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

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

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

That’s why “CLFV” is interesting!
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beyond the SM with CLFV

78 A. de Gouvêa, P. Vogel / Progress in Particle and Nuclear Physics 71 (2013) 75–92

the kinematical end-point ofMichel electrons produced bymuon decay in orbit. Theµ� ! e� conversion rate is usually ex-
pressed in units of the capture rate,µ�N ! ⌫µN 0. Presently, themost stringent bound is Br(µ ! e conv in Au) < 7⇥10�13

at the 90% confidence level [20]. There are a few proposals aimed at experiments sensitive to Br(µ ! e conv in Al) > 10�16

or better4 by the end of this decade [21,22]. Unlike the two rare decays discussed earlier, searches for µ� ! e� conversion
in nuclei are not, naively, expected to hit any experimental ‘‘wall’’ until conversion rates below 10�18 or lower [12]. Ex-
perimental setups sensitive to conversion rates below 10�17 are currently under serious study both at Fermilab (assuming
Project X becomes available) and J-PARC. Experimentally, in the long-run, it is widely anticipated thatµ� ! e� conversion
in nuclei will provide the ultimate sensitivity to CLFV.

2.2. ⌫ standard model expectations

In spite of the fact that we have determined that CLFVmust occur, measurements of neutrino oscillation processes do not
allowus to reliably estimate the rate for the various CLFV processes. The reason is thatwhile neutrino oscillation phenomena
depend only on neutrino masses and lepton mixing angles, the rates for the various CLFV processes depend dramatically on
the mechanism behind neutrino masses and lepton mixing, currently unknown (for recent reviews see, for example, [23]).
Different neutrino mass-generating Lagrangians lead to very different rates for CLFV. Some of these will be discussed briefly
here and in Section 2.4.

The massive neutrino contribution to CLFV that involves only active neutrinos is absurdly small. For example [24],
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where U↵i are elements of the neutrino mixing matrix, 1m2
ij are the neutrino mass-squared differences, ↵ is the fine-

structure constant, and MW is the W -boson mass. Similar ridiculously small rates are expected for µ ! eee, µ ! e
conversion and rare process involving taus. The estimate above applies to some neutrino mass models, including minimal
scenarios with Dirac neutrinos. The reason behind the tiny branching ratios is well known. CLFV, as defined above, is a
flavor-changing neutral current process and such processes are subject to the GIMmechanism (or generalizations thereof).

In many neutrino-mass generating scenarios, the active neutrino contribution turns out to be, not surprisingly, severely
subdominant. In the famous seesaw mechanism [25,26], for example, heavy neutrino contributions to CLFV are naively
expected to be of the order of those of the light neutrinos, but there is no theorem that prevents them from being much,
much larger. According to [27], for example, current experimental constraints on the seesaw Lagrangian allow Br(⌧ ! µ� )
as large as 10�9, Br(µ ! e� ) as large are 4 ⇥ 10�13, and normalized rates for µ ! e conversion in nuclei that saturate the
current experimental upper bound. For more details, see for example [28].

2.3. Some model independent considerations

Independent from the mechanism behind neutrino masses, it is often speculated that the rates for different CLFV
processes are, perhaps, just beneath current experimental upper bounds. The reason is we suspect, for several reasons, that
there are new degrees of freedom beyond those in the Standard Model. We also suspect that some of those have masses
around 1 TeV. Since lepton-flavor numbers are known not to be good quantum numbers, it is generically expected that
virtual processes involving the new degrees of freedom will mediate, at some order in perturbation theory, CLFV.

Some concrete new physics scenarios will be briefly discussed in Section 2.4. Here we discuss two effective Lagrangians5
that mediate CLFV processes involvingmuons aiming at illustrating how searches for CLFV are sensitive to new physics, and
how different CLFV channels compare with one another.

After integrating out heavy degrees of freedom, and after electroweak symmetry breaking, CLFV is mediated by effective
operators of dimension five and higher. We first concentrate on the following effective Lagrangian6

LCLFV = mµ

( + 1)⇤2 µ̄R�µ⌫eLFµ⌫ + h.c.



(1 + )⇤2 µ̄L�µeL
�
ūL�

µuL + d̄L� µdL
�
+ h.c. (2)

The subscripts L, R indicate the chirality of the different Standard Model fermion fields, Fµ⌫ is the photon field strength and
mµ is the muon mass. The coefficients of the two types of operators are parameterized by two independent constants:

4 Some proposals involve other nuclei, including 48Ti.
5 Parts of this discussion were first presented in writing in [21,13].
6 The most general effective Lagrangian includes several other terms [14]. The subsets included in Eqs. (2) and (3), however, are sufficient to illustrate

all issues discussed here. Modulo extreme constructive/destructive interference effects among different effective operators, the points made here remain
valid.

e.g. Branching ratio of  “μ→eγ ”calculated in the SM with Neutrino Oscillation is 

← impossible to detect  
                in the current technology

No background from the SM, so this is advantage for New Physics search

CLFV search is a strong probe 
for various New Physics!

