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Starting from past and present
➤ Muon CLFV searches have quite 

successful history despite the lack of 
discovery


➤ Highly precise theoretical prediction; 
YES or NO


➤ Remarkable progress in muon intensity


➤ From cosmic-rays to Multi MW beams


➤ So many improvements in detector 
technologies


➤ High precision tracking, energy 
calorimetry, etc
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of the new particles (red line) would indirectly appear
enhancing the probability of processes that otherwise
would be strongly suppressed or never occur.

The most general approach to describe the NP under
the assumption that the NP characteristic energy scale is
well above the energies explored so far is to write an ef-
fective lagrangian made by the sum of the SM lagrangian
and all the other new terms, suppressed by inverse powers
of the new heavy mass scale ⇤ [11–13]:

Le f f = LSM +
X

d>4

c(d)
n

⇤d�4O
(d) (1)

where O are the operators, d is the mass dimension and
cn dimensionless coe�cients. As it follows from eq. 1
searching for strongly suppressed or forbidden processes
o↵ers the unique possibility to probe otherwise unreach-
able and unexploited new physics energy scale. Following
the approach of the e↵ective lagrangian and assuming NP
natural coupling the current upper limits on muon cLFV
processes translates in new energy scale limits⇤ >O(100)
TeV, independently of the detailed form of the operator re-
sponsible for the cLFV process [14, 15].

Muonic rare channels such as the µ+ ! e+� decay, the
µ+ ! e+e+e� decay and µ�N ! e�N conversion in nu-
clei are the most promising and complementary cLFV pro-
cesses (often referred to as "golden muonic channels" [1,
16–20]): (a) The tremendous muon beam intensities (al-
ready available: up to few ⇥108 µ/s (continuous, DC) [21,
22], available soon: O(1011) µ/s (pulsed) [23, 24] and un-
derstudy: O(1010) µ/s (DC) [25, 26], implying for huge
statistical samples, together with ultimate performing de-
tectors allow for astonishing muonic cLFV SES; (b) The
combined phenomenological analysis of these three pro-
cesses allow for discriminating the underlying operators
generating a potential signal, given di↵erent process sen-
sitivities to the di↵erent operators. Figure 2 shows the
history of cLFV experiments based on the golden muonic
channels.

Two of the three golden muonic channels can be stud-
ied at PSI which delivers the world’s most intense con-
tinuous muon beam uniquely suited to study coincidence-
type experiments as µ+ ! e+� and µ+ ! e+e+e� decay
searches, where there is more than one particle in the final
state.

The MEG experiment searches for the µ+ ! e+� de-
cay ([27, 28]) and has recently set the most stringent up-
per limit on its branching ratio B(µ+ ! e+�) < 4.2 ⇥
10�13 [29–32]. It is a factor 30 improvement over the
previous limit set by the MEGA experiment [33] and also
the strongest bound on any forbidden decay particle. The
strong physics motivation to further explore the µ+ ! e+�
decay has led the collaboration to decide upon an upgrade
of the experiment, with the aim to improve the sensitiv-
ity by at least one order of magnitude. The MEG upgrade
(MEGII) has been approved at PSI and by the Institutions
of the international collaboration [34], and is now under-
way [35].

Figure 2. History of cLFV experiments with muons.

Following the mentioned complementary approach the
Mu3e experiment at PSI will search for the µ+ ! e+e+e�
decay aiming at a sensitivity of a few ⇥10�15 [36] (Mu3e
phase I) and an ultimate sensitivity of a few ⇥10�16 (cur-
rent upper limit B(µ+ ! e+e+e�)< 1.0 ⇥ 10�12 [37]), and
COMET [23] in Japan and Mu2e [24] in US will search
for the µ�N ! e�N conversion aiming at final sensitivi-
ties of few ⇥10�17(current upper limit B(µ Au ! e Au)
< 7 ⇥ 10�13 [38]).

2 The MEGII experiment

A schematic view of the MEGII apparatus is shown in Fig-
ure 3.

In MEGII, surface (positive) muons with a momentum
of 29 MeV/c are stopped in a thin slanted polyethylene tar-
get (thickness 140 µm; angle 15 deg), located at the center
of a magnetic spectrometer.

The signature of a µ+ ! e+� decay at rest is a back-
to-back, mono-energetic, time coincident � and e+. The
signal event is identified by five observables: The gamma
energy E�, the positron energy Ee, the relative gamma-
positron time te�, the relative gamma-positron angles ✓e�
and �e�. There are two main background sources, the dom-
inant being the accidental coincidences between a high
energy positron from the main muon decay µ+ ! e+⌫⌫
(Michel decay) and a high energy photon from positron
annihilation-in-flight or bremsstrahlung or from the radia-
tive muon decay (RMD) µ+ ! e+⌫⌫�. The other source
comes from the RMD itself when neutrinos take o↵ a small
amount of energy.

All the � kinematics variables (energy E�, time t� and
interaction point X�) are measured using a liquid Xenon
(LXe) calorimeter. All the e+ kinematics variables are
measured by a spectrometer made of single cylindrical ac-
tive drift chamber CDCH and a highly segmented pixe-
lated Timing Counter pTC mounted inside a gradient mag-
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Muon Charged Lepton Flavour Violation (CLFV)

➤ No CLFV processes in the Standard Model


➤ Massive neutrinos induce CLFV processes via neutrino oscillations


➤ Already new physics beyond the Standard Model but as tiny as almost undetectable


➤ Clear sign of the new physics if discovered

3

B(μ → eγ) =
3α
32π ∑

i

U†
μiUei

m2
νi

m2
W

2

≈ 10−54

≈ CR(μ−N → e−N)
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CLFV in EFT
➤ Searches for CLFV processes indirectly probing ΛNP > 

1 PeV new physics scale


⇔ Ultra large Moon collider, 14 PeV pp (arXiv:2106.02048) 

➤ Complementary searches available with different 

muon CLFV modes (Muon CLFV golden modes; μ→eγ, 
μ→eee, μN→eN)

4
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orders of magnitude different from the other coefficients, we also plot the reach in a parametrization similar to that
introduced in [19] by defining a variable

D = cotan(✓D � ⇡/2) . (III.1)

This non-linear transformation magnifies the regions where the dipole contribution either dominates the four-fermion
interactions (✓ = 0,⇡) or is suppressed (✓ = ⇡/2). We also define a similar variable V , that magnifies the regions
where leptonic four-fermion coefficients are much larger or smaller than those with quarks. We subtract ⇡/2 in order
to have µ ! e� larger at the centre of the plot, following [19]. However, this choice means that =0 corresponds to
both to ✓ = 0 and ✓ = ⇡, and the rates can be discontinuous at 0 while they are continuous at ±1. This can be
observed in figure 3.
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FIG. 1. Reach as a function of (left) the angle ✓D, which parametrizes the relative magnitude of dipole and four-fermion
coefficients, and (right) the variable D = cotan(✓D �⇡/2). The scale ⇤ is defined in eqn (II.1) with the coefficients normalised
according to Table II. The solid region is currently excluded.

Figure 2 displays the reach as a function of ✓V , which is effectively the angle between the µ ! eēe and µA! eA
four-fermion operators. Results for a vanishing dipole contribution (✓D = ⇡/2) shows that µ ! eēe vanishes at
✓V = ⇡/2 and µA! eA at ✓V = 0,⇡. Adding a small negative dipole coefficient, µ ! eēe doesn’t vanish anymore
since the dipole contributes independently as well as in interference with the four-fermion contributions, and the
rate is reduced when this interference is destructive. The magnitude of the negative dipole coefficient is larger for
✓D = 3⇡/4, exhibiting that µA! eA vanishes when the dipole cancels the four-fermion contributions. Similar plots
for V = cotan(✓V � ⇡/2) are shown in Figure 3.

Figure 4 illustrates the complementarity of heavy and light targets for µA!eA, by plotting the conversion ratios
as function of ~C · ~eAlight / sin� and ~C · ~eAheavy? / cos�. Recall that ~C · ~eAheavy? parametrizes the independent
information obtained with Au. This additional contribution to µAu ! eLAu causes the rate to vanish at a different
value than that of the light targets. The dipole, which also contributes to µA ! eA, was taken to either vanish
(✓D = ⇡/2), be positive (✓D = 3⇡/4) or negative (✓D = ⇡/4). This illustrates the impact of ~C · ~eD on the rate:
cancellations can occur among the dipole and four-fermion contributions, as well as between the two independent
combinations of four-fermion coefficients.

Finally, the dependence of the sensitivity on the angle � and the variable D is exhibited in Figure 5. As expected,
the µ ! e� and µ ! eēe processes are independent of �. The shape of the conversion processes on light and heavy
targets are globally similar, although the ridges along which the rates cancel are slightly different.
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Current upper limit 
(90%CL)

Given by Target 90%CL UL sensitivity Current Projects

µ→eγ 4.7×10-13 MEG (2016) 6×10-14 MEG II

µ→eee 1.0×10-12 SINDRUM (1988) 2×10-15/10-16 Mu3e/Mu3e p-II

µN→eN 7.0×10-13 @Au SINDRUM II (2006) 10-14/10-17 DeeMe/COMET/Mu2e

https://arxiv.org/abs/2106.02048
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➤ Simple kinematics


➤ Accidental background dominant → DC beam, high precision measurements

5

1.3. SEARCHES FOR THE CLFV PROCESSES

Normalized Positron Energy (x)
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Normalized Gamma Energy (y)
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Figure 1.6: Left figure shows positron energy spectrum of unpolarized µ+ → e+νeνµ decay
(Michel spectrum). A radiative decay correction [25] is included. Right one shows gamma
Energy spectrum of unpolarized µ+ → e+νeνµγ decay. Positron energy and the angle
between a positron and a gamma are integrated.

From Eq. (1.20), the branching fraction of the accidental backgrounds is proportional to
Rµ.

A gamma ray from annihilation-in-flight (AIF) of a positron is other possible source of
the accidental background. The energy spectrum and the production rate of the gamma
ray from AIF depends on the materials inside the tracking volume. The rate of the AIF
background is also proportional to the instant muon rate (Rµ) since almost all positrons
originate from Michel decay of muons.

