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µ-e conversion & COMET
‣ Muon-to-electron conversion:  
‣ Neutrinoless coherent transition in nuclear field 
‣ Violates the Lepton Flavor conservation 
‣ Search for NEW physics beyond the Standard Model 

‣ The COMET experiment:  
‣ Explores the µ-e conversion at J-PARC with single event sensitivity of  
‣ Phase-I:   3×10-15  (×100 improvement) 

‣ Phase-II:  3×10-17  (×10,000 improvement) 
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COMET talk by Y.Fujii 
17:30, 12/July, room-D

6. Muon Beam

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

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

6.1 Pion Production

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

6.1.1 Comparison of di�erent hadron production codes

In order to study the pion and muon production yields, di↵erent hadron production simulations were
compared. The comparison of the backward yields of ⇡

� and µ
� three metres away from the proton

target for di↵erent hadron production codes is given in Table 3. It is found that there are a factor of 2.5
di↵erence between di↵erent hadron production programs. Among them, the QGSP BERT and FTFP BERT

hadron production models have the lowest yield. Therefore, to make a conservative estimation, the
QGSP BERT hadron production model is used to estimate and optimize the muon beam.

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

6.1.2 Adiabatic transition from high to low magnetic fields

The pions captured at the pion capture system have a broad directional distribution. In order to
increase the acceptance of the muon beamline it is desiarable to make them more parallel to the beam
axis by changing the magnetic field adiabatically. From the Liouville theorem, the volume in the phase
space occupied by the beam particles does not change. Under a solenoidal magnetic field, the product
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Figure 1.1: Schematic layout of COMET Phase-I.
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Signal & background
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If µ-e conversion happens,

single mono-energetic electron

Fate of muonic atom

(39% in Al)

(61% in Al)

Eμe = mμ − Bμ − Erec = 105 MeV for Al

SINDRUM-II,   EPJ C47, 337 (2006)
Br(µ- Au → e- Au) < 7 x 10-13

Current upper limit

μ− + (A, Z) → e− + (A, Z)

momentum [MeV/c]
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DIO

Signal

COMET Phase-I Simulation

To distinguish the signal from the background,  

‣ Required momentum resolution is  200 keV/c (0.2%)  for 105 MeV/c.

μ− + (A, Z ) → e− + (A, Z )

µ-e conversion

DIO Background

Electron momentum [MeV/c]



COMET CDC
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R=41.36cm: 1mm-t CFRP (L=90cm)
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Experiment Gas Mix Charge ∆G/G Aging
CDF Ar:Eth:Alc 130 <1 ∼ 20
(Run 2) 50:50:1
ZEUS Ar:Eth:CO2 100 <

∼
0.1

83:5:12
H1 Ar:Eth:H2O < 10 >

∼
1

50:50:0.1
HERA-B Ar:CF4:CO2 2300 ∼ none
(test) 65:30:5
BaBar He:i-C4H10:H2O 12.7 0.5

80:20:0.4

年 月 日月曜日

Figure 77: Summary of ageing studies for other experiments.
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Figure 78: Spectrum fraction of the decay-in-orbit (DIO) electrons with trigger counter hits.

Figure 79: 3D CyDet Event display for beam pulse, where tracks are drawn in solid lines and the hits projected
to the endplates are shown in dots.

of one within the measurement window. The photons and neutrons from nuclear muon capture do not
produce any high momentum tracks that will reach the CyDet. A typical event displays of the CyDet
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Typical tracks in an event

15年12月4日金曜日

Dedicated system to µ-e conversion search 
• Cylindrical Drift Chamber (CDC) 

- Curled-trajectory tracking in 1 T  
+ 
• Trigger Hodoscopes 

- Scintillator + Acrylic Cherenkov  at inner side

COMET Phase-I Detector System

17 discs 
50-mm spacing  
100-mm radius 
0.2-mm thickness

Mockup Al target discs



Design of CDC
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Maximum drift time of Ethane (400ns) 

Maximum drift time of Isobutane (700ns) 

1.1μs
Time window

signal signal

Main proton pulse 
Prompt beam 
Muon lifetime 

Event timing 

Figure 7.28: Relation between beam prompt, event timing in the time window of measurement, drift
time of hits in a time period of two beam cycles.

Hit rate contribution from room and beam Neutrons Room neutrons are thermal in en-
ergy, and beam neutrons are fast in energy. Capturing thermal neutrons produces low energy
photons, which pair-produce an electron and a positron. This capture happens at the endplates,
the inner wall, and the outer wall. They are simulated with both PHITS and GEANT. According
to the design with Para�n shields installed along beam line, hit rate induced by room and
beam neutrons can be very small.

Event Display 

2015/9/10 6 

Blue: electron 
Red: positron 
Magenta: muon 
Yellow: photon

Trigger Hodoscope 

From 0.5% pulse
Real case will be 200  
more noisy than this. 

CDC 

Figure 7.29: Simulated event displays for beam flash, where yellow lines are photons which might
create pairs of electrons and positrons.
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Design of CDC
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②  Low-mass chamber

• He : iC4H10 (90:10) gas mixture    X0 = 1310 m 

• Aluminum field wires with 126-µm diameter (unplated) 

• Thin CFRP inner wall with 0.5 mm

to suppress multiple scattering for good momentum resolution

③  Alternating all stereo layer:   64̶75 mrad

for good resolution in longitudinal direction

X [mm]
320 340 360 380 400 420 440 460 480 500

Y 
[m

m
]

320

340

360

380

400

420

440

460

480

500

Z=0

×  sense wire 
●   field wire

Stereo angle:
+-

resolutions, and suppresses photon interactions owing to its small cross section to photons.

Figure 7.7: Typical drift lines for the CDC cell under a 1 Tesla magnetic field from a Garfield simu-
lation. The gas mixture of He:i-C4H10 (90:10) is assumed.