Many models such as SUSY, little 
Higgs, Heavy Neutrino (See-Saw), 
Extra Dimension etc. beyond the 
SM predict the CLFV processes 
in ~TeV scale, corresponding to 
the branching ratio of 10-14-17  in 
the muon decay.
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CLFV Search with Muon
RIKEN-RAL TRIUMF

RCNP-MuSIC
DeeMe
COMET

J-PARC

MEG-II
mu3e

PSI

Mu2e

FNAL

DC Muon Beam

Pulsed Muon Beam

suitable for “coincidence” experiments

suitable for “μ-e conversion” experiments
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COMET Experiment
Search for “μ-e conversion” in Japan at J-PARC hadron hall

Experimental Goal : 
B(µ� + Al⇥ e� + Al) = 3.3� 10�17

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

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

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

2. Reduction of Background by Pulsed-Beam and Long-Transport Line

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

Important Keys for COMET

(S.E.S)
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COMET at J-PARC E21
J-PARC@Tokai

Hadron Experimental Hall

COMET
Exp. Area

COMET 
here!



7

The COMET Collaboration

S.Mihara, J-PARC PAC Meeting, 16/Mar/2012

COMET Phase-I
Proto-collaboration

• 107 collaborators
• 25 institutes
• 11 countries
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Kyushu University, Japan

Republic of Belarus
Рэспубліка Беларусь (Belarusian)
Республика Беларусь (Russian)

Flag National emblem

Anthem: 
Дзяржаўны гімн Рэспублікі Беларусь (Belarusian)

Dziaržaŭny himn Respubliki Bielaruś
(English: State Anthem of the Republic of Belarus)

Location of Belarus  (green)
)  –  [Legend]

Minsk
53°55!N 27°33!E

Belarusian
Russiana

Belarusian

83.7% Belarusians
8.3% Russians
3.1% Poles
1.7% Ukrainians
0.1% Jews
0.1% Armenians
0.1% Tatars
3.0% Other

Belarusian

Presidential republic[1][2]

Belarus
From Wikipedia, the free encyclopedia

This article is about the European country. For other uses, see Belarus (disambiguation).
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 from 15 countries

COMET Collaboration
• International collaboration composed of 175+ researchers of 33 institutes (including JINR) 
from 15 countries 

• We approved Yandex to join the collaboration on 19/May/2016 

• Strong contributions from Asian countries 

• Enhancing collaboration using JSPS bilateral research program 

• Russia, India, Georgia, and China 

• Efforts to call for providing institute resources 

• CC-IN2P3 & Yandex 

+ more
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μ - e conversion search
1. Generate “muonic atom” by muon stopping at the target 
2. Measure emitted electron momentum from muonic atom 

A. spectrum of decay in orbit is continuous with sharp edge at 52.8 MeV 
B. μ-e conversion signal is a mono-energetic ~ 105 MeV peak  
(neutrinoless muon decay → emitted electron has all energy of the decay) 

3. Spectroscopic search for μ-e conversion signal

Nucleus

e-
νμ

νeー

μ-

μ → e νν

Decay In Orbit (DIO)

e μ
ー

Nucleus

νμ

μ-

μ + N → ν + Nμ

Muon Capture
Backgrounds in the SM Signal

τ~ 1μsec

Nucleus

muonic atom

e-

μ-

μN → e N

μ- e conversion
beyond the SM

muonic atom

* electron not emitted
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Strategy of COMET

Tau 2010 13th September 2010Ajit Kurup Page 11

The COherent Muon to Electron Transition 
(COMET) experiment

Proton Beam for COMET

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

• Extinction is very important.  

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

0.7sSpill time

5.3x105Bunches per Spill

1.2x108Protons per Bunch

100nsBunch Length

10-9Extinction

1.3 µsBunch Separation

Bunch Structure

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

Proton Beam for COMET

Intrinsic Background  
　DIO spectrum has longer tail up to ~105 MeV  
　→ require high momentum resolution to separate the tail and signal　 
Beam-related Background  
　Radiative pion capture, muon decay in flight and so on 
  → require pulsed beam and excellent proton extinction < 10-9

DIO

To achieve our target sensitivity, we take staging approach.



10

COMET Phase-I

6. Muon Beam

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

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

6.1 Pion Production

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

6.1.1 Comparison of di�erent hadron production codes

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

� and µ

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

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

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

6.1.2 Adiabatic transition from high to low magnetic fields

The pions captured at the pion capture system have a broad directional distribution. In order to
increase the acceptance of the muon beamline it is desiarable to make them more parallel to the beam
axis by changing the magnetic field adiabatically. From the Liouville theorem, the volume in the phase
space occupied by the beam particles does not change. Under a solenoidal magnetic field, the product

24

pion production systemmuon transport systemdetector system
COMET Phase-I Layout 

Pion productiondetector for  
µ-e conversion

Muon transport

Figure 1.1: Schematic layout of COMET Phase-I.

2

・With shorter muon transport solenoid (90° bending) 
・Not-full power operation of proton beam (3.2 kW) 
・Quick and Low-Cost Construction to get result earlier 
- under construction since ~2013, budget funded (not fully). 
- expecting to start in 2018/2019  

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

・Aiming Stage-2 Approval in J-PARC 
   soon (in summer 2016) 
・Technical Design Report (2016) is  
   available online.

