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シンボルロゴの要素

シンボルロゴは「シンボル」と「ロゴタイプ」の２つの要素から構成されます。組み合

わせは厳密に定められています。

■シンボル
松葉をかたどった円形のマークを「シン

ボル」と呼びます。

■ロゴタイプ
「九州大学」「 」

の文字をロゴタイプと言います。和文と

英文があり、和文はシンボルの形状に合

わせてオリジナルの書体が制作されてい

ます。英文は和文に合わせて とい

う書体が指定されています。

■シンボルロゴ
シンボルとロゴタイプの組み合わせを

「シンボルロゴ」と呼びます。シンボル

ロゴには全部で つのタイプがあります。

基本要素
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Physics -Lepton Flavor Violation-

Lepton Flavor Violation
✦ Neutral lepton flavor violation process

★ Neutrino oscillation.

★ The standard model (SM) was extended.

✦ Charged lepton flavor violation
★ Many experiments but no discovery

❖ μ → eγ
❖ μ → 3e

❖ μN → eN

❖ and many...

★ A clear signal of new physics

2

3. Searches for Charged Lepton Flavor Violation with Muons
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Figure 3: The history of CLFV searches in muons (not including muonium.) One sees a

steady improvement in all modes and then a flattening of the rate improvement throughout

the 1990s. MEG has upgrade plans for the µ ! e� search. The two next generations of

µN ! eN , Mu2e/COMET at FNAL and J-PARC are labeled, and possible extensions at

Project X and PRIME are shown. Letters-of-intent are in process for µ ! 3e experiments

at PSI and Osaka’s MUSIC facility. Individual experiments are discussed in the text.
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Muon-to-Electron Conversion

Muon-to-electron (μe) conversion
✦ A charged lepton flavor violation process

★ Muon decays to single electron w/o neutrinos.

★ Strongly suppressed in the SM including the neutrino 
oscillation

★ Branching ratio: BR(μN→eN) <  10-54

✦ Reach ~10-15 at in many Beyond SMs.

★ SUSY-GUT, Z’

✦ Model discrimination with μ→eγ
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Figure 1.7: Searches for µ-e conversion and µ+ → e+γ have relative sensitivities that depend
on the underlying physics, making the two channels highly complementary. As
shown on the left, New Physics can produce a signal in both channels, but one
channel or the other can be comparatively suppressed due to the need to include
extra vertices and loops. The plot on the right is adapted from [30], based on [31],
and shows the relative sensitivity for the toy lagrangian of equation (1.2) as
a function of κ, how non-photonic the New Physics is, and Λ, the mass scale
assuming coupling strengths of unity.

By constructing a toy Lagrangian consisting of two new interaction terms, one being
photonic and the other a contact term, it is possible to study the relative sensitivities
of µ-e conversion and µ-e gamma searches. The interaction terms in such a Lagrangian
would look like:

L =
1

κ+ 1

mµ

Λ2
(µ̄Rσ

µνeLFµν) +
κ

κ+ 1

1

Λ2
(µ̄Lγ

µeL) (q̄LγµqL) (1.2)

where κ is a dimensionless parameter that determines to what degree the new physics
appears photonic (κ → 0) or four-Fermi-like (κ → ∞).

If the underlying new physics is photonic in nature, then one can expect a direct
search for µ-e gamma to be more sensitive: coupling the photon to the nucleus of an atom
will pick up an extra factor of α, reducing the µ-e conversion rate by about two orders of
magnitude. On the other hand, if the new physics favours interacting directly with the
nucleus, as a four-Fermi contact term, then µ-e conversion would be more sensitive. In
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Figure 1.6: Feynman diagrams that produce µ-e conversion through New Physics models. The
upper three diagrams ((a) to (c)) all connect to the nucleus via some massive
exchange particle, whereas the lower three diagrams ((d) to (f)) all connect
via an exchanged photon. In addition to interactions with the quarks, since
µ-e conversion interacts with the whole nucleus, there are also models where the
interaction involves external gluon lines.

1.3.2 Muon CLFV Channels

Fig. 1.6 shows a variety of Feynman diagrams for µ-e conversion involving new particles
and couplings predicted by many BSM theories. The large variety of models to which
µ-e conversion would be sensitive makes this a particularly attractive search channel for
New Physics [29].

It can also be seen how complementary the different muon CLFV channels will be.
In the case of leptoquarks for example, shown in Fig. 1.6c, one can expect µ-e conversion
to take place at tree level, whilst generating a signal in a µ+ → e+e−e+ experiment can
only occur via loop diagrams. Similarly, the relative sensitivities between µ+ → e+γ

searches and µ-e conversion searches can be used to pin down what the New Physics is
in the case of a positive observation, or heavily constrain numerous different models in
the case of a null measurement. This is apparent from the fact that New Physics can
be classed as photonic (such as the lower three diagrams in Fig. 1.6) or as a four-Fermi
contact interaction (as in the upper three diagrams in Fig. 1.6). The new physics, which
‘switches on’ at some new mass scale, is integrated away to leave an effective, low-energy
field theory.
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exchange particle, whereas the lower three diagrams ((d) to (f)) all connect
via an exchanged photon. In addition to interactions with the quarks, since
µ-e conversion interacts with the whole nucleus, there are also models where the
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1.3.2 Muon CLFV Channels

Fig. 1.6 shows a variety of Feynman diagrams for µ-e conversion involving new particles
and couplings predicted by many BSM theories. The large variety of models to which
µ-e conversion would be sensitive makes this a particularly attractive search channel for
New Physics [29].

It can also be seen how complementary the different muon CLFV channels will be.
In the case of leptoquarks for example, shown in Fig. 1.6c, one can expect µ-e conversion
to take place at tree level, whilst generating a signal in a µ+ → e+e−e+ experiment can
only occur via loop diagrams. Similarly, the relative sensitivities between µ+ → e+γ

searches and µ-e conversion searches can be used to pin down what the New Physics is
in the case of a positive observation, or heavily constrain numerous different models in
the case of a null measurement. This is apparent from the fact that New Physics can
be classed as photonic (such as the lower three diagrams in Fig. 1.6) or as a four-Fermi
contact interaction (as in the upper three diagrams in Fig. 1.6). The new physics, which
‘switches on’ at some new mass scale, is integrated away to leave an effective, low-energy
field theory.

Photonic process Four-fermion process
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Experimental Principle
Signal & intrinsic BGs
✦ Signal: μ− + N → e− + N

★ Monochromatic energy of 105 MeV (Al)

✦ Dominant intrinsic backgrounds: decay-in-orbit (DIO)
★ Contaminate the signal region w/ a finite detector resolution.

★ Momentum resolution < 200 keV/c is required.

High intense muon beam and beam BGs
✦ World-class intensity proton beam @ J-PARC.

★ Gain high statistics of muons.

★ An effective transport line from π to μ required.
★ Backgrounds arise from the proton and its secondaries.