7.1.1.4 Mechanical design

There are three main mechanical parts composing the CDC: the endplates, the inner wall and
the outer wall. Two designs of the endplates had been considered in the past: a flat plate design
and a tapered plate design. In the end, a tapered plate design is chosen to adequately support
a 1.4 ton wire tension load. The outer wall of the CDC is made of CFRP with a thickness of
5 mm, and the inner wall of the CDC is made of 0.5 mm CFRP. It is noted that it was planned
originally to place a proton absorber in front of the CDC inner wall to minimizes the number
of protons entering the detector from muon capture in the stopping target. However, the latest
study of the proton emission rate (discussed in Section 13.2.4) indicates su�ciently low proton
yield, requiring no proton absorber in front of the CDC.
The mechanical strength has been calculated using the SolidWorks (Premium 2013 x64 Edition)
CAD program incorporating a Finite Element Analysis function. The wire load Fwire and the
taper angle of the endplate ◊EP were varied in the ranges of 7800 ≥ 12700 N/m2 and 0 ≥ 20¶ to
evaluate the stress and deformation of the endplates and the outer wall of the CDC. It is noted
that no CDC inner wall was installed in the setup of this study strength since it is too thin to
hold the wire load. Figure 7.8 and 7.9 show the results of stress and deformation calculations
respectively, calculated for Fwire=9800 N/m2 and ◊EP = 10¶. Figure 7.10 summarizes the
deformation of the CDC as a function of the endplate taper angle for two di�erent wire tension
load cases. The total wire tension load is calculated to be Fwire=12700 N/m2 based on the
paramters described in Table 7.1. The maximum deformation of the endplate is estimated to
be 1.1 mm for Fwire=12700 N/m2 and ◊EP = 10¶. This meets our requirements. The final
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Cell structure & electron drift lines

20 layers in total



Construction of CDC
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COMET Phase-I CDC 検出器

COMET Phase-I レイアウト
陽子ビーム

ミューオンビーム

CDC検出器
パイオン生成・捕獲部

ミューオン静止標的 
(アルミニウム)

電子

µ� +Al ! e� +Al

ミューオン-電子転換過程の探索

COMET Phase-I CDC検出器 ポスター製作：大阪大学・高エネルギー加速器研究機構IPNS

- ニュートリノを伴わない転換過程 
  → 標準模型を超える新しい物理を示唆！？ 
- 非常に稀な過程なので大量のミューオンが必要 
 → J-PARCの大強度陽子ビームを利用 
- 約105 MeVの単一運動量の電子 を探索 
　 → CDC 検出器で高運動量分解能を実現

CDC (Cylindrical Drift Chamber) 検出器

CDC検出器の建設 (2014年～2016年)

- 円筒状のドリフトチェンバー検出器 (直径:1.7 m、長さ:1.5 m) 
　 → 約２万本のワイヤーを張り、高電圧(約2 kV)を印加 
- チェンバー内部には、ヘリウムベースのガスを封入 
　 → 電子などの荷電粒子がヘリウムと衝突しイオン化 
　 → 生じた電子が高電圧のワイヤーに引き寄せられる(ドリフト) 
　 → 増幅された信号を読み出して、電子の軌跡(通り道)を記録 
- 1T(テスラ)の超伝導電磁石中で、電子が回転運動する 
　 → 回転半径から運動量を測定し、ミューオン-電子転換を探索

エンドプレートの製造 CDC試作IV号機 (実機の1/60)
・片側約2万個の穴を0.05mmの精度で加工 
・製作に約半年、洗浄・穴の面取り加工等を経て 
　外筒CFRPと結合

KEK富士実験棟B4クリーンルームへ搬入
・エンドプレート+外筒の状態で輸送 
・Belle-II CDC用の架台をCOMET CDC用に改造して使用 
・CDC検出器を回転させながら、ワイヤーを張る

・長さ60 cm、15°/360°のトリミングサイズ 
・サイズ以外は実機と同仕様 
・最終性能試験に使用

・直径25ミクロンのタングステンワイヤー(高電圧)が4986本 
・直径125ミクロンのアルミニウムワイヤーが14562本 
・全数の導通試験・張力測定も完了

約2万本のワイヤー張り完了 CDC検出器の完成・動作試験内筒CFRPの挿入
・厚さ0.5 mmの内筒CFRPをクレーンで挿入 
・内側のアルミニウムフィルムで電場の成形 
・隙間はシリコンゴムを使って密閉

研究開発

・ガス漏れ試験が完了 
・宇宙線を用いた動作試験・性能評価試験が進行中 
・最終的に東海村へ輸送、COMET Phase-I 開始！
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Drilling holes on endplates 
with precision of 50 µm

Outer structure was transported to a KEK 
assembly hall, and set on a wire stringing cradle.

Wire stringing and tension measurement  
for 19,548 wires were carried out in a half year.

Pictures just after the Completion
3

Pictures just after the Completion
3

Re-String Training by REPIC
20

In principle, REPIC has responsibility to re-string the failed wires in 1 year. 
However, it is better to re-string wires by ourselves for the case in the future. 
→ From the last week, I, Yamane-kun and Nakazawa-kun are trained by the 
    REPIC experts to re-string with our hands. 
→ not easy but possible, although we need more training... 
→ The experts can re-string a wire per 15 min. for sense, 10 min. for field 
→ While, we can do a wire per 1 hour, or worse. 
→ Sometimes we cause other trouble, and need to learn how to recover

View from the down side after completion 
(all the wires have stereo angles)
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Completion of whole structure
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・サイズ以外は実機と同仕様 
・最終性能試験に使用

・直径25ミクロンのタングステンワイヤー(高電圧)が4986本 
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・厚さ0.5 mmの内筒CFRPをクレーンで挿入 
・内側のアルミニウムフィルムで電場の成形 
・隙間はシリコンゴムを使って密閉

研究開発

・ガス漏れ試験が完了 
・宇宙線を用いた動作試験・性能評価試験が進行中 
・最終的に東海村へ輸送、COMET Phase-I 開始！

Installation of inner wall 
made of 0.5-mm thick CFRP

Cabling from feedthroughs to HV, RO & GND Cosmic-ray test started !!



Performance tests
!11

7.1.7 Results from Cosmic-ray Tests

A performance evaluation test using cosmic rays started in summer 2016 after the completion
of the CDC. Stable operation of the CDC is achieved with He:i-C4H10 (90:10) gas mixture and
with applied high voltage up to 1850 V. Figure 7.46 shows typical event displays where a clear
cosmic-ray track can be drawn. From the deviation of drift distance from the distance of closest
approach between a hit wire and a reconstructed track, a residual distribution is obtained in
Figure 7.47(a). A position resolution is derived to be 170 µm including a tracking uncertainty.
Hit e�ciency is defined as a fraction of hit events which have the residual within ±3‡ to total
reconstructed tracks. The hit e�ciency increases with the applied high voltage as shown in
Figure 7.47(b), and comes up to 95% at 1850 V.
The cosmic-ray test is ongoing as of the end of 2017 with step-by-step upgrade. The preliminary
results obtained so far demonstrate a good performance as expected. Detailed analysis results
will be reported in a separate paper.
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(a)  Event Display (b)  Zoom view

run203

track463

run203

track463

Figure 7.46: (a) Typical event display of CDC cosmic-ray test. (b) Zoom view of the event display.
Hit wires are marked with red circles whose radii correspond to the drift lengths.
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‣ CDC performance tests using cosmic rays are being carried out. 
‣ We have obtained spacial resolution of ~165 µm & efficiency of 

~98% so far. 
‣ The performance tests will be continued in this year to precisely 

investigate whole region of the CDC. 



Performance tests
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Preliminary Preliminary

‣ CDC performance tests using cosmic rays are being carried out. 
‣ We have obtained spatial resolution of ~165 µm & efficiency of 

~98% so far. 
‣ The performance tests will be continued in this year to precisely 

investigate whole region of the CDC. 