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

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

15

15COMET Phase-I Goal : 

http://comet.kek.jp/

(S.E.S)

http://comet.kek.jp/
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COMET Phase-I Detectors

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

• Straw Tracker  
+ Energy Calorimeter 

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

CDC StrawECAL
1T

B-field
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Cylindrical Drift ChamberCyDet Features

a large bore CDC in a 1T solenoid magnet 
all stereo wire 
He based low mass gas

proton absorber
Trigger hodoscope (Plastic scintillator + Cherenkov)

for the photon readout: Avalanche photodiodes (APDs) and Multi Pixel Photon Counters (MPPCs).
APDs, with typical gains of 50–100, are now generally available but require an amplifier to get a
sizeable signal and whose noise output depends on the APD size. Two strategies to optimise the light
collection from APDs are being pursued: one using a diode with a wrapped/coated crystal and the
second using a diode with a wavelength shifter on the crystal.

SiPM MPPCs are a novel form of multi-pixel photosensor where each pixel is an APD biased to be
in the Geiger mode. When all the pixels are connected together in parallel they can provide photon-
counting with gains of the order of 106, which is comparable to that achieved with PMTs. They also
provide similar or better photo-detection e�ciencies and response times, and excellent linearity (when
the number of hit pixels is small). They are also practically immune to magnetic fields and require
a bias voltage of less than 100 V. Typical devices have dimensions of one to a few mm squared, and
pixel counts ranging from a hundred to the tens of thousands.

11.3 Readout Electronics

The readout electronics for the electron calorimeter system is chosen to be ROESTI, which has wave-
form digitizer chips (DRS4) . The DRS4 is a switched capacitor array running with fast sampling.
It has been developed at PSI for the MEG experiment. The ROESTI prototypes that were tested
at KEK used an amplifier-shaper-discriminator (ASD) ASIC which had been developed for a drift
chamber. However, for the application of the electron calorimeter readout, a new ASD with di↵erent
time constant to integrate signal charges will need to be developed for either the APD or MPPC
photo-detector.

12. Cylindrical Detector System (CyDet)

12.1 Introduction

Solenoid yoke
Detector solenoid coils

Beam pipe & Collimator

Collimator solenoid 

Cylindrical drift chamber (CDC)

Trigger hodoscope

Proton absorber

Stopping target

Figure 42: Schematic layout of the CyDet.

The cylindrical detector system (CyDet) is the main detector system for the µ�e conversion search in
the COMET Phase-I. It consists of a cylindrical drift chamber (CDC), a trigger hodoscope, a proton
absorber, and a detector solenoid. It provides the primary momentum measurement for electrons from
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1.5m

14年5月8日木曜日

1.6m

μ e-

COMET CDC 
- Surrounding target 
- 19 layers structure  
    ~5,000 sense wires 
  ~15,000 field wires 
- All stereo layers 
- He base gas 
  (He : iC4H10 = 10 : 90) 
- Study of prototype chamber is done (still ongoing) 
- basic performance study was done 
- spatial resolution < 200 μm 
- ongoing final test with 1T magnetic field in KEK 
- Design was fixed based on Belle-II CDC with modification for COMET 
- Construction started in 2014, now still underway

* Many thanks for Belle-II CDC group to help us!
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CDC ConstructionCurrent CDC 
9OMET

We are looking forward to  
           start wire stringing !

CDC Assemble
4OMET

CFRP outer wall + support ring one of the endplates

discussion how to assemble

・Assemble is done in factory of 東邦工業 
   which produced our end plates 
・

CFRP outer/inner wall

Wiring in KEK

Wiring Completed!The inner wall will be installed soon, 
   and the CDC commissioning will start in summer 2016.
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Read-out Electronics and DAQ

Slit�

Slit�

ASDs�

ADCs�

SFP+slot�

LVDS�JTAG�

Power�

analog+input+from+CDC+48ch�

DAQ/IF+
SiTCP�

Trigger/IF�

FPGA�

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

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

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

198

block diagram 
of trigger system

Figure 16.13: Trigger concept using COTTRI system. The CTH hit (shown in blue circle) information
is sent to COTTRI system. Next, the CDC region (green arc box) near the CTH hit is defined, and
the CDC wire hits (magenta circle) inside this region are counted. The track (red line) is reconstructed
if necessary. The COTTRI system decides on a trigger request using these information.

the detector readout system. The conceptual design of COTTRI FE and MB are shown in
Figure 16.15.
For use with the CTH, the FE board digitizes the amplified analog signals from CTH, applies
discrimination, and sends the digitized trigger inputs to the MB. The 100 MSPS 8-bit, 16 or
32 channel ADCs are equipped for analog signal digitization. The FPGA will perform digital
discrimination and generates digital trigger signal. Assuming 16 channels can be processed by
a single FE, 16 COTTRI FE boards will be required to process CTH signals. Those will be
located inside CTH support structure, therefore, a radiation hard design is necessary.
For CDC application, the digitized hit information is multiplexed and sent to the MB. The
FPGA will be capable of handling 16 multi-gigabit transceivers, and one is reserved for SFP
connector to communicate with a readout system. Two multi-gigabit transceivers will be as-
signed for each of 6 RECBE connections, which means 18 FE will be required to process 104
RECBE board trigger signals. Those boards will locate inside the CDC readout box.
The number of COTTRI MB will be one or two depending on the number of FE boards. It
will have three slave FPGAs, each of which will have connection with 6 FEs. The slave FPGA
multiplexes the incoming trigger signal and the master FPGA will have an implementation for
trigger processing, trigger decision and the control of slave FPGAs. The connection protocol
between FE and MB is under study with a few options such as DisplayPort [84], Ethernet, or
InfiniBand [85]. All of these protocols are capable of multi-gigabit serial data transfer. Another
option under investigation on COTTRI MB functionality is to use multiple “slave” FC7 boards
which collects CDC trigger information from COTTRI FB, and communicates with “master”
FC7 board of central trigger processor.