By way of example, the branching ratio of the accidental background is calculated by
using resolution parameters given by the MEGA experiment. In the calculation, it has to
be considered that pulsed muon beam was used in the MEGA experiment. The instant
beam intensity was 2.6 × 108 in MEGA. The effective branching ratio is given as

Bacc ∼ 2.4 × 10−12. (1.22)

Therefore the accidental background was dominant in their experiment and it could be
a serious problem on searching for the µ+ → e+γ decay with higher sensitivity of 10−13

level.

1.3.2.3 Experimental Requirement for the µ+ → e+γ Search

As discussed in above sections, it is the most important to reduce the accidental back-
ground to achieve the sensitivity below 10−12. Since the background rate is proportional
to an instant muon rate, direct-current (DC) muon beam is strongly preferred in order
to suppress the accidental background while keeping the total statistics high enough.

Since the incident rate of the AIF background depends on the materials along the
positron trajectories, namely the target and the tracking devices, the total amount of
materials inside the tracking volume should be as small as possible and they should be

26
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Muon Sources

➤ High power proton accelerators produce high intensity muons


➤ Currently DC 108 µ/sec available @PSI →  J-PARC/FNAL will soon deliver the pulsed muons

6

▎Muon sources in the world
μ± are produced from π± decay
π± are produced by hitting protons to a target, so μ± are tertiary beam.
Therefore, high-power proton accelerators become muon factories.

Maximum intensity: 108 s-1 
(now) → 1010–11 s-1 

(in near future)

PSI
MEG
mu3e
muEDM
MuLan
Mu-Mass
HyperMu
muX
CREMA

J-PARC
COMET
DeeMe
g–2/EDM
MuSEUM
1S-2S

FNAL
mu2e
g–2

TRIUMFRCNP

RIKEN

Leading meson/muon factories

and more…
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2.1. BEAMLINE

Figure 2.1: Top and side view of all the experimental apparatus with coordination.

Figure 2.2: 3D view of all the experimental apparatus with coordination.

32

MEG Experiment
➤ Physics run completed in 2008—2013 using the world’s best DC µ beam @PSI πE5


➤ Two orders better sensitivity than the previous limit ⇔ Better resolutions, more muons, larger photon acceptance

7

Large liquid xenon gamma calorimeter Ultra light drift chamber modules

Specially graded magnetic fieldScintillation timing counter bars
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MEG Experiment

➤ Final results published in 2016 using 
the full dataset


➤ Final results; BR(µ→eγ)<4.2×10-13 
(90% C.L.), Euro. Phys. J C (2016) 
76:434


➤ Start getting the BG events in the 
signal region → time for the upgrade

8

Eur. Phys. J. C (2016) 76 :434 Page 27 of 30 434
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Fig. 29 The projections of the best fitted likelihood function to the
five main observables and Rsig together with the data spectra for the
full dataset. The magenta dash and red dot-dash lines are individual
components of the fitted PDFs of ACC and RMD, respectively. The

blue solid line is the sum of the best fitted PDFs. The green hatched
histograms show the signal PDFs corresponding to 100 times magnified
Nsig upper limit

These parameters are therefore fitted to opposite directions
(the paraboloid shape or the deformed shape defined by the
FARO measurement) in the positive and the negative sides of
the branching ratio. The likelihood curve shifts from one to
another of the two shapes crossing 0 in the branching ratio.
The best fit value on the branching ratio for the full dataset
is −2.2 × 10−13. The upper limit of the confidence interval
is calculated following the frequentist approach described in
Sect. 4.5.3 to be 4.2 × 10−13 at 90 % C.L.

The projection of the best fitted function on each observ-
able is shown in Fig. 29a–e, where all the fitted spectra are in
good agreement with the data spectra. The agreement is also
confirmed by the relative signal likelihood Rsig defined as

Rsig = log10

(
S(xi )

fRR(xi )+ fAA(xi )

)
, (4)

where fR and fA are the expected fractions of the RMD and
accidental background events which are estimated to be 0.07
and 0.93 in the side-bands, respectively. Figure 29f shows the

Rsig distribution observed in the full dataset together with the
expected distribution from the fit result.

The results from the maximum likelihood analysis are
summarised in Table 2. The dominant systematic uncertainty
is due to the target alignment uncertainty, which increases the
upper limit by 5 % while the other uncertainties increase it
by less than 1 % in total.

The upper limit on the branching ratio is consistent with
the sensitivity under the background-only hypothesis pre-
sented in Sect. 4.7.1. This result is confirmed by following
the profile of the log-likelihood curve as a function of the
number of signal events, in parabolic approximation, and by
independent analysis, based on a set of the constant PDFs,
which will be discussed in Sect. 4.7.3.1.

A maximum likelihood fit without the constraints on
NRMD and NACC estimated in the side-bands is performed as
a consistency check. The best fit values of NACC and NRMD
for the combined dataset are 7684±103 and 663±59, respec-
tively. They are consistent with the respective expectations
of 7744± 41 and 614± 34 and also with the total number of
observed events (Nobs = 8344) in the analysis window.
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γ -pairs per event in a sample of year 2009 events. The peak in the centre
of the plot is caused by photons originating from positron-AIF in the
DCH. The events located inside the dashed line contour are removed
by the AIF cut

4 Analysis

4.1 Analysis strategy

The MEG analysis strategy is a combination of blind and
maximum likelihood analysis. The blind analysis is chosen to
prevent any bias in the evaluation of the expected background
in the analysis region and the maximum likelihood analysis
is preferred to the simpler box analysis in order to avoid
boundary effects at the borders of the analysis region and to
improve the sensitivity by correctly taking into account the
probabilities of events being due to signal, RMD or accidental
background.

The µ+ → e+γ event is characterised by an e+γ -pair,
simultaneously emitted with equal momentum magnitude
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Fig. 20 The accumulated number of stopped muons on target as func-
tion of time

and opposite directions, and with energy of mµ/2 =
52.83 MeV each. The µ+ → e+γ event signature is there-
fore very simple and the sensitivity of the experiment is lim-
ited by the ability to reject background e+γ -pairs, of various
origins. Positron and photon energies (Ee+ and Eγ ), e+γ

relative time (te+γ ), and relative azimuthal and polar angles
θe+γ and φe+γ are the observables available to distinguish
possible µ+ → e+γ candidates from background pairs. In
the maximum likelihood analysis presented here, θe+γ and
φe+γ are treated separately, with independent distributions,
since these variables can have different experimental resolu-
tions.

This maximum likelihood analysis is thoroughly cross-
checked by an alternative independent maximum likelihood
analysis where some of the methods are simplified; for exam-
ple, the relative stereo angle $e+γ is used instead of the rel-
ative polar and azimuthal angles.

4.2 Dataset

Data were accumulated intermittently in the years 2008–
2013. Figure 20 shows the data collection period divided
into each calendar year by the planned PSI winter accelera-
tor shutdown periods of 4–5 months. Shutdown periods are
used for detector maintenance, modification and repair work.
The data accumulated in 2008 were presented in [5], but the
quality of those data was degraded by problems with the
tracking system and therefore they are not considered in this
analysis.

In total, 7.5×1014 muons were stopped on target in 2009–
2013. The analysis based on the 3.6 × 1014 muons stopped
on target in 2009–2011 has already been published [7]. The
data from the remaining 2.3 × 1014 muons stopped on target
in 2012, and from 1.6 × 1014 muons stopped on target in
2013 are included in this analysis, thus completing the full
dataset.

In the first stage of the MEG analysis, events are pre-
selected with loose requirements, requiring the presence of
(at least) one positron track candidate and a time match given
by −6.9 < tLXe−TC < 4.4 ns, where tLXe−TC is the relative
difference between the LXe time and the TC time associated
with the positron candidate. The window is asymmetric to
include multiple turn events. This procedure reduces our data
size to ≈16 % of the recorded events. No requirements are
made on photon and positron energies or relative directions.
Such loose cuts ensure that even in the presence of not yet
optimised calibration constants the possibility of losing a
good µ+ → e+γ event is negligible.

4.3 Blinding

Every time the pre-selected events are processed, events
falling in the window in the (te+γ , Eγ ) plane defined by

123
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MEG II Experiment

9

Special thanks to Marco Chiappini

Link to the MEG II design paper

https://link.springer.com/article/10.1140/epjc/s10052-018-5845-6
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MEG II Experiment

10

Special thanks to Marco Chiappini

CDCH hits

pTC hits

 All detectors have much better granularity now ! 

LXe CDCH pTC RDC

RMD BG peak can be seen in tRDC - tLXe


15% sensitivity improvement at most
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MEG II Experiment

11

MEG MEG II (design) MEG II (Meas.)

ΔEe [keV] 380 130 90
Δθe / Δφe [mrad] 9/9 7.0/5.5 8/7

e+ Eff. [%] 40 70 65
ΔEγ [%] (deep/shallow) 1.7/2.4 1.0/1.1 1.7/2.0

Δposγ [mm] 5 2.4 2.5
γ Eff. [%] 60 70 60
Δteγ [ps] 120 85 80

positron
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μ+ → e+e+e−

μ+→e+e+e- & the Mu3e experiment

6

Detecting μ+→e+e+e- for muon decay at rest: Backgrounds

➔ Common vertex
➔ Time coincident
➔ ∑E = mμ
➔ ∑p=0

DC muons
3 particle decay Internal  conversion Accidental background

signalBackground

Michel decay positrons plus 
electron from:

❏ Bhabha scattering
❏ Photon conversion
❏ Mis reconstruction

Our detector needs:
➢ Excellent momentum resolution
➢ Good time and vertex resolution
➢ High rate capability

Signal Internal background Combinatorial background

• Common vertex 
• Time coincidence 
•  

•
|Σ ⃗p | = 0
Σ E = mμ

• Common vertex 
• Time coincidence 
•  

•
|Σ ⃗p | ≠ 0
Σ E ≠ mμ

• No common vertex 
• No time coincidence 
•  

•
|Σ ⃗p | ≠ 0
Σ E ≠ mμ

 

A. Schöning, Heidelberg                                                         18                                                          Seminar LPNHE, 3. May 2021

e+

e+e-

ν

ν

B(μ+ → e+e+e- νν) = 3.4 ·10- 5

Irreducible BackgroundIrreducible Background

Radiative decay with internal conversion

missing energy 
from two neutrinos

steeply falling!
R.M.Djilkibaev,
R.V.Konoplich 
PRD79 (2009)

very good momentum + 
total energy resolution required!

missing energy taken
by neutrinos

Timing resolution < 100 ps


Vertex resolution  < 0.5 mm


|Σp| and ΣE as precise as 1 MeV
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Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

Building the Pixel Tracking Detector

SLAC FPD Seminar - 01.12.2020

Sebastian Dittmeier - Heidelberg University

35

Mu3e Experiment

13

Special thanks to Cristina Martin Perez

The Vertex Detector

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 36

V-channels for
mechanical support

(outer layers only)
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Mu3e Experiment

14

Distribute muon stops over large surface

Reduce material traversed by decay products

Hollow, double-cone target made from Mylar

100 mm long, 38 mm diameter, 70 µm/80 µm thick

Stopping rate of 95.5%

12/22 May 19, 2022 A. Perrevoort: Searching for LFV with Mu3e ann-kathrin.perrevoort@kit.edu | KIT - ETP

Mu3e Experiment
Stopping Target

70-80 μm thick

K. Arndt, H. Augustin, P. Baesso et al. Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165679

Fig. 11.3. CAD rendered views of the tile detector.