CDC high-level trigger
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Figure 7.63: A visual representation of the neighbour-level GBDT applied to the event shown in
Figure 7.62. The locations of the hits are shown by the outlines of the hits. The fill is scaled with the
output of the GBDT, where a full circle corresponds to a signal-like response.

(a) Points in (x, y) space, blue, thought to be on a circle,
red, whose centre lies at the origin, orange.

(b) A mapping from the points in (x, y) space, blue, to
possible circle centres in (a, b) space, green.

Figure 7.64: Demonstration of a circular Hough transform.

Reweighted Forward Hough Transform While local and neighbour features alone yield
promising results, there are still some isolated clusters of misclassified background hits, as
well as a diminished response for isolated signal hits. To correct this, a circular Hough trans-
form is used on the output of the GBDT to determine which hits lie in a circular pattern with

137

Talk by Y.Nakazawa 
11:45, 12/July, room-B

Fast Online Trigger using FPGA-based Event Classification

Yu Nakazawa28th COMET Collaboration Meeting @J-PARC (June 11, 2019)  8

COTTRI MB
The first prototype of COTTRI MB was developed last summer. 
The new COTTRI FE for CDC is based on this board.  
• COTTRI CDC FE connects with 10 RECBEs and 1 COTTRI MB.

Kintex-7 (xc7k355tffg901) 
Logic cells: 356,160 
Config. Logic Blocks: 55650 slices 
Block RAM Blocks：25740Kb 
GTX: 24 lane 
Max. : 12.5 Gbps/lane 

DisplayPort ×10 
TX/RX : 2 lanes ×10 
• Connect with GTX ports of FPGA 
Max. data transfer rate：5 Gbps/lane 

SFP+ port ×2 
TX/RX : 1 lane ×2 
For DAQ PC and FC7

SFP+ port x2

Kintex-7 
xc7k355tffg901

Rad-hard  
regulators

DisplayPort ×10
MB: 10 FEs，FE: 10 RECBEs

JTAG

16
0 
m
m

233 mm

10 layers PCB

• 1st Level trigger rate from Trigger Hodoscopes ~27 kHz 
• Have to reduce in 2nd level trigger using CDC hit information 
• FPGA-based event classification works 

• BG rejection: 93%    —> 2nd LV trig ~1.9 kHz 
• Signal retention: 99%

COTTRI (COmeT TRIgger) board



Prospects
‣ After cosmic-ray test, CDC will be transported from KEK to J-PARC 

(80-km movement). 

‣ Soon after the Detector Solenoid magnet becomes ready, we will start 
CDC full commissioning with magnetic field.

!14

Y. Fujii, Windows on the Universe, QuiNhon, Vietnam, 2018

Magnets/Cryogenics

• Pion capture solenoid 
• Coil winding almost done
• Mechanical design completed

• Muon transport solenoid 
• Completed, detailed tests are 

ongoing
• Detector solenoid 

• All 14 coils assembled as one
• Cryogenics 

• Engineering design is in 
preparation

20

Al stabilized SC wire Coil winding

Transport Solenoid Detector Solenoid Coil

Outer & inner cylinder 
of Detector Solenoid 
was completed.

2019



Summary
‣ The COMET experiment aims to search for the µ-e conversion. 

Preparation for the COMET Phase-I is intensively in progress. 

‣ Cylindrical detector system is used for the Phase-I physics measurement. 

‣ COMET CDC is designed to achieve 200-keV/c (0.2%) momentum 
resolution for 105-MeV/c signal electrons. 

‣ Construction of CDC was successfully completed. 

‣ Performance tests are ongoing and decent resolution & efficiency are 
obtained so far. 

‣ After the detector solenoid becomes ready, we will start CDC full 
commissioning with magnetic field. 

!15



Backup
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CDC specifications
!17

7.1. Cylindrical Drift Chamber

7.1.1 Design

The cylindrical drift chamber (CDC) reconstructs tracks of charged particles in the solenoidal
magnetic field and measures their momenta precisely. It is designed to avoid high hit rates due
to the beam particles, muon-decay-in-orbit (DIO) electrons, and low energy protons emitted
by muon nuclear capture process. Among the small fraction of particles which eventually enter
CDC and leave hits, DIO electrons and low energy protons will dominate. It is noted that
the hits of protons can be easily identified using energy deposit in the CDC cells, because the
energy loss of a low energy proton is about 100 times larger than that of a signal electron.
The main parameters of the CDC are summarized in Table 7.1. The radii of the inner and
the outer walls are determined to avoid DIO electrons with momentum less than 60 MeV from
hitting the CDC and to fully cover the tracks of 105 MeV signal electrons. The momentum
resolution ‡p of the CDC must be about 200 keV/c for the 105 MeV electrons to achieve the
target sensitivity of COMET Phase-I. For such a low energy region the intrinsic momentum
resolution is dominated by multiple scattering e�ects. Therefore, the CDC must be a low-mass
detector. These requirements lead to the choices of the cell configuration, the wires, and the
gas mixture as described below.

Table 7.1: Main parameters of the CDC.
Inner wall Length 1495.5 mm

Radius 496.0≥496.5 mm
Thickness 0.5 mm

Outer wall Length 1577.3 mm
Radius 835.0≥840.0 mm
Thickness 5.0 mm

Number of sense layers 20 (including 2 guard layers)
Sense wire Material Au plated W

Diameter 25 µm
Number of wires 4986
Tension 50 g

Field wire Material Al
Diameter 126 µm
Number of wires 14562
Tension 80 g

Gas Mixture He:i-C4H10 (90:10)
Volume 2084 L

7.1.1.1 Layer configuration

The CDC is arranged in 20 concentric sense layers (including 2 guard layers) with alternating
positive and negative stereo angles. Cylindrical drift chambers with only stereo layers have
been constructed in the past, for example, the KLOE drift chamber. The 1st and 20th sense
layers have a lower HV and act as a guard layer to remove the space charge that accumulates
due to ionizations created in the regions between the inner (outer) walls and the guard layer,

89

1 T
µ

e Stopping
Target
(Al discs)

CDC

1.5 m

1 m



The radiation length of the proposed chamber gas, He:i-C4H10 (90:10), is about 1300 m. In
addition to that, the field and sense wires shorten the average value of the radiation length of
the CDC tracking volume to 507 m. Another candidate of the sense wire is gold-plated tungsten
with 30 µm in diameter, which changes the average value of the radiation length to 452 m.
HV of approximately +1400 ≥ 1900 V is applied to the sense wires with the field wires at
ground potential, giving an avalanche gain of approximately 1≥4 ◊104 for the gas mixture of
He:i-C4H10 (90:10).
Electric field at the surface of field wires should be less than 20 kV/cm to prevent corona
discharge and whisker growth on the wires. The Garfield program has been used to study cell
properties, including drift time isochrones, time-distance relationships, distortions and gain
variations. Figure 7.4 shows the result of the Garfield calculation. For field wires of „80 µm,
an electric field at their surface is about 20 kV/cm with HV = 1730 V. That is the reason
why we decided to use „126 µm wires as field wire. We can apply +1900 V on sense wires to
obtain su�cient amplification gain with a surface electric field of only 14 kV/cm. The time-
distance relationship has been calculated for di�erent gas mixtures for comparison as shown
in Figure 7.5. Results of more detailed studies with di�erent incident angles are shown in
Figure 7.6 for He:i-C4H10 (90:10) and He:C2H6 (50:50) gas mixtures.