❖ Antiproton, radiative pion capture, muon decay in flight, etc...

✦ Bunched beam structure

★ Delayed timing window for masking the beam BGs.

★ The fraction of residual protons between the bunches 
(extinction = n/N in the right fig.) < 10-9

4

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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COMET Collaboration
International Collaboration
✦ 15 countries

✦ 33 institutes

✦ >175 collaborators

5

Dec. 2016 @ J-PARC
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COMET Experiment
Searching for μ-e conversion at J-PARC
✦ The final goal: O(10-17) sensitivity.

★ 10, 000 times improved from the current limit.

✦ Building the facility and muon transport line.

✦ Two staging plan

★ Phase-I and Phase-II
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✓ Physic measurement

by a cylindrical tracker (CyDet)
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Phase-I 
Sensitivity O(10-15)
✦ π→μ in the transport solenoid.

★ A vertical magnetic field is introduced for charge and momentum 
selection. (Revisited later)

✦ CyDet combining with the muon stopping targets,

★ CDC: Cylindrical drift chamber (measures momentum)

★ CTH: CyDet trigger hodoscope (measures time and triggers)

Beam profile & beam-related BGs
✦ Measured by the Phase-II detector.
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Phase-II
Sensitivity O(10-17)
✦ Additional transport solenoid.

✦ Electron spectrometer suppresses 
  low momentum electrons and beam BGs.

✦ StrECAL combining

★ Straw tracker (measures momentum)

★ ECAL: Electromagnetic calorimeter (measures energy)

❖ Also as the trigger detector.
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* StrECAL works in Phase-I for
   the beam & BG measurement, too.
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Experimental Facility
COMET Hall
✦ Completed in 2015

✦ The 90° transport solenoid was installed.

10

Mar. 2015

COMET 
Hall

Main Ring
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Apr. 2015
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Figure 4.1: The COMET bunch structure in the RCS and MR where four buckets are filled producing
100 ns proton bunches separated by at least 1.17 µs.

place unachievable demands on the extinction system. Innovative methods have been proposed
to remove the stray protons at the stage of injection between the RCS and MR and these will
be studied extensively as part of the accelerator development programme for COMET. The
RCS will accept 400 MeV protons from the LINAC and accelerate them to 3 GeV. Four sets of
acceleration are performed in the RCS with two bunches (harmonic number two) for each MR
acceleration cycle.

4.3. Main Ring Operation

Beam injection from the RCS into the MR using kicker magnets is a critical aspect for COMET
and, due to the inter-bunch extinction requirements, will proceed di�erently from standard
operations. Two injection methods are presently being pursued: “Double Injection Kicking”
and “Single Bunch Kicking”. In Double Injection Kicking, the standard kick administered
when the beam reaches the end of the transfer line is augmented by a second kick (delayed
by half a phase) after the two bunches have made one turn in the MR. A preliminary test of
this was performed in 2010 and was found to improve the inter-bunch extinction significantly.
The Single Bunch Kicking is a simpler method and is realised by shifting the injection kicker
excitation timing by 600 ns such that particles remaining in empty buckets are not injected into
the MR (Figure 4.2). A preliminary test in 2012 also showed this to be e�ective at improving
the extinction significantly and the extinction level could be maintained through acceleration
and extraction if the RF acceleration voltage was raised above its nominal value.

4.4. Beam emittance and collimation

In normal operation the beam emittance is limited to be less than 54 fi mm mrad in the MR by
collimators in the injection line between the RCS and MR. The acceptance of the slow extraction
line between the MR and NP Hall is limited to 25 fi mm mrad which can be achieved for the
30 GeV beams under normal operation. However, adiabatic damping is reduced at the lower
COMET beam energy so an additional collimation system will need to be developed so that
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NEW OPTICS DESIGN OF INJECTION/FAST EXTRACTION/ABORT 

LINES OF J-PARC MAIN RING 

M. Tomizawa#,  A. Molodozhentsev, E. Nakamura, I. Sakai and M. Uota, KEK, Ibaraki, Japan 

 

Abstract 

The J-PARC Main Ring has three straight sections for 

injection, slow extraction and fast extraction. Injection 

line has been redesigned so as to give a higher reliability 

for the thin septa. The magnetic field can be reduced by 

adding an extra kicker. Alternative optics for the fast 

extraction with a larger acceptance has been proposed. In 

this design, the thin septa are replaced by kickers with a 

large aperture. Beam with an arbitrary energy can be 

aborted from opposite side from the fast extraction. An 

external abort line has been designed to deliver the beam 

aborted at an arbitrary energy to a dump just by using a 

static quadrupole doublet for the focus. 

INTRODUCTION 

The J-PARC accelerator complex comprises a 400 

MeV linac, a 3 GeV rapid cycle synchrotron (RCS) and a 

50 GeV main ring (MR). In the first stage of operations, 

the linac energy is 181 MeV, and the extraction energy 

for the MR is limited at 30 GeV both for the fast-

extraction and the slow extraction [1]. 

The MR with three fold symmetry has three 116.1 m 

long straight sections and three 406.4 m long arc sections. 

The MR has an imaginary �t lattice in order to avoid the 

beam loss during transition crossing[2].  The long straight 

section has zero dispersion. These long straight sections 

are assigned for injection, extraction, collimation  and RF 

(see Figure 1). We report a recent progress of beam optics 

design on the injection,  fast extraction and external abort 

line.   

 

INJECTION 

The injection device to the MR consists of the 2 

magnetic septa (SM1, SM2), kickers and three bump 

magnets (BMP1-3). The defocusing quadrupole magnet 

(QDT) is located between the septa and the kickers. The 

slow bump orbit to opposite side from the injection to 

keep an enough turn separation between the injection and 

circulating beam envelope at the SM2 clearing the QDT 
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                     Figure 1: Layout of the MR. 

 

 
 

 
 

Figure 2: Injection beam orbit. Upper is from ref. [3]. 

Lower shows new version designed for low field of 
the SM2.  

_________________  
#masahito.tomizawa@kek.jp 
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Proton Beam
J-PARC Proton Beam for COMET
✦ 3.2 (56) kW for Phase-I (Phase-II)

✦ Bunched slow extraction (SX) for the measurement 
with delayed timing window

✦ Accelerated up to 8 GeV

★ (1) To minimize antiproton production

★ (2) ‘Extinction’ < 10-9

✦ The extinction < 3×10-11 
★ @ The main ring FX abort dump.