Performance estimation For the baseline CyDet trigger system, the trigger latency mostly
comes from the signal transmission between FC7 and COTTRI (for CTH signal digitization)
and the digitization time in COTTRI. The latency from transmission is estimated to be around
300 ns, but the COTTRI digitisation time is not estimated yet. For the CyDet, the required
trigger latency is around 5 µs, due to the bu�er size of RECBE (8 µs). Table 16.6 summarizes
current estimation on the latency of CyDet system.
Because of the bu�ering of data in the RECBE system, there is no significant jitter requirement
on the trigger to retain data. The bu�ers are long enough that data will not be lost within any
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FCT board 
- intermediate board 
  between trigger and 
  various read-out 
- prototyping done

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.
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Tracking Trigger 
- triggering with 
  track finding to  
  reduce trigger rate 
- under development
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Figure 11.35: Measured detection e�ciencies; (Left) Straw single e�ciency, (Right) Detection e�ciency
as a tracker layer

tubes11 a certain ine�ciency should be there, thus the detection e�ciency as a tracker layer is
also measured as shown in Figure 11.35 (Right). Even the full-scape prototype has a certain
ine�ciency, high enough e�ciency such as ≥95 % is obtained.
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Figure 11.36: Obtained X-T relation and its residual distribution, gas mixture = Ar/C2H6(50/50),
HV = 1900 V

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

11 The full-scale prototype has a small gap of 0.3 mm between each straw tubes.
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Straw Tracker

1st straw plane (x1)

2nd straw plane (x2)

3rd straw plane (y1)

4th straw plane (y2)

gas manifold

gas manifold
front-end boards

front-end boards

optical fibre-link
feedthrough

optical fibre-link
feedthrough

anode 
feedthrough

anode 
feedthrough

gas outlet

gas inlet

signal lines

signal lines

Beam

390
1950

15
60

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

11.1.2 Mechanical construction

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

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

84

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

・Operation in vacuum 
   to improve momentum res. 
・R&D ongoing

Figure 11.24: “ROESTI”: data format

11.4.5 Board prototype

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

(a) (b)
Figure 11.25: Prototype ROESTI

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

SFP I/O interface as shown in Figure 11.25(b). Intensive testing and R&D work is currently
ongoing. For example, Figure 11.26(a) shows the recorded waveform (red asterisks) with the
test pulse input (blue line) from a function generator; gain calibration is performed using test
input pulses and we have confirmed good agreement with design value as shown in Figure
11.26(b); the obtained calibration constant is 1.03 mV/fC, while 0.98 mV/fC is expected.
One of the most important performance parameters is the timing resolution of the readout.
By taking two test inputs to channels 1 and 7 and reading them out at 1GSPS, the timing-
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Prototype Straw Station Spatial Resolution
ROESTI : read-out electronics 
(developed for COMET, DRS4)

Phase-I 実験準備状況

18

ストローチューブ飛跡検出器

Mass production

実寸大プロトタイプ
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Energy Calorimeter (ECAL)

Chapter 12

Electron Calorimeter (ECAL)

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

 

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

The ECAL is required to have an energy resolution of better than 5% at 105 MeV and a cluster
position resolution of better than 1 cm. With su�cient crystal granularity, the shower topology
can also be used to discriminate electrons from neutrons and low energy photons. The crystals
need to have a good light yield, and fast response and decay times to reduce pileup. A schematic
layout of the ECAL system is shown in Figure 12.1. Unlike the Mu2e calorimeter, the COMET
calorimeter will not require a central hole to allow the beam pass, since COMET will have
a muon beam stop between the stopping target and ECAL and it has an electron transport
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Figure 12.13: The whole set-up located at the beam exit of J-PARC K1.1BR line.

Figure 12.14: The whole set-up located at the beam exit of Tohoku University GeV-“ Experimental
Hall.

ing fibre detector. The centre, border and corner area was defined by 10 mm square area with
respect to the central crystal as shown in Figure 12.18. The energy resolution degraded in the
border and corner area. LYSO meets the requirement of the energy resolution less than 5 % at
105 MeV/c in all the area.
The position resolution was also studied by using the impact position measured with the scin-
tillating fibre detector and the ECAL cluster position. Figure 12.19 shows the momentum
dependence of the position resolution, which decreases as the momentum increases. The im-
pact position dependence of the position resolution is shown in Figure 12.20, where the centre,
border and corner area was defined in the same way as Figure 12.18. Both GSO and LYSO
meets the requirement of the position resolution less than 1 mm.
Based on the prototype ECAL results in the test experiment, the cost-performance evaluation
on GSO and LYSO has been made and our decision of the crystal choice for the ECAL is LYSO.
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・Energy Measurement for PID 
- combination of crystals units 
- 2 crystal candidates GSO and LYSO 

・After several R&D, we decided to use 
   LYSO by considering cost and  
   their performance 
・R&D continues for the prototypingFigure 12.18: The measured energy resolution as a function of beam momentum, depending on the

beam particle impact position. The definition of the centre, border and corner area is shown in the
bottom-right figure, where the black solid line represents the 20 ◊ 20 mm2 central crystal and each
area is 10 mm square.