Sense: 25 mm 
Field: 126 mm 
HV:     1800 V 

Figure 7.4: Contours of electric field distribution calculated by Garfield for a cell of 1.6◊1.6 cm2,
sense and field wires of „25 and „126 µm, and HV of 1800 V (top left), and the electric field distribution
along the x-axis at y = 0 (top right). Electric field at surface of field wires as a function of the field
wire diameter for HV of 1800 and 2300 V (bottom left), and that as a function of HV for the field
wire diameter of 126 µm.
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Figure 7.5: Result of Garfield calculations with di�erent gas mixture.
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Figure 7.6: Garfield studies on X-T correlation for He:i-C4H10 (90:10)(Left) and He:C2H6

(50:50)(right) with di�erent incident angles of electrons.

7.1.1.3 Gas mixture

A gas mixture with long radiation length and a fast drift velocity is needed in order to minimize
the multiple scattering and reduce the maximum drift time respectively. Several gas mixture
candidates have been studied by Garfield as shown in Figure 7.5. The baseline choice of
the gas mixture is He:i-C4H10 (90:10) and it was chosen to minimize the multiple scattering
that dominates deterioration of the momentum resolution. In Table 7.3, di�erent Helium-based
low-Z gas mixtures are compared. The time-distance relationship depends on the gas mixture.
Typical drift lines for a cell is shown in Figure 7.7, calculated for He:i-C4H10 (90:10). Alternative
gas mixture candidate is He:C2H6 (50:50). The performance of the baseline option has been
established in KLOE. It adds little to the material budget, gives good position and energy-loss
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Gas X0 (m) W (eV) dE

dx

MIP

(keV/cm) nMIP

T
(cm≠1) nMIP

p
(cm≠1)

He:i-C4H10 (85:15) 954 38 1.14 40 18
He:i-C4H10 (90:10) 1310 39 0.88 29 14
He:i-C4H10 (95:5) 2102 40 0.61 19 9
He:C2H6 (50:50) 630 32 1.63 60 27
He:CH4 (80:20) 2166 39 1.47 17 11
He:CH4 (90:10) 3073 40 0.47 13 8

Table 7.3: Comparison of di�erent Helium-based low-Z gas mixtures, where X0 is the radiation length,
W is mean energy to generate one electron-ion pair, dEMIP /dx, nMIP

T
, and nMIP

p mean is energy loss
per cm, the number of electron-ion pairs per cm, and the number of primary ions per cm for minimum
ionizing particles, respectively.

taper angle of the endplates of ◊EP = 10¶ was determined from this calculation. Figure 7.11
shows the drawing of the whole CDC.
The endplates are made of aluminum. The taper angle of 10¶ is realized by a machined step
structure and the plate thickness is 10 mm for each layer. Feedthrough holes were precisely
drilled on the endplates with a tolerance of 0.01 and 0.05 mm for the diameter and the position,
respectively.
The feedthrough is used to fix the wires and to ensure insulation between the high voltage and
the endplate ground. We adopted the feedthrough developed for the Belle CDC. The insulator
material for the feedthrough-body is made of Noryl because of its reliable insulation performance
against high voltage. Aluminum feedthrough-pins are used to hold the wire tension by crimping
and to ensure the electrical connection. The wire position is determined by the feedthrough-
bushing within its diameters of 80 and 200 µm for the sense and field wires, respectively.
Figure 7.12 shows a photograph and dimension of the feedthrough.

7.1.2 Electronics

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 7.13 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 10.1.. Modifications made for
COMET use are,

• 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.
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Gas system
!19

Hydrogen gas is mixed into the Oxygen filter for a Platinum catalyst. Fresh gas will be fed
in at only 1/10 of the circulation flow rate to reduce gas consumption, and the exhaust flow
rate is the same as feeding. The pressure in the CDC is controlled by the mass flow controller
with a feedback of the pressure gauge on the bu�er tank connected to the CDC output and
will always be kept slightly higher than the atmospheric pressure (e.g., 1050 hPa) to obtain
constant gain. The pressure of the CDC volume should be controlled within ≥1 % accuracy, to
achieve the best performance although it is possible to compensate the gain fluctuation e�ect
in o�ine analysis The output gas will be sent to the air exhaust port in the experimental hall.
The input flow rates into the oxygen and humidity monitors are controlled with two mass-flow
controllers to measure the oxygen and humidity levels correctly. The reasonable level of the
oxygen concentration should be less than ≥50 ppm with the oxygen filter, and that of the water
concentration should be ≥500 ppm, according to the study by the Belle CDC group. Three
bu�er tanks are installed to suppress a drastic change of the pressure. Their volumes are about
100 liters each.
Almost all the devices should be monitored and controlled remotely, to make the operation
of the gas system safe and stable. The slow control system is described in Section 10.3. It is
necessary to install a heating system or to locate the bottle on the ground floor (where room
temperature is high enough) to avoid i-C4H10 from being liquefied inside the gas transfer tubes.

Figure 7.19: Schematic view of the gas system for the CDC.

7.1.3.2 Cooling

7.1.3.3 Power Supply

7.1.4 R&D

7.1.4.1 Results of Prototype Tests

Small-sized prototype chambers were constructed in order to examine the performance of the
real CDC. Specifications of the four prototype chambers are summarized in Table 7.7.
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Wire aging test
!20 3

Review of CM24

https://kds.kek.jp/indico/event/26066/session/2/contribution/35/material/slides/0.pdf
for more detail, please see Y. Nakamura’s report in CM24.
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 Transition of gain ratio

- The third He/iC4H10 (90/10) aging test was conducted with 1100‒1300 ppm 
of water vapor injected into the gas. 
- When water vapor was added, the gain decrease rate was improved and the 
Matter effect disappeared.

9

- In the third measurement of the He/iC4H10 aging test, water vapor was 
added into the gas. So I designed a structure that can add water vapor. 
- To add water vapor, I attached a 10 meter nylon thin flex tube to the 
water tank. 
- Since the thin flex tube transmits water, a small amount of water vapor 
can be mixed (1100‒1300 ppm at water temperature 32℃). 
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The gain transition up to 100 mC/cm ( = 5 x Phase-I ) was shown in CM24. 
With water vapor (1100-1300 ppm), the aging and malter effect was 
significantly suppressed.