11

Bunched beam operation for COMET

J-PARC MR

FX Abort  dump

To COMET
Beam line

Figure 4.7: Extinction levels measured at the MR abort line with single bucket filling with the number
of protons equivalent to that of 3.2 kW operation, as a function of the applied RF voltage during beam
circulation after acceleration.

for the COMET experiment. We will optimise the voltage for long-term operations in order to
keep the RF cavity temperatures stable to within the capabilities of the water cooling system.
Another study was performed to understand how protons leak from a bucket during the beam
circulation (flat-top) period. The extinction was measured at the abort line at di�erent timings
by adjusting the time at which the protons are kicked out from the MR. Figure 4.8 shows
the extinction measured when applying 160 kV RF voltage as a function of the time of kicking
between the beginning and end of the flat-top period. A time-dependence in proton leakage
can be seen. Further studies will continue in collaboration with the J-PARC accelerator group
to understand the mechanism behind this e�ect and to ensure delivery of the beam quality
necessary for the COMET experiment.

25

Extinction as a function of the RF Voltage
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COMET Beam Line
COMET Beam Line
✦ The beam line design optimization and construction is ongoing.

✦ 8 GeV SX commissioning will be performed in this year.

12

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

Main Ring

COMET Hall

  

Current BL Construction Status

Beamline

(Partial) Shielding
wall construction.

Boundary at
Switch Yard.

3 magnets were installed and
ceiling blocks were located.

From Y. Fukao

Beam line for COMET (red line)
The beam line being constructed
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Pilot test in June 2016 — FX —

H.Nishiguchi(KEK)                                                            Diamond                                      COMET CM20,KAIST,5-9.Sep.2016
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Beam shots are delivered at request to 
Abort Line by accelerator – with control
over primary proton intensity / bunch
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Prototypes built for test at Abort Line 
and Main Ring in Slow Extraction

PCVD1 PCVD2 PCVD3
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and Main Ring in Slow Extraction

PCVD1 PCVD2 PCVD3

PAC Review,  June 30 2016                Proton Beam Monitor, COMET Slide 8/14

Abort Line test results : Bunch structure of beam
Slow extracted beam bunch structure measured by PCVD1, PCVD2
at Abort Line

PCVD1
PCVD2

Scintillator S1

Primary
proton beam
intensity
4.2 x 1013

99. -97 + 3,363 C A3 2
.3+79 . A+= -9 03 7/.
/+.C 9 =/ 2/7 09 2/

/+6 9 9 ,/+7 3 +.3+ 39

dia-2(3.5x3.5mm2)

Proton Monitor
Proton Beam Monitor
✦ Measure the proton beam

            profile and extinction.

✦ Diamond semiconductors 

★ High radiation tolerance.

✦ Several prototypes have been developed.

✦ Tested at J-PARC MR abort line.

★ Direct proton beam measurement also succeeded!

13

Y. Fujii

Proton Signal

• 1st proton signal!
• Beam mode: K1/2 bunch, 6.3kW, 7.26e12 protons

• → ~O(10
8-10

) protons are expected
• → >> 10V signal (over range)

• Pulse height from the diamond is saturated even 
with a -20dB attenuator (as expected)

9

Bias T

HV

RF amp

Gain: 20dB 
Bandwidth: 0.1-4GHzShielding Box
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Diamond signal
A diamond prototype 
located on-beam

A diamond prototype located off-beam
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Prototypes built for test at Abort Line 
and Main Ring in Slow Extraction
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Abort Line test results : Bunch structure of beam
Slow extracted beam bunch structure measured by PCVD1, PCVD2
at Abort Line
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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

14

Target prototype

Geometry of proton monitor

Diamond prototype detector

Scintillator signal 
inside beam pipe

Abort lin
e @J-PARC MR

Scintillator signal
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Proton to Stopped Muon (1)
14

Proton Target and 
Support Structure Prototype Fr
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8.4. Muon Beam Collimator System

In order to remove positive charged particles and high momentum particles that might con-
tribute to backgrounds, particularly pions, while retaining as many muons as possible, a muon
beam collimator system will be adopted. The system is required to remove particles traveling
8.5 cm above or 10 cm below the beam height. This can be realized by installing two plates
made of stainless steel at the exit of the muon transport system, as displayed in Figure 8.5
(Left). 1

0XRQ�&ROOLPDWRU

Figure 8.5: Location (Left) and the dimension (Right) of the muon beam collimator.

Mechanical design of muon beam collimator Two plates are placed 8.5 cm above and 10 cm
below the beam height so as to form “ceiling” and “floor”. The collimator has dimensions as
displayed in Figure 8.5 (Right). Each plate can separate into two parts, root and head. The
root part and the head part have thickness of 10 mm and 6 mm, respectively, in the current
design. The total length of the collimator is 578 mm. By replacing the head part, it is possible
to change the length and thickness of the collimator. The ceiling plate and floor plate are
mechanically supported each other by connecting them with vertical bolts. The collimator is
attached to the edge flange of the transport solenoid magnet. A total weight of about 30 kg of
the collimator is acceptable for being supported by the magnet. A heat load due to interaction
of beam particles with the collimator material is estimated to be much smaller than 1 W. It
is small enough, in comparison to the acceptable additional heat load of 30 W of the cooling
system of the magnet.

1It is noted that the mass production data of simulations (MC3) that were used for instance in the CyDet
noise hate studies were produced based on the old design of the muon beam collimator. The old design consisted
of eight vertical plates of 10 mm thick stainless steel from position of 55¶ from the entrance end of the muon
transport to 85¶, along the curved muon transport solenoids. It has been confirmed that the new and old
designs have similar performance. The next mass production (MC4) will include the current collimator design
described here, and when the MC4 data are available, the relevant plots will be replaced.
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Proton Target
✦ Graphite (Tungsten) for Phase-I (II).

✦ SiC also under investigation.

Pion capture solenoid
✦ Pions are extracted to backward.

★ Better collection efficiency for low 
momentum pions.



“COMET Experiment” Kou Oishi, Kyushu Univ. / WIN2017 @ UC Irvine, CA, USA

   April, 2016

COMET&Phase,I

Technical&Design&Report&&
!

January,&2014July, 2016    Muon Transport solenoid
✦ Installation completed in 2015.

✦ Vertical magnetic field to compensate drifting of the center of 
helical trajectories.

★ Charge and momentum selection w/ optimized collimators

Al Muon Stopping Target
✦ 17 Flat disks 

★ 10 cm radius, 200 μm thickness, and 50 mm spacing.

✦ 4.7 × 10-4 stopping muons / proton for Phase-I 

★ Based on simulation study

Proton to Stopped Muon (2)
15

8.4. Muon Beam Collimator System

In order to remove positive charged particles and high momentum particles that might con-
tribute to backgrounds, particularly pions, while retaining as many muons as possible, a muon
beam collimator system will be adopted. The system is required to remove particles traveling
8.5 cm above or 10 cm below the beam height. This can be realized by installing two plates
made of stainless steel at the exit of the muon transport system, as displayed in Figure 8.5
(Left). 1
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Figure 8.5: Location (Left) and the dimension (Right) of the muon beam collimator.