Fig. 11.4. Individual tiles wrapped with ESR reflective foil.

the foil. By pushing the tile down into a customised funnel, the foil
side walls are folded around the tile. Using the side rods of the tool,
the wrapping is folded like an envelope and a small sticker is placed
on top to close it. The resulting wrapped tiles are shown in Fig. 11.4.

In the following step, the tiles must be glued to the SiPMs. This is
done on matrix level in order to avoid tolerance issues. A gluing tool
was designed with the emphasis of allowing a small degree of freedom
with respect to the height of the individual tiles in order to compensate
different SiPM heights due to soldering paste and tolerances of the SiPM
manufacturing. The scintillator tiles are manually arranged inside the
tool and are pressed from the back side and the top such that half of
the tiles’ height is outside of the tool as shown in Fig. 11.9(a). The
matrix board is mounted on a pedestal and the glue is dispensed onto

Fig. 11.5. Hamamatsu MPPC S13360-3050VE.

the SiPMs. At this stage, the tool is pressed onto the SiPMs as shown in
Fig. 11.9(b), where the x-y position is set using alignment pins. After a
curing time of 24 h, the outer wall of the gluing tool is taken out (see
Fig. 11.9(c)) and the gluing tool can be removed.

11.5. Technical prototype

A technical prototype of the tile detector has been developed and
tested. The goal of this prototype was to evaluate the detector per-
formance and cooling concept, develop production tools and finalise
assembly procedures. This detector has a similar design to the one
described in Section 11.1, with a few modifications in the sub-module
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Fig. 10.1. Open view of the central part of the Mu3e detector. The SciFi ribbons are depicted in light blue.

Fig. 10.2. Full size SciFi ribbon prototype with preliminary holding structure. The
SciFi ribbon is formed by staggering three layers of round scintillating fibres.

Fig. 10.3. Suppression of Bhabha e
+
_e

* pairs plus Michel e+ accidental background as
a function of fibre detector time resolution if only the fibre detector (green) is used or
both timing detectors (blue) are used. A time resolution of 60 ps for the tile detector and
a working point with a 90% overall signal efficiency are assumed in this simulation.
The vertical line (in grey) corresponds to a 250 ps time resolution for the fibre detector.
The tile detector alone has no suppression power. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 10.1
Properties of the 250 �m diameter round multi-clad Ku-
raray SCSF-78MJ scintillating fibres as quoted by the
manufacturer.
Characteristic Value

Cross-section round
Emission peak [nm] 450
Decay time [ns] 2.8
Attenuation length [m] >4.0

Light yield [ph/MeV] n/a (high)
Trapping efficiency [%] 5.4
Cladding thickness [%] 3 / 3
Core Polystyrene (PS)
Inner cladding Acrylic (PMMA)
Outer cladding Fluor-acrylic (FP)
Refractive index 1.59/1.49/1.42
Density [g/cm3] 1.05/1.19/1.43

reduced along with the resulting detector pile-up. The best performance
is obtained with the SciFi detector positioned just inside the third
silicon pixel layer.

Each SciFi ribbon is formed by staggering three layers of 250 �m
diameter round fibres (there are 128 fibres in a layer) with a length
of 300mm. Polytec EP 601-Black epoxy is used for the assembly of
the final SciFi ribbons. This two component, low viscosity, black-
coloured adhesive was chosen for its excellent handling properties.
Using a titanium dioxide loaded adhesive has not been an option due
to the high Z of titanium. Fig. 10.5 shows the cross-section of a
fibre ribbon prototype. As can be observed, the fibres in a layer are
separated by Ì255 �m centre to centre with a very good uniformity and
the separation between the layers is Ì230 �m, which gives an overall
thickness of approximately 700 �m for a three-layer ribbon.

10.1.1. Scintillating fibres
The constraints on the material budget, the occupancy, and position

resolution require the use of the thinnest available scintillating fibres.
In extensive measurement campaigns, a detailed comparison was un-
dertaken of different types of 250 �m diameter round scintillating fibres
produced by Kuraray (SCSF-78, SCSF-81 and NOL-11) and Saint-Gobain
(BCF-12), as well as square cross-section fibres by Saint-Gobain (BCF-
12). Scintillating fibre ribbon prototypes coupled to SiPM arrays have
been tested in test beams at the CERN PS (T9 beamline) and PSI (⇡M1
beamline) and with 90Sr sources. The detailed results of these studies
are reported in [77–80]. Based on their performance with respect to
light yield and time resolution, round double-clad SCSF-78MJ fibres
from Kuraray were chosen. Table 10.1 summarises the characteristics of
this fibre type. Novel NOL fibres, based on Nanostructured Organosil-
icon Luminophores, give the best performance, but will only become
commercially available in the years to come and will be considered for
future SciFi detector upgrades.
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Fig. 11.15. DUT channel resolution: (red) internal, (blue) external. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

distribution. A similar average resolution was measured both for the
reference sub-module and for the two DUTs, where the average time
resolution measured is 46.8 ± 7.6 ps. However, when repeating the
same calculation using channels from different sub-modules, an ad-
ditional jitter between the sub-modules is observed. The extra jitter
between the reference sub-module and the DUTs of 45.5 ± 3.2 ps leads
to a worse time resolution as shown in Fig. 11.15 (blue). The main
contribution to this arises from non-optimal design of the test board
used for the read out of all sub-modules.

The expected event multiplicity during phase I of the experiment is
presented in Fig. 11.16(a). While the average cluster size is ˘2, also
cluster sizes higher than 9 can be observed. In order to evaluate the
time resolution as a function of cluster size, a run with beam parallel
to the DUTs, where the electron can pass through up to four channels
in each DUT, is used.

The time resolution is evaluated using an even–odd analysis. For a
given electron track, all hits are grouped into ‘odd’ or ‘even’ based on
their channel position and the time difference is defined by:

�t
even*odd

(N
hits

) =
1

N
hits

T
Neven…
i=1

t
2i
*

Nodd…
i=1

t
2i*1

U
(11.2)

where N
hits

is the cluster size. In order to avoid the additional jitter
between the two DUTs, the sums in Eq. (11.2) can be arranged such
that the subtraction is only done within a sub-module, which leads to
a requirement for an even total number of hits within each sub-module.
In Fig. 11.16(b), the result for the even–odd analysis is shown. The
resolution as a function of cluster size is extracted from Fig. 11.16(b)
by fitting it with the following function:

�
t
(N
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) = �
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t
_

˘
N

hit
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(11.3)

where �
t
(N

hits
) is the time resolution for events with N

hits
, �single

t
is the

time resolution of a single channel, and �
const

t
is an additional jitter that

can be caused by misalignment between the channels. From the fit, a
single channel resolution of ˘ 45 ps is measured, which is in agreement
with the value extracted from the single channel measurements, see
Fig. 11.15. In addition, a small misalignment is also observed. Further-
more, it can be seen that a time resolution better than 20 ps can be
reached for events with high multiplicities.

11.6. Cooling simulation of the tile detector

To study the feasibility of the cooling system, thermal simulations
were performed using the CAD implementation of the technical pro-
totype, while in parallel, several measurements of the prototype in
the laboratory environment were undertaken. After calibrating the

Fig. 11.16. Cluster size impact on time resolution: (a) Simulated phase I cluster size
per track. (b) Measured time resolution as a function of number of hits using the
even–odd analysis.

Fig. 11.17. Simulated temperature of the SiPM PCBs. The temperature of the cooling
water was set to 1

˝
C at a flow speed of 1m_s, while the environment temperature was

set to 50
˝
C.

simulation settings to the laboratory conditions, it was shown that the
measurements can be reproduced in the simulation [85]. The simula-
tion was therefore modified to investigate the cooling performance of
a full module operating at the MuTRiG working power consumption
of 1.2W. Furthermore, the temperature of the water was adjusted
to 1

˝
C to be closer to the operating conditions foreseen for the tile

detector within the experiment, while the environment temperature
was increased to 50

˝
C in order to subject the system to a stress test.
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Fig. 10.13. Light yield of a cluster (see text) for a m.i.p. crossing a three-layer
SCSF-78MJ fibre ribbon prepared with clear epoxy. The integral NPhe is obtained
by integrating the charge in a region of ±0.5 ph.e. around each peak (integer). A
convolution of a Gaussian and of a Landau is used to fit the data and the MPV of the
spectrum is marked with the vertical line.

Fig. 10.14. Cluster size for a particle crossing the ribbon at two different angles
and different thresholds. Electrons from a radioactive 90

Sr source are used for this
measurement. An angle of ↵ = 0

˝ describes a perpendicular crossing.

point, which requires a threshold of 0.5 ph.e., with a minimal cluster
multiplicity of two and a 5 � timing cut on the matched clusters, where
� is the intrinsic time resolution of the SciFi detector, the detection ef-
ficiency is around 95%. Without the timing cut, the detection efficiency
increases close to 100%. It should be noted that the cluster matching
and the timing cut can only be applied in the offline analysis of the
SciFi data and can be tuned to optimise the detection efficiency.

Finally, an example of the timing performance of the SciFi detector
is shown in Fig. 10.15. This measurement has been performed with
the MuTRiG evaluation board, see Fig. 9.7, using a four-layer SciFi
ribbon with a 90

Sr source requiring a minimal cluster multiplicity of
two neighbouring channels with an amplitude of at least 0.5 ph.e.
Similar results have also been obtained with the analogue electronics
(DRS4-based DAQ) mentioned above and particle beams [79]. The

Fig. 10.15. Time resolution of a 4 layer SCSF-78MJ SciFi ribbon extracted from clusters
with at least 2 active columns. No channel by channel time offset correction has been
applied.