 4

Update up to 200 mC/cm
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ゲイン比の推移の比較（He/iC4H10 (90/10)1850 V, 線源 2個）
- 1100‒1300 ppmの水の添加により、ゲイン比の低下が軽減できた。 
- 200 mC/cm/wireまでマルター効果は現れなかった。

水の添加によるゲイン比の推移

H2O: 1100‒1300 ppm 
Phase-I 終了時: 1.7%低下 
Phase-Iの10倍: 6%低下

Phase-I 終了時: 4%低下 
Phase-I の10倍: 40%低下

マルター効果発生 !!! 
エイジング試験中断

水あり

水なし
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e-
I 終
了
時

10%以下

w/o Water Vapor

w/ Water VaporH2O : 1100-1300 ppm

Phase-I x 1   : ~  4% gain drop 
Phase-I x 10 : ~ 40% gain drop

Phase-I x 1   : 1.7% gain drop 
Phase-I x 10 : ~ 6% gain drop

Malter effect observed! 
Aging stopped.
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‣ Accumulated charge is predicted to be 20 mC/cm/wire for Phase-I. 
‣ Wire aging effect was studied up to 200 mC/cm/wire. 
‣ Without water vapor addition, Malter effect (discharge & large leak current) 

occurred around 20 mC/cm. 
‣ With water vapor of 1100~1300 ppm, we could avoid Malter effect and gain 

drop was obtained to be 1.7 & 6% at 20 & 200 mC/cm, respectively. —> 
small enough

7

Window for radiation source

Center sense wire 
(Readout)

HV side Read out side

A 
(Aging side)

B 
(Not aging side)

200 100100

100 mm for He/C2H6 aging test

- Put  90Sr source on the A part when aging the wires. 
- Gain measurement is done in the two point A part and B part using 55Fe source.

Gain evaluation method
Top side of the test chamber

Ratio of gain

- We measured gains at 2 parts; 
    A: Aging part  
    B: No aging part

Mean of wave area at A
Mean of wave area at B

≡

He:iC4H10 (90:10)
Preliminary



Wire tension assurance
!21

Nominal 
value

Material Diameter Tension Sag

Sense (Au-)W 25 µm 50 g ~50 µm

Field Al 126 µm 80 g ~120 µm

Gravitational Sag:

Resonant Frequency:

L = 1477~1593 mm

In May 2015, we started to string wires. The stringing was conducted in a clean room in the
Fuji building B4 in KEK. Workers wore clean suits and shoes with gloves, caps and masks to
avoid dust. Temperature and humidity in the room were controlled by an air conditioner at
all times. During the whole period of stringing, we found the conditions were kept within 19.5
≥ 23.5 ¶C and 30 ≥ 55% for the temperature and relative humidity, respectively. The wires
were strung from outside to inside of the CDC. Figure 7.40 shows the number of total strung
wires as a function of consumed working days. There was no serious trouble, and the speed
of the stringing was gradually improved. The wires were strung by trained company workers.
Tension measurement of strung wires was carried out by COMET-CDC crews on the same day
as when the wires were strung. The tension of each wire was determined by measuring the wire
resonance frequency. Alternating current frequency was scanned in a magnetic field to find the
resonance point. The resonance frequency, f , is given by

f = 1
2L

Û
wg

fl
,

where L, fl, w and g are the wire length, its linear density, the tension weight, and the grav-
itational acceleration, respectively. The gravitational sag, s, at the wire center is calculated
from

s = flL2

8wg
.

The nominal tensions are 50 g for the sense wires and 80 g for the field wires; these correspond
to the gravitational sags of 50 and 120 µm, respectively. If the measured tension is 10% smaller
or larger than the nominal value, the wires were immediately re-strung.
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Figure 7.40: Progress plot of the wire stringing. It
took 121 working days to complete all wire string-
ing.
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Figure 7.41: Transition of the displacement be-
tween two endplates and total load by strung wires
and tension bars.

In addition to the wire tension, displacement between upper and lower endplates was recorded
with 4 dial gauges three times per day. The transition of the displacements are in coincidence
with the total load by strung wires and tension bars as shown in Figure 7.41. The load by
tension bars was alleviated by reducing spring load or removing tension bars one by one. There
were 6 load alleviation, and no tension bar installed in the end. Wire stringing completed at
the end of November 2015 after 121 working days. Figure 7.42 is a picture of inside CDC taken
just after the completion.
After the stringing completed, the tension of all 19,548 wires was re-checked because the gap
between 2 endplates was changing during the campaign. Figures 7.43 and 7.44 show the
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were strung from outside to inside of the CDC. Figure 7.40 shows the number of total strung
wires as a function of consumed working days. There was no serious trouble, and the speed
of the stringing was gradually improved. The wires were strung by trained company workers.
Tension measurement of strung wires was carried out by COMET-CDC crews on the same day
as when the wires were strung. The tension of each wire was determined by measuring the wire
resonance frequency. Alternating current frequency was scanned in a magnetic field to find the
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where L, fl, w and g are the wire length, its linear density, the tension weight, and the grav-
itational acceleration, respectively. The gravitational sag, s, at the wire center is calculated
from

s = flL2
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.

The nominal tensions are 50 g for the sense wires and 80 g for the field wires; these correspond
to the gravitational sags of 50 and 120 µm, respectively. If the measured tension is 10% smaller
or larger than the nominal value, the wires were immediately re-strung.
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In addition to the wire tension, displacement between upper and lower endplates was recorded
with 4 dial gauges three times per day. The transition of the displacements are in coincidence
with the total load by strung wires and tension bars as shown in Figure 7.41. The load by
tension bars was alleviated by reducing spring load or removing tension bars one by one. There
were 6 load alleviation, and no tension bar installed in the end. Wire stringing completed at
the end of November 2015 after 121 working days. Figure 7.42 is a picture of inside CDC taken
just after the completion.
After the stringing completed, the tension of all 19,548 wires was re-checked because the gap
between 2 endplates was changing during the campaign. Figures 7.43 and 7.44 show the
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After replacing bad wires, all the wires satisfy the criteria.
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1.1.1.1.1111．．．．    目的目的目的目的    

 ワイヤーテンション測定器䛿ワイヤーチェンバー䛾ワイヤー䛾張力を一定とするために、ワイヤー䛾張力を測

定します。許容誤差範囲外となった張力䛾ワイヤー䛿貼り直し、再度張力を測定する。 

 