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

Figure 12.20: The measured position resolution as a function of beam momentum, depending on
the impact position (CENTER, BORDER and CORNER defined by Figure 12.18). ”NO CUT”
corresponds to the resolution without using the CENTER, BORDER and CORNER separation.
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set up of beam testFigure 12.18: The measured energy resolution as a function of beam momentum, depending on the
beam particle impact position. The definition of the centre, border and corner area is shown in the
bottom-right figure, where the black solid line represents the 20 ◊ 20 mm2 central crystal and each
area is 10 mm square.

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

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



17

Construction of COMET Hall

  

Beam Room

Proton Beam
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Installation Door

Beam Room

Installation Hatch

Door to Exp. Room

Cooling Equipment
will be installed

  

Beam Room
(view from Installation Yard)

Hole for proton beamline

Experiment Room

Beam Dump
(Iron Blocks will be located)

  

Experiment Room
(View from Door)

Installation Hatch

Beam Room

COMET Hall next to Hadron Hall
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Construction of Solenoid

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

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

• CS and MS coils will be made in 2016

Pion capture solenoid system

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

TS1a coil  
winding

6. Muon Beam

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

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

6.1 Pion Production

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

6.1.1 Comparison of different hadron production codes

In order to study the pion and muon production yields, different hadron production simulations were
compared. The comparison of the backward yields of π− and µ− three metres away from the proton
target for different hadron production codes is given in Table 3. It is found that there are a factor of 2.5
difference between different hadron production programs. Among them, the QGSP BERT and FTFP BERT

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

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

6.1.2 Adiabatic transition from high to low magnetic fields

The pions captured at the pion capture system have a broad directional distribution. In order to
increase the acceptance of the muon beamline it is desiarable to make them more parallel to the beam
axis by changing the magnetic field adiabatically. From the Liouville theorem, the volume in the phase
space occupied by the beam particles does not change. Under a solenoidal magnetic field, the product
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Detector solenoid system
• under construction, will be completed  
(maybe) in 2016
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Software Framework “ICEDUST”details).

SimDetectorResponse

ICEDUST Offline 
Software Suite and 
Event Display

MARS

Fluka

oaUnpackoaRawEvent

SimG4

SimHitMerger

oaOfflineDatabase oaChanInfo

AnalysisTools

ReconGlobal

EventDisplay

Code usage

Executable

Library

Key: Data type

Data Flow

Input

Output

oaAnalysis
Simple event 

data

Calibration 
Data

MIDAS data
from detectors

oaEvent
ROOT geometry

Data / MC output

CalibGlobal

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

17.2. Data Formats

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

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

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

The o�ine format consists of a structured ROOT file, known as the “oaEvent” format. This
format provides room for header information such as a description of the geometry in the exper-
iment, experimental conditions such as temperatures and times, and magnetic field information.
Alongside this the actual event data is stored in a container specific to the current stage of data
processing (calibration, reconstruction or simulation).
The description of the geometry is stored alongside the data, either in the form of a hash
tag pointing of a particular archived geometry which is automatically retrieved as needed, or
else as a persisted ROOT format. The ROOT format uses the various TGeo classes which
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* The structure is based on ND280 framework.

The COMET Experiment, 10 Aug 2015 Ben Krikler: bek07@imperial.ac.uk26

Software and Simulation 
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The framework “ICEDUST” has almost been ready in 2015. 
Still need to be implemented more, such as detector response. 
The simulation and analysis is/will be studied with ICEDUST now. 
Mass MC events generation is ongoing for more higher statistics study.

an example for Phase-I



20

Sensitivity Estimation in COMET Phase-I

Signal Acceptance

• fcap = 0.6

• Ae = 0.043 

• Nμ = 1.23x1016 muons

Signal Sensitivity B(µ− + Al → e− + Al) ∼
1

Nµ · fcap · Ae

,

Muon intensity about 0.00052 muons stopped/proton
With 0.4 µA, a running time of about 110 days is needed.

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
3.1 -15

-15

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

εtime =
Ntime

Nall
, (32)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (33)

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.

Figure 164: Efficiency of the time window cut for aluminium as a function of the end time of the time window.
The width of the proton pulses of 100 ns is included.

16.1.5 Net Acceptance of signals

It is assumed that the efficiencies of trigger, DAQ, and reconstruction 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 28.

Table 28: Breakdown of the µ−N → e−N conversion signal acceptance.

Event selection Value Comments
Geometrical acceptance 0.37
Track quality cuts 0.66
Momentum selection 0.93 103.6 MeV/c < Pe <106.0 MeV/c
Timing window 0.3 700 ns < t < 1100 ns
Trigger efficiency 0.8
DAQ efficiency 0.8
Track reconstruction efficiency 0.8
Total 0.043
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the DIO electrons is presented in Section 17.2. In this study, the momentum cut of 103.6 MeV/c <
Pe < 106.0 MeV/c, where Pe is the momentum of electron, is determined as shown in Fig. 107 [61].
According to this study, the contamination from DIO electrons of 0.01 events is expected for a single
event sensitivity of the µ−N → e−N conversion of 3.1× 10−15.
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Figure 106: Left: Distributions of the reconstructed µ−N → e−N conversion signals and reconstructed DIO
events. The vertical scale is normalized so that the integrated area of the signal is equal to one event with its
branching ratio of B(µN → eN) = 3.1× 10−15. Right: The integrated fractions of the µ−N → e−N conversion
signals and DIO events as a function of the low side of the integration range and the high side of the integration
range is 106 MeV/c. The momentum window for signals is selected to be fro 103.6 MeV/c to 106 MeV/c so
that the DIO contamination would be 0.01 events.