Fig. 10.16. Overall structure of the scintillating fibre detector.

spread of the time difference distribution from the two ribbon sides
�(tleft * tright) corresponds to twice the intrinsic detector resolution
(mean time). For example, the FWHM/2.35 of the distribution obtained
in this measurement is 366 ps implying a resolution on the mean time
around 200 ps. For a three-layer ribbon as used in Mu3e, the time
resolution is slightly worse, at around 250 ps.

10.5. SciFi detector mechanics

Fig. 10.16 shows the overall structure of the SciFi detector. The de-
tector is composed of 12 SciFi ribbons, 300mm long and 32.5mm wide.
The ribbons are staggered longitudinally by about 10mm (Fig. 10.18)
in order to minimise dead spaces between the ribbons and to provide
sufficient space for the spring loading of the ribbons. To avoid sagging
and to compensate for the thermal expansion the ribbons are spring
loaded on one side of the structure (6 ribbons on one side and the other
6 on the other side).

A detailed study to determine the effects of the thermal expansion
and sagging has been performed. A thermal expansion coefficient for
the 300mm long SciFi ribbon of (65 ± 16) � 10*6_K has been measured.
Therefore, for a 50

˝
C thermal excursion, an elongation of the ribbons
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oHigh-Voltage Monolithic Active Pixel Sensors
oProduced in 180 nm HV-CMOS technology
o Fast charge collection via drift
o Fully integrated digital readout
oCan be thinned to 50 μm ~ 0.5 ‰ 𝑋0

Mu3e requirements
Efficiency ≥ 99 %
Time resolution ≤ 20 ns

MuPix 8

20
 m

m

10 mm

MuPix 10

I.Perić, NIM A 582 (2007) 876
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Fig. 8.11. Hit efficiency and noise as a function of the charge threshold for the MuPix8
sensor 084-2-03 (80⌦ cm, thickness 62 �m) as measured for 4GeV electrons for a beam
inclination angle of 0

˝. The bias voltage was set to *60V and the pixel cells were
untuned.
Source: Plot from [68].

the bias voltage. This measurement confirmed the expected increase of
the depletion area, and the resulting hit efficiency, by using a higher
resistivity substrate than the standard 10* 20⌦ cm. The increase of the
depletion region is also supported by TCAD simulations [69] and HV-
CMOS characterisation studies including Edge-TCT measurements [53].
For substrate resistivities of ˘200⌦ cm an even wider plateau of high
efficiency has been obtained [70].

8.4.2. Noise and cross-talk
For optimised DAC settings a noise of about 90 electrons was mea-

sured for MuPix8 using a threshold scan. The source is mainly thermal
noise from the capacitances of the diode and the amplifier input tran-
sistors. The noise figure has to be compared to the expected number of
primary electrons which strongly depends on the substrate resistivity.
For the envisaged substrate of ˘200⌦ cm and approx. ˘30 �m depletion
more than 3000 primary electrons are expected in the experiment.

Another source of noise is cross-talk which is particularly dangerous
in mixed signal designs where frequently switching signals in the digital
circuitry induce noise in the analogue section. Various tests have been
performed and no cross-talk from the digital section was detected
for reasonable hit thresholds, even when the MuPix prototypes were
operated at very high readout rates (> 1Mhits_s), thus confirming the
MuPix design.

Cross-talk between pixel cells was studied by analysing hit corre-
lations. Hit correlations are naturally expected from charge sharing
if tracks create ionisation charges in the vicinity of two pixels inside
a cone of about 3 �m [68]. A clear correlation between the position
of the charge deposition and charge sharing was seen in test-beam
measurements but no significant cross-talk between pixels could be
measured.

Significant cross-talk, however, was observed in MuPix8 between
the long analogue readout lines connecting the pixel cells with the
comparators in the periphery, see Fig. 8.2. Fig. 8.12 shows the signal
measured at the comparator inputs of adjacent pixels in the same
column after injecting a pulse to the middle pixel. In MuPix8 a con-
ventional comb-like routing scheme was implemented where the length
of RO lines scales linearly with the row number. This scheme allows
a detailed study of the cross-talk probability as a function of the row
number, and thus the length of the RO line. The capacitive coupling has
been derived from the amplitude ratios of injected to measured signal,

Fig. 8.12. Relative amplitude loss of an injected signal in MuPix8 as a function of the
row number due to the capacitive couplings of the readout lines (full points). The red
line corresponds to a proportionality constant of 0.155% per pixel row.
Source: Plot based on [63].

Fig. 8.13. Triplet pattern probability due to cross-talk as a function of the row number
in MuPix8. The red solid line shows a fit to the data.
Source: For more detail see [68].

and was found to be proportional to the length of the readout line, see
Fig. 8.12, with a signal loss of roughly 0.155% per pixel row. Small
deviations from linear behaviour are expected and due to non-linear
routing effects, e.g. change of metal layers.

The capacitive coupling between RO lines leads to a specific triplet
pattern, see discussion of Fig. 8.3. The frequency of this cross-talk has
been derived from test-beam data as a function of the row number and
is shown in Fig. 8.13. The triplet pattern probability above row number
˘70 shows a linear increase with the length of the readout line. For the
highest row numbers, corresponding to a signal line length of 1.6 cm,
the probability is approx. 35% that a triplet pattern fires.

From the MuPix8 characterisation results the capacitive coupling
between RO lines is estimated for MuPix10 to be ˘13%, considering
the improved routing scheme (see Section 8.3.3) and the 20% increase
of the signal line density. For most hits, the amplitude of the cross talk
signal is expected to be small enough to be below detection threshold.
If the cross-talk is above the hit threshold, special easy-to-identify
patterns will emerge due to the MuPix10 routing scheme.

8.4.3. Time resolution
Several effects contribute to the timing of hits in a monolithic sen-

sor: pixel-to-pixel variations in the amplifier response, signal routings of
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Fig. 22.12. Small invariant mass of e
+
e
* pairs versus e

+
e
*
e
+ invariant mass for

accidental combinations of a Bhabha e
+
e
* pair with a Michel positron. Simulated

kinematics weighted with the track reconstruction efficiency.

Fig. 22.13. Reconstructed invariant mass for signal events at various branching frac-
tions and events from radiative decays with internal conversion. Accidental background
from combinations of Bhabha pairs and Michel electrons is also shown. The centre-
of-mass momentum is required to be less than 4MeV_c. Note that both the internal
conversion and Michel and Bhabha simulation use weighted events.

Fig. 22.14. Reconstructed centre-of-mass system momentum for signal events at
various branching fractions (1014 and 10

15 not labelled) and events from radiative
decays with internal conversion. Accidental background from combinations of Bhabha
pairs and Michel electrons is also shown. The reconstructed three-particle invariant
mass is required to be above 103MeV_c

2 and below 110MeV_c
2. Note that both the

internal conversion and Michel and Bhabha simulation use weighted events.

that allows for a background free measurement for at least 2.5 � 1015

Fig. 22.15. Reconstructed invariant mass versus the CMS momentum for signal events,
events from radiative decay with internal conversion and accidental background from
combinations of Bhabha pairs and Michel electrons. Note that both the internal
conversion and Michel and Bhabha simulation use weighted events. The shape of the
signal contour at 90% and 95% comes from events where one of the track has an
upward fluctuation of the energy loss in the target or the first tracker layers — this
leads to a lower reconstructed invariant mass and a larger reconstructed centre-of-mass
momentum due to the imbalance.

Fig. 22.16. Single event sensitivity (SES) and the corresponding 90% and 95% C.L.
upper limits versus data taking days for the phase I Mu3e detector.

muon stops. This corresponds to about 300 days of continuous running
at 1 � 108 stops per second. The sensitivity versus running time is shown
in Fig. 22.16.
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prompt backgrounds

17

nucleus

μ-

e-

Signal

Ee = Mµ - Bµ    

    ~ 105 MeV

τµ = 863 ns @Al

nucleus

μ-

e-

νµ

_

νe

Decay In Orbit (DIO)

Main beam pulse

Prompt beam induced particles

Muon decay products

Time

~0.5 µs signal window

# 
of

 p
ar

tic
le

s

μ−N → e−N



Yuki Fujii, Muon4Future, Venice, Italy, 2023
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StrECAL for beam measurement

CyDet for Phase-I physics

https://doi.org/10.1093/ptep/ptz125


Yuki Fujii, Muon4Future, Venice, Italy, 2023

COMET Phase-I CyDet

20

Cradle Production
4

・The cradle trial fitting was done for the brief measurement 
・After the brief measurement, the fully welding works were done  
・After welding, the corrected the deformation, cleaned up the browned surface 
・The dummy endplates of CDC/CTH were also welded and assembled to support the cradle 
・The dummy rail was passed to check the parallel with the pillow blocks (igsu)

σt ~ 1 ns

 CyDet support 

 CTH counters support 

 CRV 1st batch 

 µ stop target 

 CDC 

 CTH prototype 
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Fig. 59: Residual distribution for Ar:C2H6(50:50) gas mixture at HV = 1900 V.
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Fig. 60: Incident position dependence of the obtained spatial resolution, gas mixture = Ar:C2H6(50:50), HV = 2000 V. (Left)

Data, (Right) Garfield++ simulation

good position information. The ECAL will consist of crystal modules which have a 2×2 cm2 cross-

section and whose length is 12 cm corresponding to 10.5 radiation length. The ECAL covers the

cross-section of the 50-cm radius detector region and 1,920 crystals are needed.

69 FiXme: need references of data in this table (Characteristics of inorganic scintillator crystals) - References
are added.
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Fig. 60: Incident position dependence of the obtained spatial resolution, gas mixture = Ar:C2H6(50:50), HV = 2000 V. (Left)

Data, (Right) Garfield++ simulation

good position information. The ECAL will consist of crystal modules which have a 2×2 cm2 cross-

section and whose length is 12 cm corresponding to 10.5 radiation length. The ECAL covers the

cross-section of the 50-cm radius detector region and 1,920 crystals are needed.