1.2.1.2.1.2.1.2. 測定原理測定原理測定原理測定原理    

 ワイヤー（弦）䛾基本振動における共振周波数 F [Hz] 䛿、ワイヤー実効長 L [cm]、ワイヤー䛾線密度 ρ[g/cm]、

張力 T [gW]を用いると、以下䛾式によって表される。 

ρ
T

L
F

2
1

=  

これより、張力 T 䛿、 

( )22 FLT ×××= ρ  

となる。つまり、ワイヤー線密度 ρ、ワイヤー実効長 L、共振周波数 F が求まればワイヤー䛾張力 T が決定するこ

ととなる。ワイヤー線密度䛿計算より求める事ができ、ワイヤー実効長 L 䛿設計値から、既知䛾値である䛾で、共

振周波数 F を求めることが必要となる。以下に共振周波数 F を求める方法を示す。 

 

 

 

 

 

  

 磁場中に張られた金属ワイヤーに交流電流を流すと、ローレンツ力によってワイヤー䛿振動する。電流䛾周波

数がワイヤー䛾固有振動数に近づくと、ワイヤー䛾振幅䛿増大し、そ䛾運動に伴って、ワイヤーに誘導起電力が

発生する。こ䛾誘導起電力䛾向き䛿レンツ䛾法則により、ワイヤーに流れる電流を妨げる向きに発生する。こ䛾

結果、ワイヤー䛾インピーダンスがあたかも増加したか䛾ように見える。つまり、ワイヤー䛾インピーダンス䛾変化

を観測することによって共振周波数が測定できる。 
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ρ = wire linear density

Criteria 
• Sag for sense wire < 70 µm 
• Sag difference with neighbor wires < 100 µm

PoS(ICHEP2018)538

Construction and performance tests of the COMET CDC Manabu Moritsu

height. An alternated all stereo layer configuration with ±(64–75)-mrad tilt angles for 20 layers
in total is designed to achieve good spatial resolution for the longitudinal direction. As shown in
Figure 2, the cell shapes are slightly distorted from a square according to their positions. This
affects an electric field distribution in cell-edge regions, which is taken into account in analyses.

2. Construction of the Cylindrical Drift Chamber

The CDC construction was conducted from 2014 to 2016. To handle a endplate distortion by
total wire tension of 1.4 ton, the endplates were machined with a step structure which realizes a
taper angle of 10◦. Wire feedthrough holes were precisely drilled on the endplates with tolerances
of 0.01 and 0.05 mm for the diameter and the position, respectively.

Wire stringing for 19,548 wires in total was performed after attaching the endplates with the
outer cylinder. We use gold-plated tungsten wires with 25-µm diameter and unplated aluminum
wires with 126-µm diameter for the sense and field wires, respectively. To compensate an estimated
total wire tension, a pre-stress to the endplates were applied in advance and released appropriately
as the wires were strung from outside to inside. The wire tension was measured by a conventional
resonance frequency method using alternating current and a magnetic field. The nominal tension
weights for the sense and field wires were set to be 50 and 80 g which correspond to gravitational
sags of 50 and 120 µm, respectively. The gravitational sag at the wire center is given by ρL2/8w,
where ρ,L, and w are the wire linear density, length, and tension weight [3]. Figure 3(a) shows the
measured sags for the sense wires, which are satisfied between 48 and 61 µm. Figure 3(b) shows the
calculated sag differences between a given sense wire and surrounding field wires. We considered
5 patterns of field-wire relative positions from the given sense wire, which have the same stereo
angles. The zigzag structure in the figure reflects the pre-stress release timings. Nevertheless all
the sag differences are kept within less than 100 µm.

The inner cylinder was installed after the wire stringing to close the gas volume of 2,084
litters. The gas tightness was checked with a helium gas and leak points were sealed with silicone
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optimal spatial resolution does not change significantly, the optimal high volt-

age for hit e�ciency and spatial resolution was selected among di↵erent data

sets of threshold scanning of the electronics based on the best resolution we

can obtained. The result is then summarised in Table 3. The systematic er-205

ror was estimated by comparing di↵erent layers’ spatial resolution and cell hit

e�ciency. The systematic error for spatial resolution was found to be about

±10µm and the systematic error for the averaged cell hit e�ciency was found

to be neglectable.

9. The energy loss measurement210

Once the track was reconstructed, the total charge measured at each drift

cell was obtained. They were then corrected for the path length of the track in
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central layer of the CDC prototype using He�iC4H10(90/10) at 1800V.

Subtracting the tracking error from the spatial resolution, the �int(r) versus

DCA shows that �int(r) is worse at the regions near the anode wire and the cell

boundary. The deterioration of the spatial resolution near the anode wire is due165

to the e↵ect of statistical fluctuations of primary ionisation and near the cell

boundaries, the deterioration is due to the e↵ect of di↵usion and the distortion

of electric field.

�int =
q

�2
ion + �2

di↵ + �2
ele, (3)

To further study contributions to the spatial resolution, we have used a sim-

ilar method introduced by [4]. Theoretically, the contribution of the spatial170

resolution can be grouped into the primary ionisation statistics (�ion), electron

longitudinal di↵usion (�di↵) and electronics error (�ele). By combining the reso-
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Setup of beam test 

e- beam 

~530 mm 

Prototype chamber 

• The prototype-4, partial copy of the real CDC, was constructed 
to demonstrate the performance in the real situation. 
– 7 sense layers + 2 guard layers 
– ~±4 deg tilted layer by layer 
– Sense wire = f25 um (Au-W),  Field wire = f126 um (Al) 

10 

案ずるより産むが易し 

Gas parameters 

6 

He:C2H6 
(50:50) 

He:iC4H10 
(90:10) 

He:CH4 
(80:20) 

Rad. Len. 
[m] 630 1310 2166 

e/ion pair 
[/cm] 60 29 17 

drift velocity 
[cm/us] ~4.0 ~2.4 ~2.8 

• COMET official design  Æ He:iC4H10 (=90:10) 
• ガスに付随するパラメータは複数あり最適化は難しいが、可能な限り
検討することが大切！ 

• 実験のスケジュール的にはまだガスを変更する余地がある。 

(Belle/Belle-II) (KLOE) 

‣ Prototype chambers are tested by using electron beams with 3 types of gas mixtures. 
‣ He:iC4H10 (90:10) & He:C2H6 (50:50) show good performance.

He:iC4H10 (90:10) He:iC4H10 (90:10)

for 1GeV/c electrons. Using Bethe-Bloch equation, one is able to obtain the

energy deposition as a function of momentum. The estimated di↵erence for240

muon and electron at 105Mev/c is approximately 10%. With the current en-

ergy resolution, it is possible to seperate electron from muons assuming similar

energy resolution.
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Figure 11: Relation between gas gain and high voltage for three types of gas mixture. Squres

represent He�iC4H10(90/10). Full circles represent He�C2H6(50/50). Triangles represent

He�CH4(80/20).