Mechanical design of muon beam collimator Two plates are placed 8.5 cm above and 10 cm
below the beam height so as to form “ceiling” and “floor”. The collimator has dimensions as
displayed in Figure 8.5 (Right). Each plate can separate into two parts, root and head. The
root part and the head part have thickness of 10 mm and 6 mm, respectively, in the current
design. The total length of the collimator is 578 mm. By replacing the head part, it is possible
to change the length and thickness of the collimator. The ceiling plate and floor plate are
mechanically supported each other by connecting them with vertical bolts. The collimator is
attached to the edge flange of the transport solenoid magnet. A total weight of about 30 kg of
the collimator is acceptable for being supported by the magnet. A heat load due to interaction
of beam particles with the collimator material is estimated to be much smaller than 1 W. It
is small enough, in comparison to the acceptable additional heat load of 30 W of the cooling
system of the magnet.

1It is noted that the mass production data of simulations (MC3) that were used for instance in the CyDet
noise hate studies were produced based on the old design of the muon beam collimator. The old design consisted
of eight vertical plates of 10 mm thick stainless steel from position of 55¶ from the entrance end of the muon
transport to 85¶, along the curved muon transport solenoids. It has been confirmed that the new and old
designs have similar performance. The next mass production (MC4) will include the current collimator design
described here, and when the MC4 data are available, the relevant plots will be replaced.
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Figure 10.1: The zy distribution of a number of stopped muon (top), distribution of the number of
muons stopped projected on the x and y axis (middle) and radial distribution (bottom) are shown.
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Distribution of muon 
stopping points on 

the target

The Muon Beam at J-PARC

1 In the capture solenoid the pions
from the production target will be
captured by 5 T magnetic field.

2 After being captured, the momentum
direction has a broad dsitribution. To
make the beam more parallel to the
beam axis, the magnetic field is
decreased adiabatically.

z

pl

pt

1 In the C-shape muon beam line, the
curved solenoid will make charged
particles drift along verticle direction

1 The drift distance is proportional to
the momentum amplitude.

2 The drift direction is decided by the
charged of the particle.

2 With the help of a dipole field and
collimator, we can select the beam by
charge and momentum.

1 Muon with momentum smaller than
75MeV/c is preferable.

Chen Wu (NJU, IHEP, Osaka) COMET Experiment TAU2016 11 / 23

Trajectories in the transport solenoid
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CDC (1)
Cylindrical Drift Chamber
✦ Measure signal electron momenta effectively, avoiding 

beam particles.

✦ 5000 (Au plated W) sense wires in 20 layers

★ Thanks to a stereo wire configuration, 3-
dimensional position measurement is 
possible.

✦ Chamber radius: 496 mm to 840 mm

★ Suppress hits by DIO electrons < 60 MeV/c 

✦ He(90): isobutane(10) or He(50):ethane(50)
★ Both showed good performance in a beam test using a 

prototype.

Net performance based on simulation
✦ Optimized track finding and fitting for 105 MeV/c.

✦ Estimated a momentum resolution of 195 keV/c.

17

13.5.3 Momentum resolution at birth

The momentum resolution for the µ≠e conversion signal will be a�ected by the energy loss
and energy straggling in both the muon stopping target and the CDC inner wall. The tail at
the lower momentum side is caused mostly by energy loss in the muon stopping target. The
tail at the higher momentum side, which becomes more important for background suppression,
is caused by energy straggling in the muon stopping target and the CDC inner wall. The
momentum distribution of the µ≠e conversion signal is given in Figure 13.78. To eliminate
intrinsic backgrounds from regular muon decays, the momentum resolution (in particular on
the higher momentum side) is extremely important. As shown in Fig 13.78, the sigma of the
core Gaussian, and that of the tail Gaussian at the high momentum side are 195 keV/c and
226 keV/c, respectively.
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Entries  28906
Mean  -0.04395
RMS  0.4648
Underflow      46
Overflow       0
Integral  2.886e+04

 / ndf 2χ  118.4 / 26
Prob  9.525e-14
Norm  40.6±  2013 
Mean  0.00186± 0.03438 
SigH  0.0024± 0.1945 
SigL  0.0043± 0.2255 
TFH  0.0276± 0.3919 
TSigH  0.0063± 0.3647 
TSigL  0.0198± 0.6417 

Total Momentum Resolution

Core ‡ of high-momentum half-Gaussian (SigH) 195 keV/c
‡ of low-momentum half-Gaussian (SigL) 226 keV/c

Fraction in tail distribution (TFH) 39%
Tail ‡ of high-momentum half-Gaussian (TSigH) 365 keV/c

‡ of low-momentum half-Gaussian (TSigL) 642 keV/c

Figure 13.78: The distribution of the fitted momentum minus 105.0 MeV (for the µ≠e conversion
signal) for a 0.5 mm thick CFRP inner wall.

13.6. CyDet Momentum Calibration

The CDC momentum calibration procedure is under consideration. There are several options to
make this calibration. One of them is to use the fi≠+p æ n+“ reaction, followed by “ æ e++e≠.
The maximum energy of photon is 129 MeV. Another possible process is the fi≠ + p æ n + fi0

reaction, followed by fi0 æ “ + “ with photon conversion. The maximum energy of these
photons is 83 MeV. For both these processes, a photon converter may be necessary. It is noted
that a photon converter placed in front of the CDC is also being considered for a measurement
of the photon rate arising from radiative muon nuclear capture (RMC) in aluminium (see
Section 22.3.).
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CDC (2)
Readout front-end electronics for CDC
✦ RECBE

✦ Mass production and test finished.

CDC Construction Completed in 2016
✦ Preparation of performance test using cosmic ray 

is ongoing.

18

• The LEMO connectors for the test are removed.

• A socket for aurora interface is removed.

• KEK-ASD ASIC chip is replaced to new one which is developed by an external vender.

• The PCB is modestly re-worked for the new ASD ASIC chips.

The readout electronic will be located on the CDC downstream endplate and the HV cables
will be connected on the upstream endplate. The production of all the readout boards (128
boards with spares) has already finished by the IHEP group in China in 2015. A performance
test for these new boards is ongoing. The detail is described in latter sections. Specification of
the CDC readout board is summarized in Table 13.4.

Slit�

Slit�

ASDs�

ADCs�

SFP+slot�

LVDS�JTAG�

Power�

analog+input+from+CDC+48ch�

DAQ/IF+
SiTCP�

Trigger/IF�

FPGA�

Figure 13.21: The COMET CDC front-end readout board

Size 200 ◊ 170 mm2

Thickness 1.838mm (16layers)
Power supply +5.5V, +3.8V, +2.0V, +1.5V
Power consumption 12.5W

Table 13.4: The specification of the COMET CDC readout board.

FPGA Firmware Figure 13.22 shows a block diagram of the COMET CDC readout module
implemented in the FPGA. The fast control block receives the reference clock, trigger (trigger
number) from FCT board, and sends a busy signal to stop receiving triggers if the bu�er is full.
The CDC block arranges data of drift time and dE/dx from digitized values by the TDC and
ADC. SiTCP is used to transmit the event data to the DAQ system via Gigabit Ethernet fiber
link. TCP/IP provides end-to-end reliable connectivity. The Reg block, which is responsible
for configuration and status, can be accessed through UDP communication. The SYS MON
block is used for status monitoring of the board, such as temperature and voltage monitor.