69 FiXme: need references of data in this table (Characteristics of inorganic scintillator crystals) - References
are added.
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A Study of the Performance of the Tracker 
and Calorimeter for the COMET Experiment

���

5タイプのシンボルロゴ

�タイプのシンボルロゴは、それぞれ十分検討したうえでシンボルとロゴを組み合せて

あります。原則として、これ以外のやり方で、シンボルとロゴタイプを組み合わせるこ

とはできません。

シンボルと和文ロゴタイプ、
および英文ロゴタイプを天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
左右方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
左右方向に組み合わせたタイプ

天地方向の組み合せ 左右方向の組み合せ

和
文
＋
英
文

和
文

英
文

なし

基本要素

Kou Oishi, Kyushu University, Japan, on behalf of the COMET collaboration
CLFV2019 : The 3rd International Conference on Charged Lepton Flavor Violation @ Fukuoka, Japan. 17th-19th June 2019

COMET Experiment

1. Crystal-segmented calorimeter
✦ ~2000 crystals (~1m diameter)

2. LYSO inorganic crystal scintillator
✦ High density (7.1 g/cm3), high light yield (70% NaI), and 

fast decay constant (40 nsec)

3. 10×10 mm2 APD photo sensor
4. Temperature monitor
5. LED calibration source

Performance of ECAL

   April, 2016

COMET&Phase,I

Technical&Design&Report&&
January,&2014July, 2016    

  All the requirements satisfied.

Ibaraki, Japan

Main Ring
LINAC

e-

Straw Tube Tracker
Measures momentum w/ σP < 200 keV/c.

ECAL
 (Electron Calorimeter)

Measures energy and time-of-flight.
Triggers readout.

High intensity proton beam @ J-PARC
Phase-I (2022)

Sensitivity of ~ 10−15

Beam measurement programme to 
 investigate profiles of time,  
 momentum, and particle kinds.

Phase-II (202x)
Sensitivity of ~ 10−18

Very low branching ratio in the SM.

In physics beyond the SM,

 A clear signal of new physics
 Decay In Orbit is the most severe BG.
  → Good momentum resolution required

μ-e Conversion
Al

Muon Capture

νμ
νe

νμ
μ-e Conversion

105 MeV

104.5103.5
Momentum Spectrum of e−

(MeV/c)

the DIO electrons is presented in Section 17.2. In this study, the momentum cut of 103.6 MeV/c <
Pe < 106.0 MeV/c, where Pe is the momentum of electron, is determined as shown in Fig. 107 [61].
According to this study, the contamination from DIO electrons of 0.01 events is expected for a single
event sensitivity of the µ−N → e−N conversion of 3.1× 10−15.
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Figure 106: Left: Distributions of the reconstructed µ−N → e−N conversion signals and reconstructed DIO
events. The vertical scale is normalized so that the integrated area of the signal is equal to one event with its
branching ratio of B(µN → eN) = 3.1× 10−15. Right: The integrated fractions of the µ−N → e−N conversion
signals and DIO events as a function of the low side of the integration range and the high side of the integration
range is 106 MeV/c. The momentum window for signals is selected to be fro 103.6 MeV/c to 106 MeV/c so
that the DIO contamination would be 0.01 events.

16.1.4 Time window for signals

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

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

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

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

16.1.5 Net Acceptance of signals

it is assumed that the efficiencies of trigger, DAQ, and reconstruction efficacy are about 0.8 for each.
From these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 24.
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B(µ�Al⇥ e�Al) � O(10�15)

B(µ�Al� e�Al) < O(10�54)

e−

μ−
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μ−
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Decay 
in Orbit

StrECAL Detector

C-Shape Muon 
Transport Solenoid

Pion Production Target

Muon Stopping Target

Electron Spectrometer

Phase-II 
Geometry

Beam Measurement 
in Phase-I
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ਤ 4.2: Saint-Gobainࣾ੡ LYSO݁থɻ ਤ 4.3: APD S8664-1010ɻ

LYSO ݁থɺ൓ࣹࡐɺAPDɺLEDɺAPD ൘ɺεϖʔαʔج 1 ͔ͭͣͭΒͳΔɻ·ͨɺॎԣ

2 × 2ͷηάϝϯτݕग़ثͷ૊Λݕग़ثϞδϡʔϧͱݺশ͢Δɻ͜Ε͸ɺηάϝϯτݕग़ث 4

ͭɺԹ౓ܭ 1ͭɺηάϝϯτݕग़ثΛ·ͱΊΔ൓ࣹ͔ࡐΒͳΔɻޙ࠷ʹɺॎԣ 4× 4ͷݕग़ث

Ϟδϡʔϧͷ૊ΛεʔύʔϞδϡʔϧͱݺশ͢Δɻ

ΔͨΊɺਅۭνΣϯόʔ಺ʹઃ͢ڀݚΛ࡞ΕΔਅۭதͰͷಈ͞ٻཁ͍͓ͯʹػ͸ɺ࣮ػ࡞ࢼ

ஔ͢Δɻ͜ͷਅۭνΣϯόʔ಺෦ʹεʔύʔϞδϡʔϧΛઃஔ͢ΔɻϙϦςτϥϑϧΦϩΤν

Ϩϯ (PTFE: Polytetrafluoroethylene)੡ͷ࣏۩ʹΑΓɺεʔύʔϞδϡʔϧΛࠨӈͱ্ํ͔

Βԡ͚͑ͭͯ͞ݻఆ͢Δɻ֤ݕग़ثͷ৴߸͸ϑΟʔυεϧʔج൘Λ௨ͯ͠ɺਅۭνΣϯόʔ

֎ͷલஈ૿෯ثʹೖྗ͢Δɻલஈ૿෯͔ثΒग़ྗ͞ΕΔ৴߸͸ɺ೾هܗ࿥૷ஔΛ༻͍ͯه࿥

͢Δɻ

ҎԼͰ͸֤ύʔπʹ͍ͭͯड़΂Δɻ

LYSO݁থ

ECALʹ༻͍Δ LYSO݁থͱͯ͠ɺSaint-Gobainࣾͱ OXIDEࣾͷ੡඼͕ީิͱͳ͍ͬͯ

Δɻਤ 4.2ʹ Saint-Gobainࣾ੡ͷ LYSO݁থͷࣸਅΛࣔ͢ɻ྆ LYSO݁থͷαΠζ͸ɺ࣮

ͱಉ͡ػ 20 × 20 × 120 mm3 Ͱ͋ΔɻຊڀݚͰ͸྆݁থͷੑೳࠩʹ͍ͭͯධՁͨ͠ɻ͜Ε͸

ୈ 4.2ষʹ͓͍ͯड़΂Δɻ

ثग़ݕޫ

ͱͯ͠ɺ඿দϗτχΫεࣾ੡ثग़ݕޫ APD S8664-1010 [40]Λ࠾༻ͨ͠ɻ͜Ε͸डޫ໘ͷ

αΠζ͕ 10 × 10 mm2 Ͱ͋ΓɺLYSO ݁থͷγϯνϨʔγϣϯޫͷ೾௕ 420 nm ʹରͯ͠

70%Ҏ্ͷޮࢠྔ͍ߴ཰Λͭ࣋ɻ࢖༻ͨ͠ APDͷࣸਅΛਤ 4.3ʹࣔ͢ɻAPDͱ LYSO݁থ

͸ɺ1 mmްͷ Eljen Technologyࣾ੡γϦίϯΫοΩʔ EJ-560 [41]Ͱޫֶతʹ઀ଓ͢Δɻ

APD͸ɺԹ౓ܭͱ LEDͱಉҰͷج൘ (APDج൘)্ʹઃஔ͢ΔɻAPDͷ৴߸͸ɺπΠε

τέʔϒϧʹΑͬͯಡΈग़͢ɻECAL جड़ͷதؒޙͰ͸ɺ͜ͷέʔϒϧΛܭઃظͷॳػ࡞ࢼ

LYSO crystal

ECAL Prototype

Performance @ 105 MeV
Energy Resolution 3.9%
Position Resolution 7.7 mm

Time Resolution 0.53 nsec

Particle Identification (PID)
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Negative Pion
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   Different responses of ECAL to e/μ/π were measured @ PSI, 
Switzerland in 2015.
   PID efficiency > 90% is achievable by combining with time-
of-flight (TOF) variable, which is measured by the tracker + ECAL.

ECAL response to e/μ/π PID efficiency evaluated w/ energy(data) + TOF(MC)

Bunched Proton Beam

ECAL Prototype 
& Vacuum Chamber

2×2 Crystals module
wrapped by Al mylar bag

 (MeV/c)beamP
60 80 100 120 140 160 180

Re
so

lu
tio

n 
(%

)

0
1
2
3
4
5
6
7
8
9  / ndf 2χ  26.23 / 30

a         1.113± 20.77 
  mixb  0.1117± 0.9579 

c         293.7± 0.09992 
    1d  16.53± 90.55 
    2d  0.0507± 0.8322 
    3d  17.12± 0.0001046 

 / ndf 2χ  26.23 / 30
a         1.113± 20.77 

  mixb  0.1117± 0.9579 
c         293.7± 0.09992 

    1d  16.53± 90.55 
    2d  0.0507± 0.8322 
    3d  17.12± 0.0001046 

ECAL Energy Resolution BeamFluc.No0 in Mix Region

totσObserved 
symσObserved 

 w/ Term (d)symσFitted 
 w/o Term (d)symσFitted 

Fitted Stochastic Term (a)
asymσ

 w/o Term (d)totσExtracted 

★ The tracker & ECAL prototypes were tested 
together. (Tohoku Univ. 2017 March)

★ All the detector and electronics worked 
properly.

★ Achieved a vacuum pressure < 1 Pa.
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ECAL

Energy resolution

Time resolutionPosition resolution

The position resolution of the straw tube was 
evaluated and achieved the requirement of < 200 μm. 
The gas mixture of Ar:C2H6 showed a better 
performance.
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Figure 11.33: Full-scale prototype; (Left) Partially completed without vacuum wall, (Right) Whole
view of the completed full-scale prototype

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

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

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

• Straw Tube Tracker consists of ~2500 straw tubes
• Main tracker for Phase-I beam measurement / Phase-II 

physics measurement
• Operation in vacuum
• 20/12um thick, 9.8/5mmΦ straw tube for Phase-I/Phase-II
• Gas mixture candidates: Ar:C2H6=50:50, Ar:CO2=70:30
• Complete the mass production of Phase-I straw tube

22
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Phase-I straw tubes Full-scale straw tracker prototype

StrECAL Combined Test

Straw Tracker Prototype
1. Full-scale Phase-I straw tube chamber w/ 20 μm thickness

✦ In Phase-II, more thinner tubes (12 μm) will be used.