10. Conclusions

We have carried out the test of the COMET prototype by using a 1GeV/c245

electron beam at SPring-8. The test was operated with He�iC4H10(90/10),

He�C2H6(50/50) and He�CH4(80/20) for di↵erent high voltages and thresholds

of electronics without a magnetic field. For the gas mixture of He�iC4H10(90/10),

the spatial resolution of �int = 152.0µm at best with the hit e�ciency of 99.0%.
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Figure 10: Cell e�ciency (circles) and spatial resolution (triangles) as a function of the applied

voltage for 3 di↵erent types of gas

50 samples as a reference, it was found that, with x = 1.6 cm, the best dE/dx

resolutions for He�iC4H10(90/10), He�C2H6(50/50) and He�CH4(80/20) were

found to be 4.9%, 4.2% and 7.3% at 1800V, 2350V and 2010V respectively
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Figure 7.12: Feedthrough for the CDC.
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Figure 7.13: 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 7.4: The specification of the COMET CDC readout board.

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.

Table 7.5: Operation clocks in the FPGA firmware functions.
System Clock 120 MHz
TDC Time Resolution 1.0416 nsec (960 MHz)
ADC Sampling Rate 30 MHz
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Figure 7.14: Block diagram of the RECBE firmware.

There are three clock domains in RECBE as indicated in di�erent colors in Figure 7.14: the
yellow one is is the 40 MHz domain, which comes from FCT board; the green one is 120/240 MHz
domain, which manages for ADC and TDC; the blue one is 125 MHz domain, which matches
the data transfer rate of the Gigabit Ethernet. The signal and data bus crossing clock domains
are carefully handled to avoid metastability. No local clock or nonvolatile memory is used
because of radiation issue. We need to re-configure the firmware remotely and regularly to
recover from errors caused by radiation.
The size of ring bu�er to store the ADC and TDC data is 256 depth, corresponding to
≥8.533 µsec. If a proper roll-back length is set as an o�set in the ring bu�er, we can ac-
quire ADC and TDC data of ≥8 µsec before. Typically, the event window size for the CDC
is 32 sampling, which corresponds to ≥1.067 µsec. Therefore, the acceptable trigger latency is
≥7 µsec at maximum after subtracting the typical event window size. As a downstream bu�er,
there are also 256 depth block RAM just before sending to the SiTCP module. Assuming the
typical event window size, 8 events can be stored in the bu�er.

7.1.2.2 Data Structure

There are three types of data recording mode in the firmware. Figure 7.15, Figure 7.16 and
Figure 7.17 show the (binary) data structure of raw mode, suppress mode and semi-suppress
mode.
The common header data is inserted before the event data for each mode, to identify the packet
type (mode), board ID, sent number, trigger time, data length and trigger count (number). The
packet type is an 8-bit number originated for each mode, and board ID is also an 8-bit number
assigned to each readout board. The sent number is a 16-bit number to count up the number
of sent data for each event. The trigger time is a 15-bit number of the timestamp synchronized
with TDC clock (the highest 1-bit is un-used). The TDC time in the event data, if the trigger
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Figure 7.18: 128 COMET CDC readout electronics boards.

7.1.2.4 Radiation Tolerance

The RECBE boards will be located at the downstream of the CDC detector, so they will be
exposed to the high radiation fluence from the beam line and the target. The study of the
radiation tolerance is summarized in chapter ??.

7.1.3 Infrastructure

7.1.3.1 Gas

The present COMET gas system for CDC is designed based on that for the BELLE II CDC.
Separate pure gas bottles are located in a gas stock booth outside. Gas mixing is performed
using two mass flow controllers on the ground floor in the COMET building. Four gas bottles for
each gas component are connected to the pressure regulators, and exhaust ports are prepared
with a diaphram valves to avoid air contamination when the bottles are replaced. Only the CDC
detector and a bu�er tank with a pressure gauge are located in the underground experimental
room. The other gas equipments and devices are on the ground floor to avoid the radiation
damage on the electronics. The gas is fed into the detector though a metal gas pipe. The
gas system consists of a circulation pump, flow controllers, pressure controllers, oxygen filters
and monitors, a humidity monitor and three bu�er tanks in the circulation line as shown in
Figure 7.19. The schematic view of the COMET building can be seen in Figure 14.2. Some
amout of flow rate (e.g., 2 liters/min) is required to remove oxygen e�ciently from the CDC
gas volume. An oil-free metal bellows pump is used to circulate the gas. A small amount of

102

Frontend readout board: RECBE
 (= Readout Electronics for CDC for Belle-2 Experiment)

Firmware design

TDC: 960 MHz 
ADC: 30 MHz sampling

All 128 RECBEs were already 
fabricated and QA was done by 
IHEP group.

‣ Radiation tolerance against gamma & neutrons has been studied. 
• Regulators & SFP could survive up to 1.8 & 1.1 kGy, respectively. —> acceptable 
• FPGA URE rate = 4/hour for 104 RECBEs. # Predicted dose is 0.1~0.2 kGy for Phase-1
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and readout systems also run on common hardware—in this case based on commercial network
components—using ethernet; again, the two systems send data in opposite directions. The
slow control and monitor systems are largely independent of these other systems, the main
connection required is at the software level. However, the slow control will need to monitor
both the custom boards of the readout system, and standard o�-the-shelf sensors, and thus
needs to be fairly flexible.

10.1. Trigger System

The triggers for the two separate systems are quite di�erent, although in both cases the infor-
mation is transmitted and processed over the gigabit optical links. The trigger decision along
with fast control and timing signals are sent back to readout system through the same links.
In the CyDet (Figure 10.1), the baseline plan is that Cherenkov trigger hodoscope (CTH) pro-
vides the beam trigger, however, considering the high hit rate in CTH, a trigger using CDC
hit information is being developed. In the StrEcal (Figure 10.2), the ECAL provides the event
trigger. The cosmic ray detector can provide veto or calibration trigger, as well as be used for
debugging of both detectors. In all cases, the trigger is handled by a central trigger processor
implemented in the FPGA of an o�-the-shelf board.
The trigger system, which is composed of a number of subdetector trigger systems, should be
located near the subdetector frontend electronics, or at least near the detector solenoid, to
reduce the trigger latency. However, those areas are typically high radiation areas, meaning
that the subdetector trigger systems are supposed to be radiation-hard. Conversely, the fast
control system is composed of o�-the-shelf FPGA board mounted in a commercial crate, of
which the radiation-hard design techniques are not applied in most cases. This requires to
locate the fast control system at non-radiation area, while at the same time, the distance to
the subdetector trigger system should be minimized for smaller latency.

Figure 10.1: Block diagram of the CyDet fast control and trigger systems.
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Figure 10.3: The FC7 board. Each of the large mezzanine cards to the right contains eight SFP+
cages, so 16 MGT links per FC7 boards.