148

Figure 13.19: CDC wires seen from the inside of CDC.

thickness of the inner CFRP is only 0.5 mm, and the drawing as shown in Figure 13.20. There
are 13 pieces of 50 µm thickness aluminum film pasted without glue on the outer side of the
CFRP pipe (that is inner side of the chamber) for grounding the innermost layer. The assembled
inner wall (CFRP pipe + support rings) will be shipped to KEK in April, and the wall will be
installed into the CDC at the clean room in Fuji building B4. The joint parts will be sealed
with silicon rubber to assure the gas tightness.
After the inner wall is installed, we check the gas tightness with herium gas in spring 2016.
The Belle-II CDC group achieved ≥ 50 cc/min of the leak rate. Because we have less holes and
joints area, we expect the leak rarte less than ≥ 20 cc/min, which corresponds to the 1% of the
circulation flow rate in our gas system.

13.2.5 Readout Electronics

Overview The readout electronics board for Belle-II CDC (called RECBE) has been chosen
as the front-end readout electronics for the COMET CDC with appropriate modifications.
It has tested adequately in terms of radiation hardness at the radiation level of the Belle-II
experiment. Figure 13.21 shows a photograph of the COMET CDC readout board. Each
board has 48 input channels, 6 ASD (Amplifier Shaper Discriminator) ASIC chips, 6 ADCs
and a FPGA of Virtex-5 XC5VLX155T. The ASD ASIC chips made by KEK (KEK-ASD)
are obsoleted, but the new ASD ASIC chip with same performance is developed by an external
vender which took over the development. The acquired data is sent to DAQ PC via a SFP slot
with the SiTCP technology through an optical fiber cable. The board has two RJ45 connectors,
one is for JTAG line to download the firmware into the FPGA, the other is for transmitting
clock, trigger and busy signals to the FCT board described in Section 16.1.. Modifications
made for COMET use are,
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RECBE CDC readout front-end

Inside of CDC
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CTH
CyDet Trigger Hodoscope
✦ 2×48 segments installed at each end

★ (inner) Acrylic Cherenkov radiator for 
particle identification

★ (outer) Plastic scintillator for timing & 
position measurement 

★ Readout by a fine-mesh type PMT + front-end 
electronics.

❖ Functional under 1 T magnetic field.

★ Good performance shown in a beam test.

❖ S/N > 50 and time resolution < 1 nsec.

✦ For reasonable trigger rate,

★ Require 4-fold coincidence (2 for each)

★ Inner lead shield to block gamma rays from 
inside.
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Front-end electronics

Radiator + scintillator prototypes

トリガー検出器
CDC

4-coincidence required
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Straw Tracker
Thin-wall straw tube
✦ 9.75 mmΦ straw with 20 μm thickness

★ Mass production of Phase-I straws completed.

★ 5 mmΦ w/ 12 μm in Phase-II 

✦ Ar(50):Ethane(50) and Ar(70):CO2(30)

Full scale prototype w/ vacuum chamber
✦ Both showed position resolutions < 200 um in 

a beam test.

★ Momentum resolution < 200 keV is achievable.

✦ Succeeded operation in vacuum of < 0.1 Pa.

★ < 100 Pa required for the desired resolution.
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Figure 11.33: Full-scale prototype; (Left) Partially completed without vacuum wall, (Right) Whole
view of the completed full-scale prototype

2016, with the various momentum electron beam. The setup for the beam test is schemati-
cally shown in Figure 11.34 (Left), and its photo is also shown in Figure 11.34 (Right). Here

Figure 11.34: Test-beam setup; (Left) Schematic view of the setup, (Right) Photo of set up viewing
from the upstream.

“BDC” means the “beam-difining counter” which consists of bidirectional 1-mm-thick scinti-
fibre counters, and “FC” means the “finger counter” which consists of finger-size 1-mm-thick
thin plastic schintillator counters. Trigger signal is made by the coincidence between two FCs
and “TC” (Timing Counter) which consists of high light yield plastic scintillator with the fast
fine-mesh PMT to provide the precise timing measurement. The electron beam momenta is
varied between 50-300 MeV/c.
Figure 11.35 shows the measured detection e�ciency for the gas mixture of Ar/C2H6(50/50) as
a function of applied HV. Straw single e�ciency is measured by counting the number of proper
hits in layer-2 and counting the number of tracks in layer-2 which is reconstructed by the hits
in layer-1 and layer-3. As shown in Figure 11.35 (Left), high enough HV, higher than 1800
V, guarantees the full e�ciency. However, due to the small but finite gap between each straw
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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 gas
mixture of Ar/C2H6(50/50) and HV of 2000 V. Figure 11.37 (Right) shows the result from
the simulation by GARFIELD++. In the Section 11.2.3, two contributions are investigated, ie.
a fluctuation of the primary ionisation position and a di�usion e�ect of drift electron. Now
further detailed estimation is possible to take into account the other uncertainties such as tim-
ing resolution due to noise, tracking resolution, and the multipe scattering e�ect. Figure 11.37
(Left) shows the expected spatial resolution simulated by GARFIELD++, where the green (open
circle) plot shows the ideal spatial resolution which is simulated in Figure 11.18. As shown in
both plots of Figure 11.37, the behavior of incident-position dependence is almost reproduced
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

same plots as Figure 11.37 but the tracker condition is di�erent; gas mixture of Ar/CO2(70/30)
and HV of 1900 V. In both gas mixtures, good enough spatial resolution, better than 200 µm,
over all the straw region is obtained.

As described at the beginning of this section, inside the full-scale prototype can be evacuated
via vacuum ports whilst operating the straws as a stand-alone detector. Figure 11.39 (Left)
shows the straws viewing from outside the vacuum window. This photo was taken during
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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 gas
mixture of Ar/C2H6(50/50) and HV of 2000 V. Figure 11.37 (Right) shows the result from
the simulation by GARFIELD++. In the Section 11.2.3, two contributions are investigated, ie.
a fluctuation of the primary ionisation position and a di�usion e�ect of drift electron. Now
further detailed estimation is possible to take into account the other uncertainties such as tim-
ing resolution due to noise, tracking resolution, and the multipe scattering e�ect. Figure 11.37
(Left) shows the expected spatial resolution simulated by GARFIELD++, where the green (open
circle) plot shows the ideal spatial resolution which is simulated in Figure 11.18. As shown in
both plots of Figure 11.37, the behavior of incident-position dependence is almost reproduced
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

same plots as Figure 11.37 but the tracker condition is di�erent; gas mixture of Ar/CO2(70/30)
and HV of 1900 V. In both gas mixtures, good enough spatial resolution, better than 200 µm,
over all the straw region is obtained.