2. 16 straw tubes (3 layers) / axis
3. Operated in a vacuum chamber.
4. Two candidate gas mixtures

✦ Ar:C2H6 (50:50) and Ar:CO2 (70:30)

Performance of Straw Tracker
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A Study of the Performance of the Tracker 
and Calorimeter for the COMET Experiment
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5タイプのシンボルロゴ

�タイプのシンボルロゴは、それぞれ十分検討したうえでシンボルとロゴを組み合せて

あります。原則として、これ以外のやり方で、シンボルとロゴタイプを組み合わせるこ

とはできません。

シンボルと和文ロゴタイプ、
および英文ロゴタイプを天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
左右方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
左右方向に組み合わせたタイプ

天地方向の組み合せ 左右方向の組み合せ

和
文
＋
英
文

和
文

英
文

なし

基本要素

Kou Oishi, Kyushu University, Japan, on behalf of the COMET collaboration
CLFV2019 : The 3rd International Conference on Charged Lepton Flavor Violation @ Fukuoka, Japan. 17th-19th June 2019

COMET Experiment

1. Crystal-segmented calorimeter
✦ ~2000 crystals (~1m diameter)

2. LYSO inorganic crystal scintillator
✦ High density (7.1 g/cm3), high light yield (70% NaI), and 

fast decay constant (40 nsec)

3. 10×10 mm2 APD photo sensor
4. Temperature monitor
5. LED calibration source

Performance of ECAL

   April, 2016

COMET&Phase,I
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January,&2014July, 2016    

  All the requirements satisfied.

Ibaraki, Japan

Main Ring
LINAC

e-

Straw Tube Tracker
Measures momentum w/ σP < 200 keV/c.

ECAL
 (Electron Calorimeter)

Measures energy and time-of-flight.
Triggers readout.

High intensity proton beam @ J-PARC
Phase-I (2022)

Sensitivity of ~ 10−15

Beam measurement programme to 
 investigate profiles of time,  
 momentum, and particle kinds.

Phase-II (202x)
Sensitivity of ~ 10−18

Very low branching ratio in the SM.

In physics beyond the SM,

 A clear signal of new physics
 Decay In Orbit is the most severe BG.
  → Good momentum resolution required

μ-e Conversion
Al

Muon Capture

νμ
νe

νμ
μ-e Conversion

105 MeV

104.5103.5
Momentum Spectrum of e−

(MeV/c)

the DIO electrons is presented in Section 17.2. In this study, the momentum cut of 103.6 MeV/c <
Pe < 106.0 MeV/c, where Pe is the momentum of electron, is determined as shown in Fig. 107 [61].
According to this study, the contamination from DIO electrons of 0.01 events is expected for a single
event sensitivity of the µ−N → e−N conversion of 3.1× 10−15.
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Figure 106: Left: Distributions of the reconstructed µ−N → e−N conversion signals and reconstructed DIO
events. The vertical scale is normalized so that the integrated area of the signal is equal to one event with its
branching ratio of B(µN → eN) = 3.1× 10−15. Right: The integrated fractions of the µ−N → e−N conversion
signals and DIO events as a function of the low side of the integration range and the high side of the integration
range is 106 MeV/c. The momentum window for signals is selected to be fro 103.6 MeV/c to 106 MeV/c so
that the DIO contamination would be 0.01 events.

16.1.4 Time window for signals

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

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

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

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

16.1.5 Net Acceptance of signals

it is assumed that the efficiencies of trigger, DAQ, and reconstruction efficacy are about 0.8 for each.
From these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 24.
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B(µ�Al⇥ e�Al) � O(10�15)

B(µ�Al� e�Al) < O(10�54)

e−

μ−
μ−

μ−
e−

Decay 
in Orbit

StrECAL Detector

C-Shape Muon 
Transport Solenoid

Pion Production Target

Muon Stopping Target

Electron Spectrometer

Phase-II 
Geometry

Beam Measurement 
in Phase-I
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ਤ 4.2: Saint-Gobainࣾ੡ LYSO݁থɻ ਤ 4.3: APD S8664-1010ɻ

LYSO ݁থɺ൓ࣹࡐɺAPDɺLEDɺAPD ൘ɺεϖʔαʔج 1 ͔ͭͣͭΒͳΔɻ·ͨɺॎԣ

2 × 2ͷηάϝϯτݕग़ثͷ૊Λݕग़ثϞδϡʔϧͱݺশ͢Δɻ͜Ε͸ɺηάϝϯτݕग़ث 4

ͭɺԹ౓ܭ 1ͭɺηάϝϯτݕग़ثΛ·ͱΊΔ൓ࣹ͔ࡐΒͳΔɻޙ࠷ʹɺॎԣ 4× 4ͷݕग़ث

Ϟδϡʔϧͷ૊ΛεʔύʔϞδϡʔϧͱݺশ͢Δɻ

ΔͨΊɺਅۭνΣϯόʔ಺ʹઃ͢ڀݚΛ࡞ΕΔਅۭதͰͷಈ͞ٻཁ͍͓ͯʹػ͸ɺ࣮ػ࡞ࢼ

ஔ͢Δɻ͜ͷਅۭνΣϯόʔ಺෦ʹεʔύʔϞδϡʔϧΛઃஔ͢ΔɻϙϦςτϥϑϧΦϩΤν

Ϩϯ (PTFE: Polytetrafluoroethylene)੡ͷ࣏۩ʹΑΓɺεʔύʔϞδϡʔϧΛࠨӈͱ্ํ͔

Βԡ͚͑ͭͯ͞ݻఆ͢Δɻ֤ݕग़ثͷ৴߸͸ϑΟʔυεϧʔج൘Λ௨ͯ͠ɺਅۭνΣϯόʔ

֎ͷલஈ૿෯ثʹೖྗ͢Δɻલஈ૿෯͔ثΒग़ྗ͞ΕΔ৴߸͸ɺ೾هܗ࿥૷ஔΛ༻͍ͯه࿥

͢Δɻ

ҎԼͰ͸֤ύʔπʹ͍ͭͯड़΂Δɻ

LYSO݁থ

ECALʹ༻͍Δ LYSO݁থͱͯ͠ɺSaint-Gobainࣾͱ OXIDEࣾͷ੡඼͕ީิͱͳ͍ͬͯ

Δɻਤ 4.2ʹ Saint-Gobainࣾ੡ͷ LYSO݁থͷࣸਅΛࣔ͢ɻ྆ LYSO݁থͷαΠζ͸ɺ࣮

ͱಉ͡ػ 20 × 20 × 120 mm3 Ͱ͋ΔɻຊڀݚͰ͸྆݁থͷੑೳࠩʹ͍ͭͯධՁͨ͠ɻ͜Ε͸

ୈ 4.2ষʹ͓͍ͯड़΂Δɻ

ثग़ݕޫ

ͱͯ͠ɺ඿দϗτχΫεࣾ੡ثग़ݕޫ APD S8664-1010 [40]Λ࠾༻ͨ͠ɻ͜Ε͸डޫ໘ͷ

αΠζ͕ 10 × 10 mm2 Ͱ͋ΓɺLYSO ݁থͷγϯνϨʔγϣϯޫͷ೾௕ 420 nm ʹରͯ͠

70%Ҏ্ͷޮࢠྔ͍ߴ཰Λͭ࣋ɻ࢖༻ͨ͠ APDͷࣸਅΛਤ 4.3ʹࣔ͢ɻAPDͱ LYSO݁থ

͸ɺ1 mmްͷ Eljen Technologyࣾ੡γϦίϯΫοΩʔ EJ-560 [41]Ͱޫֶతʹ઀ଓ͢Δɻ

APD͸ɺԹ౓ܭͱ LEDͱಉҰͷج൘ (APDج൘)্ʹઃஔ͢ΔɻAPDͷ৴߸͸ɺπΠε

τέʔϒϧʹΑͬͯಡΈग़͢ɻECAL جड़ͷதؒޙͰ͸ɺ͜ͷέʔϒϧΛܭઃظͷॳػ࡞ࢼ

LYSO crystal

ECAL Prototype

Performance @ 105 MeV
Energy Resolution 3.9%
Position Resolution 7.7 mm

Time Resolution 0.53 nsec

Particle Identification (PID)

Electron
Negative Muon
Negative Pion
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Beam momentum (MeV/c)Beam momentum (MeV/c)
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n

   Different responses of ECAL to e/μ/π were measured @ PSI, 
Switzerland in 2015.
   PID efficiency > 90% is achievable by combining with time-
of-flight (TOF) variable, which is measured by the tracker + ECAL.

ECAL response to e/μ/π PID efficiency evaluated w/ energy(data) + TOF(MC)

Bunched Proton Beam

ECAL Prototype 
& Vacuum Chamber

2×2 Crystals module
wrapped by Al mylar bag
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ECAL Energy Resolution BeamFluc.No0 in Mix Region

totσObserved 
symσObserved 

 w/ Term (d)symσFitted 
 w/o Term (d)symσFitted 

Fitted Stochastic Term (a)
asymσ

 w/o Term (d)totσExtracted 

★ The tracker & ECAL prototypes were tested 
together. (Tohoku Univ. 2017 March)

★ All the detector and electronics worked 
properly.