MGT protocol and Fast control signals The MGT protocol implemented for COMET central
trigger system is based on the customization of Xilinx Aurora protocol.
This serial link design has originated from the the GBT (a.k.a. GigaBit Transceiver) proto-
col [126], developed by CERN. The link speed is the same as 4.8 GHz, with internal 84 bits
of data plus 36 bits of control data, in total 120 bits, operating under 40 MHz reference clock.
The implementation of GBT was tried for use in central trigger system, however, it is found
that the FPGA resources are not enough for implementing 16 channels of GBT links into one
FC7 board. A manual MGT description is developed to cope with insu�cient FPGA resources,
high speed and fixed latency, by keeping the compatibility with formal GBT design on data
width or line features.
In the new MGT development based on Xilinx Aurora protocol [127], replacing GBT, the serial
line speed is set to 4.8 GHz, same with GBT, with, master clock rate 120 MHz. Therefore,
external data width is 4.8 GHz/120 MHz = 40 bits. The 8b10b encoding scheme is used for
DC-balancing therefore, internal data width is 32 bits.
One trigger data packet is made out of three MGT packets. The reason is (1) 32 bit bus is not
su�ciently wide to transfer all trigger data from a readout board or a subtrigger board; (2) 120
MHz global clock and resulting 8.3 ns triggering time resolution is too fast when considering
beam-beam separation time, and (3) backward compatibility of firmware with GBT protocol.
The trigger data width becomes 24 + 30 + 30 = 84, where the first 24 is the valid data width
of the first packet after subtracting 8 bit “comma” data (10 bits after 8b10b encoding), later
two 30s are the valid data width of the second and the third packets after subtracting two bits
of packet identifiers. Synchronized 40 MHz clock is generated from the 120 MHz MGT clock
at the FCT board level, and sent to the readout boards.
The set of fast control commands which will be sent on the MGT links in COMET are summa-
rized below. Not all signals are required in the consumer board of fast control signals, however,
the clock, busy, trigger decision and trigger number signals are the most important in the
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Figure 10.14: Block diagram of the StrEcal readout and configuration system.
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Figure 10.15: Block diagram of the CyDet readout and configuration system.

protocols (Ethernet, UDP, TCP/IP). Most readout cards will use TCP to communicate with
the controlling PC, but may use di�erent protocols to communicate between themselves.
When a trigger occurs, the event data are stored in bu�ers in the front-end electronics of
each system. When the bu�er has a whole event it will be sent as a packet (or packets)
of data to a PC. In some cases the data will travel initially on custom data links (within
the front-end hardware), but these will be translated to standard network links as soon as
convenient. Packetising will be conducted such that minimal translation is required; the data
volume will fit within standard network packet size and headers will be placed to ease the load
on hardware. To avoid the PCs polling and then requesting data under software control, ideally
data destinations will use flow control to prevent packets being sent when they are busy. This
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Figure 10.4: Photograph of the prototype FCT board. The SFP+ housing for the MGT fiber is at the
upper side 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. The RJ-45 connector at the left
side is for JTAG connection.

boards, as the role of those boards are di�erent. The subdetector trigger boards mostly send
the trigger data to FCT, when the readout boards requires trigger decision and trigger number
data from FCT. The signal definitions are summarized in Table 10.2 and Table 10.3.

10.1.2 StrEcal trigger

The ECAL consists of up to ≥2000 crystals in an approximately circular array. The trigger is
required to give a good time resolution (to keep the readout windows around the trigger time
as narrow as possible) and good energy resolution (so as to select energy clusters in the signal
region rather than background). Since the energy deposition will be divided among several
crystals, it is necessary to do a summation over crystals to reconstruct the full energy. The
necessary size of the summation area depends on the radius of the showers to be triggered on
(i.e. the planar distance around the entry point where most of the energy is reliably contained).
At energies of ≥ 100 MeV, the necessary radius is somewhat smaller that the lateral size of the
ECAL crystals. Thus, if we take the sum of 4 ◊ 4 crystals, when the particle enters in the
middle 2 ◊ 2 crystals, e�ectively all the energy will be included. It is therefore proposed to
select the basic trigger unit (cell) as a group of 2 ◊ 2 crystals (corresponding to one crystal
module of the ECAL), and to determine the total energy by using the sum of an array of 2 ◊ 2
trigger cells (i.e. 4 ◊ 4 crystals), referred as trigger group in belows. All possible combinations
of the sums of 2◊2 trigger cells forming one trigger group will be calculated and the maximum
energy found in one of these combinations will be used. This is illustrated in Figure 10.5. A
simulation study on this energy summation results at least 106 DIO rejection when around 90
% CE e�ciency, as shown in Figure 10.6.
The ECAL electronics and pretrigger system is developed in order to realize these cell-by-cell
energy summation, and to cooperate with frontend electronics of ECAL. Detailed structure of
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Table 12.8: 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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for the nth advanced pulse. The distribution of the muon decays in time, N(t), is obtained from
the Monte Carlo simulations. Currently, the baseline design is that t1 = 700 ns and t2 = 1170
ns, and Tsep is 1170 ns. The signal acceptance of time window of measurement, Átime = 0.30
is obtained for the case of T1 = 700 ns and T2 = 1170 ns, as given in Figure 12.3. When the
prompt beam background is less, the case of T1 = 500 ns and T2 = 1170 ns can become our
option, where Átime = 0.49 is estimated.

12.1.5 Net Signal Acceptance

Thus the net acceptance for the µ≠e conversion signal of Aµ-e = 0.041 is obtained for T1 =
700 ns and T2=1170 ns, where appropriate numbers of the online event selection (see ??), the
o�ine track finding e�ciency (See Section 7.5.1) and DAQ e�ciency (assumed) are considered.
The breakdown of the acceptance is shown in Table 12.2.

Event selection Value Comments
Online event selection e�ciency 0.9 ??
DAQ e�ciency 0.9
Track finding e�ciency 0.99 Section 7.5.1
Geometrical acceptance + Track quality cuts 0.18
Momentum window (Ámom) 0.93 103.6 MeV/c < Pe <106.0 MeV/c
Timing window (Átime) 0.3 700 ns < t < 1170 ns
Total 0.041

Table 12.2: This will be updated with MC4 [ELG] Breakdown of the µ≠e conversion signal
acceptances.

12.1.6 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 (12.3)
< 7 ◊ 10≠15 (as 90 % C.L. upper limit). (12.4)

The SES is given by,

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

, (12.5)

where Nµ is the number of muons stopped in the target. The fraction of captured muons to
total muons on target fcap = 0.61 is taken, while the fraction of µ≠e conversion to the ground
state in the final state of fgnd = 0.9 is taken [32]. Aµ-e = 0.041 is the net signal acceptance.
To achieve SES=3 ◊ 10≠15, Nµ = 1.5 ◊ 1016 is needed. By using the muon yield per proton of
4.7 ◊ 10≠4 in Section 5.5., 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 the pion production yield may have an uncertainty
of a factor of two or three, as shown in Section 5.1.2. The estimated running time might be
uncertain accordingly.
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