16.1.4 Time window for signals

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

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

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

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

16.1.5 Net Acceptance of signals

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

98

DIO

Signal

(S.E.S)



21

toward COMET Phase-IISolenoid Magnet Extension 
in Phase II

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

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

Solenoid Magnet Extension 
in Phase II

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

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

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

In Phase-II setup
- 56 kW proton beam 
- 180 degree transport    
  solenoid for muon 
- 180 degree spectrometer 
  solenoid for electron  
- StrawECAL detector S-Shape Design in Phase-II

proton

proton

stopping target

stopping target
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Phase-II Detector

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

* # of straw stations is not determined yet.

in vacuum under 1T magnet field

ECAL detector Straw Tracker

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

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

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

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

Fieldmaps

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

Simulation Set up 

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

field map design for Phase-II simulation setup for Phase-II
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COMET Timeline

JFY 2014 2015 2016 2017 2018 2019 2020 2021 2022

COMET 

Phase-I

construction

data

taking

COMET

Phase-II

construction

data taking

COMET Phase-I :  
2018 ~ 

S.E.S. ~ 3x10-15 

(for 110 days 
with 3.2 kW proton beam)

COMET Phase-II :  
2021~ 

S.E.S. ~ 3x10-17 

(for 2x107 sec  
with 56 kW proton beam)
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Summary
・COMET is an experiment search for “μ-e conversion” at J-PARC 
- aiming improvement the sensitivity x 10,000 better than the past 
- staging approach called Phase-I (under construction) / Phase-II 

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

 
 
- CDC detector for physics search will be constructed soon 
- the other system is also under construction 
- expecting to start in 2018/2019, stay tuned! 

 
・R&D for COMET Phase-II is underway. 
- expecting to start in 2021/2022, aiming further higher sensitivity

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

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

15

15
Phase-I Goal : 

(in 110 days operation)

http://comet.kek.jp/

(S.E.S)

http://comet.kek.jp/


Backup
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Biography of “μ-e conversion” search
R.H. Bernstein, P.S. Cooper / Physics Reports 532 (2013) 27–64 41

Table 4

History of µN ! eN conversion experiments. Lagarrigue and Peyrou (1952) saw ⇡1� signals for Sn and
Sb; we have averaged their results and set an approximate limit. We thank E. Craig Dukes for help in the
preparation of this Table.

Year 90% Limit Lab/Collaboration Reference Material

1952 1.0 ⇥ 10�1 Cosmic Ray Lagarrigue and Peyrou (1952) Sn, Sb
1955 5.0 ⇥ 10�4 Nevis Steinberger and Wolfe (1955) Cu
1961 4.0 ⇥ 10�6 LBL Sard et al. (1961) Cu
1961 5.9 ⇥ 10�6 CERN Conversi et al. (1961) Cu
1962 2.2 ⇥ 10�7 CERN Conforto et al. (1962) Cu
1964 2.2 ⇥ 10�7 Liverpool Bartley et al. (1964) Cu
1972 2.6 ⇥ 10�8 SREL Bryman et al. (1972). Cu
1977 4.0 ⇥ 10�10 SIN Badertscher et al. (1977) S
1982 7.0 ⇥ 10�11 SIN Badertscher et al. (1982) S
1988 4.6 ⇥ 10�12 TRIUMF Ahmad et al. (1988) Ti
1993 4.3 ⇥ 10�12 SINDRUM II Dohmen et al. (1993) Ti
1995 6.5 ⇥ 10�13 SINDRUM II Eggli (1995) Ti
1996 4.6 ⇥ 10�11 SINDRUM II Honecker et al. (1996) Pb
2006 7.0 ⇥ 10�13 SINDRUM II Bertl et al. (2006) Au

b

Fig. 12. Plan view of the SINDRUM-II experiment. The 1MW590MeV proton beam extracted from the PSI ring cyclotron hits the 40mmcarbon production
target (top left of 12). The ⇡E5 beam line transports secondary particles (⇡ , µ, e) emitted in the backward direction to a degrader situated at the entrance
of a transport solenoid connected axially to the SINDRUM II spectrometer. The CH2 degrader preferentially removes pions relative to muons—pions have
half the range of muons in the degrader. Inset (a) shows the momentum dispersion measured at the position of the first slit system. The momentum was
calculated from the flight time through the channel and the distributions show the increase when opening one side of the slit. Inset (b) shows a cross
section of the beam observed at the position of the beam focus.
Source: Caption taken from Bertl et al. (2006).

veto counters, and reconstruction cuts. The typical muon energy arriving at the end of the transport channel, before the
moderator, was 52 ± 1 MeV/c , ideal for the experiment since one can stop the muons in a well-defined volume.7

The spectrometer employed a superconducting solenoid, scintillation counters, and drift chambers to track the helical
trajectory of conversion electrons. We see the target was centered in the detector (this will change in the next generation
of experiments). More specifically, the SINDRUM-II detector consisted of radial drift chambers and a cylindrical array of
64 scintillation counters viewing a hollow double-cone target. The entire apparatus was in a 0.33 T field with axis parallel
to the beam direction. The series of experiments reached 90% confidence limits in the 6–7 ⇥ 10�13 range, a considerable
accomplishment (see Figs. 12 and 13).