★ Achieved a vacuum pressure < 1 Pa.
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਺ͷ૿ՃΛট͕͘ɺLEDͷۦಈʹ໰୊͕ੜͨ͡৔߹Ͱ΋ɺӨڹΛड͚Δνϟϯωϧ͕ 4νϟ

ϯωϧͷΈͰࡁΉͱ͍͏ར఺͕͋Δɻ

LEDΛۦಈͤ͞Δࠩಈ৴߸Λ࣮͢ݱΔͨΊʹɺύϫʔτϥϯδελΛ࢖༻͍͕ͯͨ͠ɺ֤
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Λ༧ఆ͍ͯ͠Δɻ͜͜Ͱલड़ͷվྑΛՃ͑ͨݧ ECALػ࡞ࢼͷੑೳධՁΛ͏ߦɻ·ͨɺετ
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ECAL

Fiber counter
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Tracker
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The position resolution of the straw tube was 
evaluated and achieved the requirement of < 200 μm. 
The gas mixture of Ar:C2H6 showed a better 
performance.
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Figure 11.33: Full-scale prototype; (Left) Partially completed without vacuum wall, (Right) Whole
view of the completed full-scale prototype

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

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

“BDC” means the “beam-difining counter” which consists of bidirectional 1-mm-thick scinti-
fibre counters, and “FC” means the “finger counter” which consists of finger-size 1-mm-thick
thin plastic schintillator counters. Trigger signal is made by the coincidence between two FCs
and “TC” (Timing Counter) which consists of high light yield plastic scintillator with the fast
fine-mesh PMT to provide the precise timing measurement. The electron beam momenta is
varied between 50-300 MeV/c.
Figure 11.35 shows the measured detection e�ciency for the gas mixture of Ar/C2H6(50/50) as
a function of applied HV. Straw single e�ciency is measured by counting the number of proper
hits in layer-2 and counting the number of tracks in layer-2 which is reconstructed by the hits
in layer-1 and layer-3. As shown in Figure 11.35 (Left), high enough HV, higher than 1800
V, guarantees the full e�ciency. However, due to the small but finite gap between each straw
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Y. Fujii @ CLFV2016

StrawTracker

• Straw Tube Tracker consists of ~2500 straw tubes
• Main tracker for Phase-I beam measurement / Phase-II 

physics measurement
• Operation in vacuum
• 20/12um thick, 9.8/5mmΦ straw tube for Phase-I/Phase-II
• Gas mixture candidates: Ar:C2H6=50:50, Ar:CO2=70:30
• Complete the mass production of Phase-I straw tube

22

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

signal lines

HV lines

front-end boards

gas inlet

gas outlet

gas manifold

Phase-I straw tubes Full-scale straw tracker prototype

StrECAL Combined Test

Straw Tracker Prototype
1. Full-scale Phase-I straw tube chamber w/ 20 μm thickness

✦ In Phase-II, more thinner tubes (12 μm) will be used.

2. 16 straw tubes (3 layers) / axis
3. Operated in a vacuum chamber.
4. Two candidate gas mixtures

✦ Ar:C2H6 (50:50) and Ar:CO2 (70:30)

Performance of Straw Tracker
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ECAL modules

Vacuum gauge

Vacuum Pump
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 Phase-I ECAL support 

 LYSO ECAL prototype  PS coil + cold mass 

 Phase-I Straw 1st station 



Yuki Fujii, Muon4Future, Venice, Italy, 2023

COMET Phase-I
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ℬ(μ−N → e−N) |Al =
1

Nμ ⋅ fcap ⋅ fgnd ⋅ Aμ−e
= 3.0 × 10−15

Nµ : #of stopped µ-, 1.5×1016, exp. @ 150 days,

fcap : fraction of stopped µ- captured, 0.61, theory,

fgnd : fraction of µ- bound to ground state, 0.9 theory,

Aµ : acceptance of µ-e signal, 0.041, exp..

Item Value Comment

Acceptance 0.2 Fixed

Trigger/DAQ efficiency 0.8 Subject to change

Track finding efficiency 0.99 SC

Track selection 0.9 SC

Momentum window 0.93 103.6 MeV/c < p < 106.0 MeV/c

Timing window 0.3 700 < t < 1170 ns, SC

Total Aµ 0.04 At least 25% error

Type Background Estimated events

Physics Muons decay in orbit 0.01

Radiative muon campture 0.0019

Neutron emission after muon capture < 0.001

Charged particles after µ capture < 0.001

Prompt beam Beam e+/e-, µ/π decay-in-flight, others Total < 0.0038

Radiative pion capture 0.0028

Delayed beam ↑ from delayed proton beam Negligible

Antiproton induced background 0.0012

Others Cosmic rays (computationally limited) < 0.01

Total BG < 0.032

Physics data taking will start in 2024/2025
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6.3. SimG4: Geant4-based Simulation Software

and length of these disks = 4 mm and 25 cm, respectively). Collimators installed in the muon transport
solenoid with the optimized magnetic field create low-momentum muons that are easy to stop at the
muon stopping target. The aluminum muon-stopping-target disks with a radius of 10 cm and a length
of 0.2 mm are lined up with 17 pieces every 5 cm, and they are followed by the tungsten beam blocker
with a radius of 20 cm and a length of 4 cm. There are 13 γ collimators around the wall of the muon
stopping target section, which are equally spaced from the beam blocker to the electron spectrometer.
They shield the electron spectrometer from the secondary γ-rays and the electron–positron pairs from
the beam blocker. The DIO blocker at the bottom of the spectrometer stops the downwardly shifted
low-momentum particles. In the detector solenoid, the straw tracker has five stations that are 110 cm
apart from each other; the ECAL is located as close to the final straw station as possible. Finally, the
cosmic-ray veto surrounds the detector solenoid.

Pion production target Pion production target section & solenoid

Muon transport 
solenoid

Muon stopping 
target disks

γ Collimator Electron spectrometer

DIO blocker

ECAL

Straw tracker

Cosmic-ray veto

Proton beamline

COMET facility hall

COMET beamline

Detector solenoid

Beam blocker

Figure 6.10: Geometry of COMET experimental hall constructed in SimG4. The geometry contains all walls
around the beamline as shown at the bottom left. See the text for details of every component.

The magnetic field is introduced into SimG4. A part of the field was supplied by the solenoid
manufacturer, and the other parts were calculated by the collaborators. Figure 6.11 displays the full
magnetic field and its several crucial components. The first figure indicates the magnitude of the entire
field used for the simulation on the ZX-plane. The strength is up to 5 T around the pion production
target, and it decreases by 2 T until the muon transport solenoid to capture and transport the pions
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COMET Phase-II
➤ New straw tube to reduce the multiple scattering + less pileup hits


➤ Reduce the wall thickness from 25 µm to 12 µm and the diameter from 10 mm to 5 mm


➤ The prototype tubes have already been produced and being tested


➤ Simulation studies


➤ The simulation study to maximise the sensitivity is ongoing


➤ Our current best estimation is 1.4×10-17 in the S.E.S. by optimising the beam-line and the targets 
(previous estimation was ~3×10-17)

23
K. Oishi, PhD thesis in 2020

 We are currently working on refining straw 

creation process to improve produced tubes 

diameter and length precision

 As planned for Phase-I the length of straws stays 

the same 1.2 and 1.6 meters

 At the moment we have results of tests performed 

with 1.2m straw tubes

CM35 | 01.12.2021 3

Straw tubes R&D

1.2m/5mmφ Fixed end

Optical Sensor

Gas 

Pipe Gas Inlet
Straw

FSR

Sensor

CM35 | 01.12.2021 7

Performance tests setup 

Picture on the left shows stand for elongation measurements. Tube is fixed by 

one end through which the gas pressure is applied. The free end is located in 

laser sensor beam which records tube elongation.

Second setup is used to measure the tube elongation dependency on stretch 

force.

2-3 years after the Phase-I

https://catalog.lib.kyushu-u.ac.jp/opac_download_md/4474936/sci1369.pdf
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COMET Phase-α

➤ After C-line completion at J-PARC, muon beam 
commissioning was performed with a small 
graphite target & lower beam power


➤ The 1st muon beam delivered to the COMET 
experimental area

24

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

Phase-α Beamline
The beamline without the Pion Capture Solenoid & Field 
✦ The this Pion Production Target contained in a vacuum pipe. 
✦ Muon Transport Solenoid to be used in Phase-I&-II, too. 
✦ Beam-masking system with two moving collimator slits before the Transport Solenoid. 

★ Special thanks to Shunsuke for the installation, and Oliver and Kevin for the production!

4

Pion Production Target

To beam dump

Transfer solenoid magnet

Turn chamber

Pion Production Target

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023 11

Assembled Detectors

Transport Solenoid Exit

Muon Beam Monitor

Straw Tube Tracker

Range Counter

Me (K. Oishi)

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

Proton Beam Monitor
Proton Beam Monitor 
✦ Polycrystalline TiO2 was developed for the sensor module. 

★ Very thin (0.3 µm) and much lower cost than diamonds. 
✦ Good performance was observed in lab. in MR dump. 
✦ Eight modules were attached around the  

vacuum windows at the entrance of the COMET beam room.

6

Electrode

Electrode

10mm

0.5mm

QT1
V+

Active area

0.3µm

SEM

Beam masking systemGraphite target

Proton beam profile monitor

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

Negative Muon Measurement

Muon Decay Time Distribution (w/ the beam bunch structure BGs) 
✦ Fitted by double exponential curves with a flat BG. 

★ The bunch structure is also taken into account in the fitting. 

✦ A clear 'short component' was observed (& None in case w/o the absorber.) 
★ The first muon observation in the COMET experimental area!
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Mu2e Experiment
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A. Antonakis and D. Stratakis Nuclear Inst. and Methods in Physics Research, A 1050 (2023) 168107

Fig. 1. (a) A layout of the Fermilab Muon Campus that provides beams to both Mu2e and Muon g-2 Experiments. Transverse beam phase-spaces will be reconstructed along the
M4 line shown in green. (b) Detailed layout of the M4 line. Note that ECMAG is a bending magnet and its upstream edge signals the start of this line. The red arrows illustrate
the locations wherein the phase-space will be reconstructed for this study.

The outline of the paper is as follows: In Section 2, we describe the
main components of the Muon Campus accelerator. In greater detail,
we describe the M4 line that is used for the final transport of the 8
GeV proton beam towards the Mu2e production target, which is the
main focus of this paper. Along that line, we choose four dispersive
locations wherein we will reconstruct the phase-space. In Section 3 we
discuss the theoretical framework of the methods used and we provide
details regarding the simulation code and fitting algorithms. We present
our results in Section 4, and finally, we summarize and conclude in
Section 5.

2. The Fermilab Muon campus

Fig. 1(a) shows the layout of the Fermilab Muon Campus. While
a detailed description of the beamlines is found in [10], we provide
here a brief overview. First, the high intensity proton beam required
for the experiment begins as two booster proton batches with a kinetic
energy of 8 GeV. Each batch consists of 4 ù 1012 protons and they are
subsequently passed into the Recycler Ring. Circulating in the Recycler
Ring, the batches are re-bunched by a 2.5 MHz RF system consisting of
7 cavities before being transferred along the M1, M2 and M3 lines to
the Delivery Ring synchrotron [13]. From the Delivery Ring, the beam
is resonantly extracted [14] to the M4 line which eventually transports
the protons towards the production target of the Mu2e experiment.