As described at the beginning of this section, inside the full-scale prototype can be evacuated
via vacuum ports whilst operating the straws as a stand-alone detector. Figure 11.39 (Left)
shows the straws viewing from outside the vacuum window. This photo was taken during
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Figure 11.33: Full-scale prototype; (Left) Partially completed without vacuum wall, (Right) Whole
view of the completed full-scale prototype

2016, with the various momentum electron beam. The setup for the beam test is schemati-
cally shown in Figure 11.34 (Left), and its photo is also shown in Figure 11.34 (Right). Here

Figure 11.34: Test-beam setup; (Left) Schematic view of the setup, (Right) Photo of set up viewing
from the upstream.

“BDC” means the “beam-difining counter” which consists of bidirectional 1-mm-thick scinti-
fibre counters, and “FC” means the “finger counter” which consists of finger-size 1-mm-thick
thin plastic schintillator counters. Trigger signal is made by the coincidence between two FCs
and “TC” (Timing Counter) which consists of high light yield plastic scintillator with the fast
fine-mesh PMT to provide the precise timing measurement. The electron beam momenta is
varied between 50-300 MeV/c.
Figure 11.35 shows the measured detection e�ciency for the gas mixture of Ar/C2H6(50/50) as
a function of applied HV. Straw single e�ciency is measured by counting the number of proper
hits in layer-2 and counting the number of tracks in layer-2 which is reconstructed by the hits
in layer-1 and layer-3. As shown in Figure 11.35 (Left), high enough HV, higher than 1800
V, guarantees the full e�ciency. However, due to the small but finite gap between each straw
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ECAL
Requirement
✦ Particle identification for the beam measurement.

✦ Energy resolution < 5% required to suppress trigger 
rate of DIO electrons.

LYSO Crystal Scintillators
✦ high density (7.1 g/cm3), high light yield (70% NaI), and 

fast time response (40 nsec)

✦ Dimension of 2 × 2 × 12 cm3.

✦ Readout by 10×10 mm2 APD
                    + front-end electronics

✦ ~2000 crystals (~ 1 mΦ sensitive area.)

Prototype w/ 8×8 crystals
✦ Good performance at 105 MeV/c

★ Energy resolution of 4.2%
★ Position resolution of 7.7 mm
★ Timing resolution of < 0.5 nsec

Kyushu Univ. leads the ECAL 
development.
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Particle ID w/ StrECAL
Particle Identification among e/μ/π
✦ Required to StrECAL for the beam measurement in Phase-I.

✦ A beam test was carried out to measure responses of each 
particle kind in the LYSO crystals.

✦ PID efficiencies > 90% for each of e-/μ-/π- were evaluated.

★ Imported the experimental data of the ECAL response into 
simulation.

★ ECAL response is effective for high momentum region.

★ Time-of-flight information is effective for low momentum region.
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StrECAL Electronics

Readout electronics
✦ Waveform-digitizing readout board

★ ROESTI (Straw Tracker) / EROS (ECAL)

★ Daisy-chained gigabit ethernet data transfer function.

❖ To reduce the number of readout cables.

Trigger electronics
✦ Pre-trigger / COTTRI 

★ Revisit these later.
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ROESTI

Y. Fujii @ CLFV2016
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Readout for StrawECAL
• New waveform digitizer boards being developed based on DRS4

• ROESTI: (Read Out Electronics for Straw Tube Instruments)
• EROS: (Ecal Read Out System)
• ROESTI/EROS are almost same except for the analog input

• <1ns σT obtained using ROESTI v3 by applying calibration
• “Real” daisy chain readout developed recently
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Daisy Chain
- Setup of Data Transfer Speed Test -

• One event data size is fixed to 37108 Byte.
(When all of channels send data, one event data size is 37108 Byte.)

• We changed the number of boards and trigger rate. And, we measured data 
transfers speed by DAQ PC.

COMET Collaboration Meeting CM19 8May 19th, 2016

ROESTI

DAQ
PC

ROESTI ROESTI EROS EROS

We measured data transfers 
speed by DAQ PC.

Trigger

Case of 5 boards

Only 1 optical cable in between 
chained ROESTI/EROS and PC!

σT < 1ns in common chip

Y. Fujii @ CLFV2016
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Trigger 

✦ A central board (FC7) administers trigger and readout.

★ Both the CyDet and StrECAL system can share it.

✦ FC7: general use FPGA board supporting gigabit data transfer (developed by CMS@CERN).

★ Clock distribution and fast control based on GBT (Gigabit transceiver) protocol.
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Figure 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 [85]
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.
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CyDet
StrECAL

Replaced

Figure 16.3: Left: The FC7 board. Each of the large connectors to the right of center takes a mezzanine
card with eight SFP connectors, and so eight GBT fibres per connector. Right: The GLIB board.
The cage at the lower right houses four SFP connectors for four GBT fibres. The connector at the
upper right can take a mezzanine card to allow another four SFP connectors to be used, giving four
more GBT links. The connector on the upper left will be used to input the accelerator signals.

GBT protocol and Fast control signals The GBT (a.k.a. GigaBit Transceiver) protocol is
an implementation of radiation-hard data transmission to ASIC chipset and HDL code, used
between detector and outside electronics system through optical link and developed by CERN.
The GBT protocol provides a fixed-latency, two-way data link, allowing timing signals and data
to be transferred with predictable delays. One GBT link sends 120-bit serial data at 4.8 GHz
speed, so e�ectively 40 MHz data frame rate, which enables the 40 MHz clock recovery from
the link. Out of 120 bit serial data lines, 84 bits are usable for custom data, and remaining
36 bits are reserved for the packet header and error correction information of GBT protocol.
For the outbound link from the FC7, the fast control system will use 14 of the 84 bits, with
the remainder allocated for trigger data, firmware loading, and other control or monitors. For
inbound link to FC7, 64 bits are allocated for trigger data transfer. The Table 16.1 shows
detailed GBT link implementation.
The set of fast control commands which will be sent on the GBT links in COMET are sum-
marized below. Not all signals are required in the consummer board of fast control signals,
however, the clock, busy and trigger decision signal are the most important in the readout
board.

- The “Trigger” signal is the actual trigger for the experiment. Rather than one single
bit signal, the readout system requires trigger number data to distinguish the triggered
event. The trigger number will be sent through dedicated 32 bit lines, of which the leading
two bits are set to one (to identify the trigger itself) and the remaining 30 bits give the
unsigned trigger number within the run, sent LSB first. This number therefore has a
range up to around 109, which at a 30 kHz sustained average trigger rate would allow
runs of up to 10 hours.

- “BeamTime” gives a pulse in time with the nominal beam arrival at the detector; this
requires input to the FC7 from the accelerator timing system.

