mass Test @IHEP



CTH:	
  Trigger	
  Hodoscope	
  

•  Twisted,	
  overlapped	
  two	
  scinDllators	
  +	
  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	
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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 



Trigger	
  /	
  DAQ	
  
•  SDll	
  high	
  trigger	
  rate	
  (20-­‐30	
  kHz)	
  for	
  DAQ	
  

– Mostly	
  background	
  hits	
  	
  
–  Beam	
  electron,	
  secondary	
  from	
  capture	
  
neutron/gamma	
  

•  Using	
  online	
  BDT	
  to	
  suppress	
  BG	
  
–  Energy	
  deposiDon	
  in	
  CDC,	
  layer	
  	
  
informaDon	
  as	
  input	
  to	
  BDT	
  

–  95%	
  BG	
  suppressed,	
  99%	
  signal	
  
electron	
  retains	
  

–  1	
  –	
  2	
  kHz	
  trigger	
  rate	
  achievable	
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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
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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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COTTRI Prototype
• Two COTTRI prototype boards arrived at KEK in the end of the last month!

• Small delay w.r.t. the original schedule
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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,
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•  To	
  suppress	
  Cosmic	
  Ray	
  muon	
  to	
  
factor	
  of	
  10-­‐4	
  
–  Decay	
  in	
  flight,	
  interacDon	
  with	
  detector	
  
material	
  

–  Note:	
  CDC	
  can	
  full-­‐reconstruct	
  CR	
  
•  Neutron	
  issue	
  

–  SiPM	
  weak	
  to	
  neutron	
  irradiaDon,	
  
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	
  



Background	
  measurement	
  

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

calorimeter	
  
•  Beam	
  measurement	
  program	
  at	
  Phase-­‐I	
  

–  ParDcle	
  composiDon,	
  beam	
  profile	
  
–  1/1000	
  reduced	
  beam	
  	
  

•  no	
  radiaDon	
  tolerance,	
  pile-­‐up	
  issue.	
  	
  
–  CyDet	
  rolls	
  out	
  and	
  StrEcal	
  installed	
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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

Position mm
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Si
gm

a 
um

0

50

100

150

200

250

300
Sigma vs Position for Ar/CO2=70/30, 1900V

Position mm
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ex
pe

ct
ed

 P
os

itio
n 

Re
so

lu
tio

n 
um

0

50

100

150

200

250

300

Expected Position Resolution vs Position for Ar/CO2=70/30, 1900V

Ideal Position Resolution
Timing Resolution Effect
Ideal & Timing Resolution
Track Position Resolution
Multiple Scattering
Total

Expected Position Resolution vs Position for Ar/CO2=70/30, 1900V

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
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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.
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σE/E~4.2%	
  

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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Physics	
  sensiDvity	
  

•  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.

141

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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Schedules	
  
•  Highly	
  recognized	
  by	
  KEK	
  IPNS,	
  ready	
  for	
  stage-­‐2	
  approval	
  
•  Proton	
  beam	
  line	
  construcDon	
  complete	
  in	
  2017	
  
•  Phase-­‐I	
  physics	
  data	
  taking	
  in	
  2018	
  or	
  2019	
  

–  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	
  

–  1	
  year	
  data	
  taking	
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CyDet	
  Construction/	
  Installation	
  

Proton	
  beamline	
  

Trigger	
  /	
  DAQ	
  Installation	
  /	
  Test	
  

Cosmic	
  
Ray	
  run	
  

Solenoid	
  
conditioning	
  

StrEcal	
  Construction	
  /	
  Installation	
   COMET	
  
Phase-­‐I	
  

Operation	
  

Solenoid	
  	
  

Cosmic	
  ray	
  veto	
  Construction	
  /	
  Installation	
  



Summary	
  
•  SES	
  :	
  3.1	
  x	
  10-­‐15	
  

–  SES	
  (Phase-­‐II):	
  2.5	
  x	
  10-­‐17	
  
•  Start	
  data	
  taking	
  at	
  2018	
  
•  Half	
  year	
  data	
  taking	
  for	
  	
  

– Muon	
  conversion	
  
measurement	
  

–  Beam	
  measurement	
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