We next examine the results, asking what the limitations were and how subsequent experiments might improve on this
impressive series of experiments.

The beam structure of the ⇡E5 beam (300 ps bursts every 19.75 ns) allowed the authors to define two sets of events
based on two cuts:

• A cut on cos ✓ where ✓ is the polar angle of the reconstructed helix. Small cos ✓ (forward) events are associated with
(a) RPCs produced in the degrader itself and (b) pion decay in flight (⇡� ! e�⌫̄e) in the region just before the degrader.

• A cut on |trf| < 4.5 ns. trf is the time of the beam burst. This essentially divides the data sample in two time groups, those
near the beam burst and those ‘‘far’’ from the burst. This cut preferentially removes RPCs arising from pions striking the
target.

7 The beam line is tunable; it can select momenta between 20 and 100 MeV/c with resolution of a few percent and choose either positive or negative
particles. As used by MEG, it is used to select positive 28 MeV/c muons thereby making a surface muon beam.

Phy. Rep., 432, 2 (2013)

The current limit is given by SINDRUM-II experiment, but the experiment 
started in 1980s, so some experiments are planed to update the limit very soon.
In Japan, DeeMe and COMET experiments are planed and under construction.

http://www.sciencedirect.com/science/article/pii/S0370157313002688
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SINDRUM-II at PSI
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magnet yokeSINDRUM II

Final result on mu - e 
conversion on Gold 

target is being prepared 
for publication

< 7 x 10-13 90%CL

@ PSI

PSI muon beam intensity ~ 107-8/sec
beam from the PSI cyclotron. To eliminate beam 
related background from a beam, a beam veto 
counter was placed. But, it could not work at a 
high rate. 

Current World Best Limit : 



29

Proton Beam at J-PARC
• A pulsed proton beam is 

needed to reject beam-related 
prompt background. 


• Time structure required for 
proton beams.

• Pulse separation is ~ 1μsec 

or more (muon lifetime).

• Narrow pulse width (<100 

nsec)


• Pulsed beam from slow 
extraction.

• fill every other rf buckets 

with protons and make slow 
extraction


• spill length (flat top) ~ 0.7 
sec

• good to be shorter for 

cosmic-ray backgrounds.
1.17 µs (584 ns x 2)

0.7 second beam spill

3.64 second accelerator cycle

100 ns
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CDC Momentum Resolution

(from one bunch) is shown in Fig. 79, where the track in blue is an electron triggering the CyDet and
the red tracks are protons. Additionally it should be noted that discriminating electrons from protons
may be possible based on the larger charge deposit from the protons.

11.6.6 Momentum resolution for µ− − e− conversion signal

The momentum resolution for µ− − e− conversion signal will be affected by energy loss and energy
straggling in the muon stopping target and the proton absorber. 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 proton absorber. The momentum distribution of the µ−−e− conversion
signal with a 1 mm thick CFRP absorber is given in Fig. 80. To eliminate intrinsic muon background,
this momentum resolution (in particular the higher momentum side) becomes important. As shown
in Fig 80, the sigma of the core Gaussian and that of the tail Gaussian at the high momentum
side are 195 keV/c and 365 keV/c respectively. Given this momentum resolution, the background
contributions, in particular from muon decay in orbit (DIO), will be discussed in Section 16.2

Pfit - 104.5 (MeV/c)
-5 -4 -3 -2 -1 0 1 2 3 4 5

Co
un

ts
/0

.1
 M

eV
/c

-110

1

10

210

310

Total Momentum Resolution
momr

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

σ of the core Gaussian at the high momentum side SigH 195 keV/c
σ of the core Gaussian at the high momentum side SigL 226 keV/c
Fraction in the tail distribution TFH 39%
σ of the tail Gaussian at the high momentum side TSigH 365 keV/c
σ of the tail Gaussian at the low momentum side TSigL 642 keV/c

Figure 80: The distribution of the fitted momentum minus 104.97 MeV for the µ− − e− conversion signal for
a 1 mm thick CFRP absorber. Here SigH, SigL, TFH, TSigH and TSigL are the sigma of the core Gaussians
at the high momentum side, the low momentum side, the fraction in the tail distribution, the sigma of the tail
Gaussian at the high momentum side, and that at the low momentum side, respectively.

12. X-Ray Detector

The number of muons stopped in the muon-stopping target can be monitored by observing the char-
acteristic X-rays from muonic atoms [39]. Table 20 summarises the energies of muonic X-rays for

68

We estimated the sensitivity 
and the number of DIO BG 

with this results. 
→ see W.Chen’s talk

about 200 keV/c  
achieved.

(simulation result)
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Backgrounds List

Tau 2010 13th September 2010Ajit Kurup Page 11

The COherent Muon to Electron Transition 
(COMET) experiment

Proton Beam for COMET

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

• Extinction is very important.  