- The “SignalWindow” is generated internally in the FC7. It is high for the duration of the
period between beam pulses when signal event triggers will be taken. This will be around
800 ns after the BeamTime and will last for around 800 ns; both the start and end will be
configurable.
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Table 16.1: 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 3
Fast control: TimingPulse1 3
(Spare) 2
Trigger event number 32
Generic write interface 16
FCT control command and data 20
Total Outbound 84

Inbound Status flag: FPGA fault 1
Status flag: Wrong board ID 1
Status flag: Busy 1
Status flag: Data line active 1
FCT control and status data 16
Trigger data 64
Total Inbound 84

Figure 16.4: 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.

212

FCT

Trigger (2)
FCT: Fast control and timing board
✦ Interface between FC7 and subdetector specific trigger / readout front-ends.

★ information from the trigger board to FC7 for trigger decision.

★ trigger signal from FC7 to the front-ends.

Detector-specific Trigger Front-ends.
✦ COTTRI: CyDet trigger front-end

★ Trigger decision from CDC and CTH signals.

❖ Applicable to StrECAL, too. 

✦ Pretrigger: StrECAL trigger front-end

★ Sum up energies and send it to FC7 for the trigger decision.
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FCT

each 40 MHz clock period will be sent to the FC7, which will then impose a trigger condition
on them for each clock period. The whole trigger must work with fixed latency and fit within
the required latency budget.
Large PCBs can have problems with component reliability and clearly make spares expensive.
Hence, almost all analogue components and the ADCs will be implemented on small daughter
boards, with the large PCB being mainly passive, although it will hold the signal processor
FPGA. The prototype pretrigger board is equipped with 20 mezzanine digitizer cards, with 8
channel, 10-bit, 40 MSPS ADC, which receive analog energy sum signals of 8 trigger cells (i.e.
32 crystals) and digitize them. Therefore, each pretrigger board can handle 20◊8 = 160 trigger
cells, which is su�cient for a quarter of ECAL (120 trigger cells). A conceptual design of the
final mezzanine PCBs is shown in Figure 16.8, where the prototype pretrigger board is shown
in Figure 16.9.

FPGA%

FCT$

Power&

Test&input&

Power&
connector&

To&DAQ&

26
0m

m
&

~3509400mm&

Figure 16.8: The conceptual design of ECAL pretrigger board. One pretrigger board contains 20
digitizer mezzanine modules, each of which digitizes 8 channels.

Figure 16.9: The prototype version of ECAL pretrigger board.
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Y. Fujii @ CLFV2016

Frontend Trigger System

• ECAL pretrigger being developed @ BINP
• Dedicated trigger front-end for ECAL
• 40MHz, 10bit ADC
• Cyclone IV (Altera) for processing ADC 

data
• Data transfer to FCT through FMC 

connector
• Succeed to observe the signal
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• COTTRI being developed @ KEK
• General purpose trigger front-end
• 100MHz 8bit ADC
• Artix-7 (Xilinx) for processing analog/digital 

signals
• Data transfer to DAQ PC and FCT/FC7
• ~150ns latency measured, demonstration in 

StrECAL beam test succeeded

COTTRI

Pretrigger
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Tracker

ECAL

Front Back
Tracker

Fiber Counter

Fiber counter

StrECAL

Combined StrECAL Beam Test (Mar. 
2017) at Tohoku Univ., Japan.
✦ Combined the final prototypes of the tracker 

and ECAL.

★ Data analysis is ongoing.

✦ Tested the front-end electronics and trigger 
system, too.
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DAQ Software

DAQ Software Based on The MIDAS Framework
✦ MIDAS has been used for the MEG, T2K ND280, etc.

✦ Include slow control operation & history function.

✦ Prototypes have been developed for the CyDet and StrECAL.

★ Demonstrated in lab. tests and beam tests.

28 3 

CDC Cosmic-Ray Test 

FC7, FCT, I/F 

MIDAS 

DAQ Trigger 

Slow Control 
Analysis 

CDC 

HV, Gas flow rate, Valve,  
Pressure, Temperature, Humidity 

Performance evaluation, 
Detector response,  
Calibration framework 

Good collaborative field 
among sub-groups !! 

History of Monitored 
Temperatures around the ECAL.

DAQ Prototypes for CyDet and StrECAL
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Offline Software

COMET Offline Software Framework ICEDUST
★ A derivation from the framework for the ND280 detector of the T2K experiment.

✦ Full physic&detector simulation, geometry&magnetic field handling

✦ Unified data structure for both simulated and experimental data.

✦ Calibration, reconstruction, and analyzer packages.

29Offline Software and The COMET Simulation 69
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Figure 4.2: Overview diagram for the ICEDUST framework. Data produced from simulation
or taken in the real experiment are treated identically through the calibration and
onwards up to analysis.

the package oaUnpack, which writes out new, converted files, and oaRawEvent, which
can convert the MIDAS files to oaEvent format on the fly.

Simulated data is also produced in the oaEvent format and involves some 4 to 6
packages being called, described in more depth in the next section.

Once either simulated data has been produced or real data has been converted,
calibration routines can then be applied. Each sub-detector’s routine is capable of pulling
previously-generated constants from an SQL database and applying these to the detected
(or simulated) energy deposits.

These calibrated hits are then passed into the reconstruction stage. Here each sub-
detector system is first allowed to handle the data, which is then passed to a global
reconstruction routine until a fully reconstructed event is produced. For the tracking
detectors this stage typically involves an initial track finding stage, where noise hits are
removed and track candidates consisting of a list of hits are collected and, secondly, a
track fitting stage where the actual path of the underlying particle is reconstructed and
key values like momentum and helical pitch-angle deduced.
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(a) Phase-I (b) Phase-II

Figure 4.6: Two of the possible simulation ‘worlds’ that can be selected at run-time: (a)
Phase-I with the CyDet detector installed, and (b) Phase-II. Mutiple Phase-I
worlds exist, one for each potential running configuration.

Once SimG4 has created the geometry, it writes it out to a ROOT-based format
alongside the data, using ROOT’s TGeo classes [64]. This is then used by the other
packages, such as calibration and analysis. The event display also uses this to show the
various hits and tracks overlaid on the geometry.

4.3.2 Field Calculation

An essential aspect of the COMET experiment is the static magnetic field that is used
along the beam line to capture, focus, or disperse charged particles. Modelling this
field accurately is important to ensure any outcomes of the simulation are reliable. In
particular, local reductions in the field strength risk mirroring particles backwards or
even trapping particles for extended periods. This could be especially dangerous for
COMET since, in the process, the timing information of the particle is lost, reducing the
effectiveness of the timing cut to suppress backgrounds.

Magnetic field calculations can become quite computationally expensive. As a result,
approximations and assumptions are often made to simplify the process, such as the
assumption of symmetry about an axis or plane to reduce the effective number of
dimensions to the problem. As well as modelling the current in the coils, material effects
should also be accounted for, particularly in the yoke and surrounding material of the
beamline. Often these material effects are linear, but in regions of high magnetic field this

Full Geometry of Phase-I in 
the Simulation software 

(SimG4)
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Phase-I Sensitivity
Single Event Sensitivity (SES)
✦ Estimated 3×10-15 for 150 days operation.

★ Nμ = 1.5×1016 : the number of muons stopped in the target 

★ fcap = 0.61 : The fraction of captured muons to total muons on target

★ fgnd = 0.9 : the fraction of μ-e conversion to the ground state in the final state

★ Aμ-e = 0.041 : the net acceptance for the μ-e conversion signal (see below)

31

20.1.5 Net Signal Acceptance

Thus the net acceptance for the µ≠e conversion signal of A
µ-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 < P

e

<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
N

µ

· fcap · fgnd · A
µ-e

, (20.5)

where N
µ

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]. A

µ-e = 0.041 is the net signal acceptance.
To achieve SES=3 ◊ 10≠15, N

µ

= 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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< 7 ◊ 10≠15 (as 90 % C.L. upper limit). (20.4)

The SES is given by

B(µ≠ + Al æ e≠ + Al) = 1
N

µ

· fcap · fgnd · A
µ-e

, (20.5)

where N
µ

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]. A

µ-e = 0.041 is the net signal acceptance.
To achieve SES=3 ◊ 10≠15, N

µ

= 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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e
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Total 0.041
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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
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Phase-I Backgrounds
Four categories of the backgrounds
✦ “Prompt beam” and “delayed beam” ones will be directly evaluated in the beam 

measurement of Phase-I.
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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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NOTE) Supposed the extinction = 3×10-11
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Phase-II Sensitivity
SES 1.9 ×10−17 

★ 2/3 year running

★ for comparison with Mu2e.

✦ Nμ = 1.5×1018

★ 2.1×10-3 stopping muon/proton

❖ 4.7×10-4 (Phase-I)

✦ Aμ-e = 0.057
★ Improved with a lot of 

optimization on the acceptance.

❖ 0.041 (Phase-I)

✦ Background is 0.34.

✦ The study is still ongoing.
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Overall Acceptance 2009 CDR [45] This Study

Geometric acceptance 0.20 0.22

Solid angle with mirroring (0.73)

Beam blocker acceptance (0.57)

Spectrometer acceptance (0.47)

Timing window efficiency 0.39 0.53

Momentum cut efficiency 0.72 0.70

TDAQ acceptance and efficiency 0.90 N/A
Reconstruction aspects 0.78 N/A

Recon. efficiency (0.88)

Track quality cut efficiency (0.89)

Additional analysis cuts 0.81 N/A
Transverse momentum cut efficiency (0.83)

E/p cut efficiency (0.99)

Pitch angle cut efficiency (0.99)

Total acceptance at ‘truth level’ 0.056 0.091
Total (with CDR recon. and TDAQ efficiencies) 0.039 0.057

Table 6.1: Numbers that go into estimating the total signal acceptance from this study
compared to the previous evaluation in the 2009 CDR. Since this study has not
estimated reconstruction issues, we include the previous values in the final estimate
on the expectation that with the improvements in reconstruction techniques and
with the benefit of Phase-I final reconstruction efficiency will be improved compared
to the 2009 CDR values.

6.2.4 Total Signal Acceptance

Table 6.1 gives a summary of the signal acceptance parameters as estimated here and,
for comparison, the values from the previous study for the CDR [45]. For the CDR the
geometric acceptance had to be factorised into each section of the beamline to reduce
the processing power required. The present study, being able to perform this in a single
step, should be more reliable for the total geometric acceptance, yet agrees well with the
previous estimate.

For reconstruction and Trigger and DAQ efficiencies, we expect the CDR value to
be a reliable lower limit and so we re-use these here as a conservative baseline. This is
another aspect of this study that can be improved in the future, and indeed thanks to the
Phase-I run will not only be finalised within the next year or so but will be tested and
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Single event
sensitivity

Total POT
(×1019)

Beam time
trun (s)

SES in one year of
continuous beam

COMET Phase-II
(this study)

2.6× 10−17 68.3 1.57× 107 1.29× 10−17

COMET Phase-II
(CDR 2009 [45])

2.6× 10−17 85 2.00× 107 1.65× 10−17

Mu2e [42] 2.4× 10−17 36 6.00× 107 4.57× 10−17

COMET Phase-I [44] 3.0× 10−15 3.2 1.26× 107 1.19× 10−15

Table 6.3: Comparison between the run time and single-event sensitivity from this study and
from the 2009 CDR, the Phase-I TDR, and the Mu2e experiment’s TDR. The SES
in one year of continuous beam is the single-event-sensitivity that can be achieved
in 3.15× 10

7 seconds of running, assuming no beam shutdown periods.

6.3.1 Fraction of Conversion Events That Excite the Nucleus

In the COMET Phase-I TDR [44], an additional factor, fgnd, is included in the denomi-
nator of (6.1). This factor, given with a value of 0.9, covers the fraction of conversion
events that do not excite the nucleus in some way (i.e. leave it in its ground state),
which will be roughly the same as the fraction of events that can be called ‘coherent’.
Whatever the outcome of COMET, whether a signal is observed or not, adapting the
final measurement to theoretical predictions will have to include this factor.

However, this factor is not constant and depends on the exact model producing the
conversion. It is typically larger than 90%, but can be as low as 57% [76]. Given this
model dependence, it has been decided not to include this factor in the above estimate.
It must be emphasized, then, that the sensitivity expressed here is the single-event
sensitivity for conversion that leaves the nucleus unexcited. Theorists and model builders
must predict the probability of coherent conversion (and the incoherent probability, if it
leaves the nucleus unchanged) that a given New Physics model would produce, and then
scale the experiment’s final rate or limit accordingly.

It is interesting to note that models with larger coherent branching ratios favour
long-range forces and, therefore, massless propagators. Moreover, if the nucleus is excited,
the energy of the electron will be lower than for coherent µ-e conversion. If nuclear
resonances exist one might see a spike or kink in the electron spectrum at lower energies.
To understand such features, in addition to the excellent experimental momentum
resolution, the theoretical uncertainty on the DIO and Radiative Muon Capture (RMC)
spectra is, again, especially important.

old estimation

Preliminary
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Summary & Schedule
COMET experiment will search for μ-e conversion in two phases 
at J-PARC.
✦ Aims at sensitivity of <10−14 and <10−16 for Phase-I and Phase-II, respectively.

✦ Perform a direct measurement of the beam profile and backgrounds in Phase-I.

✦ The facility is under construction.

✦ R&D of the detectors, CyDet & StrECAL, is progressing.

✦ Single event sensitivity:  3×10-15 (Phase-I) and 1.9×10-17 (Phase-II).

35

2017 2018 2019 2020 2021~
Beam line
Solenoids
Detector R&D, Construction

Beam Conditioning
Data taking

Detector Upgrade
Beam Line

Phase-II

Phase-I Sensitivity of 10−15