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

0.7sSpill time

5.3x105Bunches per Spill

1.2x108Protons per Bunch

100nsBunch Length

10-9Extinction

1.3 µsBunch Separation

Bunch Structure

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

Proton Beam for COMET

Intrinsic physics backgrounds

1 Muon decay in orbit (DIO) Bound muons decay in a muonic atom
2 Radiative muon capture (external) µ

� +A ! ⌫µ +A

0 + �,
followed by � ! e

� + e

+

3 Radiative muon capture (internal) µ

� +A ! ⌫µ + e

+ + e

� +A

0,
4 Neutron emission after µ

� +A ! ⌫µ +A

0 + n,
after muon capture and neutrons produce e

�

5 Charged particle emission µ

� +A ! ⌫µ +A

0 + p (or d or ↵),
after muon capture followed by charged particles produce e

�

Beam related prompt/delayed backgrounds

6 Radiative pion capture (external) ⇡

� +A ! � +A

0, � ! e

� + e

+

7 Radiative pion capture (internal) ⇡

� +A ! e

+ + e

� +A

0

8 Beam electrons e

� scattering o↵ a muon stopping target
9 Muon decay in flight µ

� decays in flight to produce e

�

10 Pion decay in flight ⇡

� decays in flight to produce e

�

11 Neutron induced backgrounds neutrons hit material to produce e

�

12 p induced backgrounds p hits material to produce e

�

Other backgrounds

14 Cosmic-ray induced backgrounds
15 False tracking

Table 8: A list of potential backgrounds for a search for µ�
N ! e

�
N conversion.

Background estimated events

Muon decay in orbit 0.01
Radiative muon capture 1.38⇥ 10�4

Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001
Radiative pion capture 0.00493⇤

Beam electrons
Muon decay in flight 0.00145⇤

Pion decay in flight
Neutron induced background ⇠ 0⇤

Delayed radiative pion capture 0.002
Anti-proton induced backgrounds 0.007
Electrons from cosmic ray muons < 0.0001
Total 0.029

Table 9: Summary of estimated background events for a single-event sensitivity of 3 ⇥ 10�15 with a proton
extinction factor of 3⇥ 10�11. The numbers with ⇤ is directly proportional to the proton extinction factor.

17.3.2 Muon decay in orbit

There are no measured data of muon decay in orbit (DIO) at the momentum region of the endpoint
energy. This measurement cannot be done at an existing muon facility since the number of muons

37

prompt and delayed  
backgrounds
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Background Estimation

veto ine�ciency of 10≠4, a upper limit of background contribution is obtained to be Æ 0.01 for
a running period of the COMET Phase-I physics run. This estimate is currently limited by an
available computing time, and can be improved once more computing resource is available.

Cosmic-ray run during and prior to the physics run It is noted that COMET will also be
able to directly measure the cosmic-ray induced background using data collected during the
J-PARC MR spill o� time.
It will be useful to have a cosmic-ray run with the complete COMET Phase-I detector (with
the CTH triggers), prior to the physics run without a proton beam (see Section 21.2.). This
cosmic-ray run would provide an opportunity to study and determine any special arrangements
to suppress cosmic-ray backgrounds further.

19.2.6 Summary of background estimations

Table 19.8 shows a summary of the estimated backgrounds. The total estimated background
is about 0.032 events for a single event sensitivity of 3 ◊ 10≠15 with a proton extinction factor
of 3 ◊ 10≠11. If the proton extinction factor is improved, the expected background events are
further reduced.

Table 19.8: 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.

269
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RCNP-MuSIC

04/08/2011

The current situation

Proton beam line

14

MuSIC@Osaka-U RCNP cyclotron 
400 MeV, 1µA

04/08/2011

Muon lifetime measurement

24

Slide courtesy of Tran Hoai Nam, Osaka University 

04/08/2011

X-ray spectrum (Mg target)

25

e+/e- Annihilation 

Muonic Mg decay

Slide courtesy of Tran Hoai Nam, Osaka University 

Measurements on June 21, 2011 (26 pA)

µ+ : 3x108/s for 400W
µ- : 1x108/s for 400W

MuSIC muon yields
preliminary

cf. 108/s for 1MW @PSI 
 Req. of x103 achieved...
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Present Limit and Future Prospects

process present limit future
µ→eγ <5.7 x 10-13 <10-14 MEG at PSI
µ→eee <1.0 x 10-12 <10-16 Mu3e at PSI

µN→eN (in Al) none <10-16 Mu2e /  COMET
µN→eN (in Ti) <4.3 x  10-12 <10-18 PRISM

τ→eγ <1.1 x 10-7 <10-9 - 10-10 superKEKB
τ→eee <3.6 x 10-8 <10-9 - 10-10 superKEKB

τ→µγ <4.5 x 10-8 <10-9 - 10-10 superKEKB

τ→µµµ <3.2 x 10-8 <10-9 - 10-10 superKEKB/LHCb
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PRISM/PRIME Experiment

PRISM 
beamline

PRISM-FFAG 
muon storage ring

momentum slit

extract kickers

injection kickers

matching section

 curved solenoid 
(short)

SC solenoid / 
pulsed horns

PRIME 
detector MW beam

aiming S.E.S ~ 3 × 10-19