A schematic layout of the Ì245.0 m long M4 beamline is shown in
Fig. 1(b) and the design lattice functions starting at the vertical dipole
(ECMAG) are displayed in Fig. 2. The M4 line is commonly known as
Mu2e external line and for this reason we will adopt this terminology
for the rest of the paper. The performance of this line has a significant
impact on the Mu2e experiment for two main reasons: First, the muon
flux originating from the production target is highly correlated to the

number of arriving protons as well as to their spot size on impact.
Second, maintaining a ratio of out-of-time beam to in-time proton beam
less than 10*10 is another key requirement, since the extinction level
between pulses must be very small to minimize prompt background
events downstream [15]. As a result, the Mu2e external line has very
strict requirements for the needed lattice functions as shown in Fig. 2.
It is therefore essential not only to maximize the proton transmission
along this line, but also to have proper control of the transverse beam
optics.

Transport of the beam along the Mu2e external line is maintained
almost entirely through a series of rectangular dipole bending and
quadrupole focusing magnets. One can see from Fig. 2(a) that several
areas within the line have dispersion in both the horizontal and vertical
directions due to the presence of these dipoles. As a result, it is critical
to implement a methodology that in addition to the conventional
Twiss parameters, like the one shown in Fig. 2(b), can also capture
the dispersion, its slope and momentum spread. With this in mind,
conventional quadrupole scan techniques [16,17] are not applicable.
As we will show, this can be accomplished by combining one dipole,
at least two quadrupoles, and a profile monitor. To benchmark our
method and further understand its limitations, we have identified four
locations along the Mu2e external line and these are illustrated with
red arrows in Fig. 1(b). Before proceeding to the results, we will first
discuss the mathematical framework of our technique.

3. Technique

3.1. Mathematical framework

Reconstructing both betatronic Twiss and dispersion parameters at a
point of interest along the beamline requires the use of beam dynamics

2

Special thanks to Pavel Murat

 Production target 

 Pure CsI calorimeter 

 Straw tube trackers 
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Mu2e Experiment

➤ PS under 
construction


➤ DS final coil 
winding as of two 
weeks ago


➤ Both TS are ready 
for the installation

26

Special thanks to Pavel Murat
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Mu2e Experiment

27

Special thanks to Pavel Murat

 24/36 straw planes have been made 

 1/2 CsI ECAL  assembled 
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Mu2e Experiment

➤ Mu2e Run-1 (2025) expected sensitivity assuming 6×1016 stopped muons on the proton target


➤ Upper limit sensitivity is 6.2×10-16 @90% C.L. and 5 σ discovery potential with Nsig=5


➤ An order improvement expected in Run-2, See more details in G. Pezzullo’s talk

28

µ≠ æ e≠ search: backgrounds and expected sensitivity in Run I

Assuming 6e16 stopped muons

MDPI Universe 2023, 9(1), 54; https://doi.org/10.3390/universe9010054

Channel Mu2e Run I
Cosmic rays 0.046 ± 0.010 (stat) ± 0.009 (syst)
DIO 0.038 ± 0.002 (stat) +0.025

≠0.015 (syst)
Antiprotons 0.010 ± 0.003 (stat) ± 0.010 (syst)
RPC in-time 0.010 ± 0.002 (stat) +0.001

≠0.003 (syst)
RPC out-of-time (’ = 10≠10) (1.2 ± 0.1 (stat) +0.1

≠0.3 (syst)) ◊ 10≠3

RMC < 2.4 ◊ 10≠3

Decays in flight < 2 ◊ 10≠3

Beam electrons < 1 ◊ 10≠3

Total 0.105 ± 0.032
SES 2.4 ◊ 10≠16

optimized 2D window: 103.60 < p < 104.90 MeV/c and 640 < T0 < 1650 ns.
expected sensitivity Rµe < 6.2 ◊ 10≠16 @ 90% CL (x 1000 of SINDRUM-II)

expected “5 sigma” discovery sensitivity : 1.2 ◊ 10≠15 (need 5 events)

May 16 2023 Mu2e : getting on mass shell P.Murat (Fermilab), on behalf of the Mu2e collaboration 17

Special thanks to Pavel Murat
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➤ No detailed information from SINDRUM-II collaboration


➤ Details described in arXiv:2009.00214 (M. MacKenzie and P. Murat)


➤ COMET/Mu2e will be able to investigate this with much better sensitivity

29

μ−N → e+N′￼

?

Special thanks to Pavel Murat

https://arxiv.org/pdf/2009.00214.pdf
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Summary
➤ The CLFV processes are powerful probes to search for the new physics beyond the standard model


➤ Already got into the high energy region above 1 TeV indirectly


➤ There are more muons to further investigate the BSM with CLFV processes @ PSI, J-PARC and Fermilab


➤ Many ongoing activities in CLFV searches and results coming up in the next few years from MEG 2, 
Mu3e, DeeMe, COMET and Mu2e. Stay tuned!


➤ More details can be found in New Frontiers in Lepton Flavor in Pisa, May 2023


➤ My perspectives; Muons are there thanks for the accelerator ppl’s efforts, more challenges are foreseen in 
managing the higher rate environment, the background suppression/understanding are the most important 
keys in CLFV

30

29 May 2023 Fermilab Upgrades and a Future Muon Program R. Bernstein, Muon4Future Venezia 

in order:
1) Perform Mu2e! (done by end of 2020’s)
2) Plan Mu2e-II: depends on FNAL schedule, Mu2e outcome, etc. but Mu2e-II is not a major new facility or 
extensive R&D problem
3) AMF: $1B class, extensive R&D
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Snowmass Long-Term View
Snowmass Rare and Precision Frontier Report (2210.04765)

29 May 2023 Fermilab Upgrades and a Future Muon Program R. Bernstein, Muon4Future Venezia 

in order:
1) Perform Mu2e! (done by end of 2020’s)
2) Plan Mu2e-II: depends on FNAL schedule, Mu2e outcome, etc. but Mu2e-II is not a major new facility or 
extensive R&D problem
3) AMF: $1B class, extensive R&D

33

Snowmass Long-Term View
Snowmass Rare and Precision Frontier Report (2210.04765)

Thank you! / Grazie!

p.s. abstract submission for NuFact2023 is due on 3rd of June


https://indico.cern.ch/event/1216905/

https://agenda.infn.it/event/33145/
https://indico.cern.ch/event/1216905/


BACKUP SLIDES

31
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COMET Experiment @J-PARC

32

J-PARC (Japan Proton Accelerator Research Complex) 
@ Tokai village, JAPAN

Rapid Cycle Synchrotron 
(RCS) 0.4 → 3 GeV

Proton Linear Accelerator 
0 → 0.4 GeV

Main Ring  Synchrotron 
3 → 30 (8) GeV

>200 researchers
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COMET Phase-I ~Proton beam~
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Bunched-slow extraction @8GeV has been well studied at 
J-PARC hadron hall and high quality bunched beam was 
obtained


All events between pulses are most probably “accidental 
BG” (≠single particle from the beam)


→ RExtinction < 10-11 (K. Noguchi et.al. NuFact2021)

https://pos.sissa.it/402/104/
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COMET Phase-I ~Muon beam~

34

1) 8GeV protons hit the Graphite target and produce secondary pions (Energy chosen to 
maximise the pion yield while preventing anti-protons)


2) Low momentum π- likely back scatter and direct to the muon transportation solenoid (TS) 
while decaying to µ-


3) A curved TS with a dipole field to select low momentum negative particles
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Fig. 4. Simulated CDC-hit map including hits from a 105-MeV conversion
electron. Each dot represents the hit position of charged particles. The “others”
includes heavy particles, such as alpha, triton, and heavy ions. The red and
black tilted boxes inside the inner wall of the CDC are Cherenkov counters
and scintillators of the CTH, respectively. The filled boxes represent CTH
counter hits.

between the conversion electron and background particles.
Fig. 4 shows a simulated conversion-electron trajectory over-
laying with background particles recorded within an event win-
dow of 1.1µs. The main background particles are protons from
the muon-nuclear-capture processes and low-energy electrons
from the gamma-ray interactions at the CDC walls. Notable
differences between background and signal hits appear in the
hit patterns and energy deposition. The conversion electron
makes a helical trajectory that is fully contained in the CDC
due to the magnetic field, as shown in Fig. 4. The track
will produce a series of neighboring hits in the azimuthal
direction at a radius given by the transverse momentum of the
conversion electron, and no or very few hits beyond this radius.
The low-energy electrons pass along the CDC wires, and their
trajectories are helical orbits with small radii, resulting in long-
lived hits on the same wire. The protons mostly have high
momenta and pass through the CDC from inside to outside
with a larger energy loss than the conversion electrons.

B. Classification Algorithm

In the hit classification stage, GBDTs are used to evaluate
whether the hits in the set of neighboring wires are consistent
with the expectations for a conversion electron. The signal-
like hits have larger GBDT-output values and are selected for
the event classification. Fig. 5 shows the CDC-hit maps before
(Fig. 5a) and after (Fig. 5b) applying the GBDTs. Red and blue
dots represent signal and background hits based on simulation
information. The dot size of Fig. 5b reflects the GBDT-output
value. While some background hits with large GBDT-output
still remain after applying GBDT, it is clear that GBDT can
classify the signal hits out of background hits. Therefore,
the deposited energy on the wire of interest and its radial
position are selected as the GBDT-input features. In order to
eliminate hits of the low-energy electrons, hit classifiers begin
with filtering the wires having long-lived hits. The energy
deposition of neighboring wires in the same layer is also
used to suppress low-energy electron hits. For the hardware
implementation, the input feature must be quantized so that
the total size of trigger data fits to the reasonable data transfer
rate between different FPGAs with the available FPGA logic

(a)

(b)
Fig. 5. Hit maps of the CDC (a) before and (b) after applying the GBDTs.
See the text for details.

Fig. 6. Procedures for the final trigger decision. CTH ID means an identifica-
tion number for each CTH counter. “T” (true) and “F” (false) mean triggered
and non-triggered sections, respectively. Hit counters of the CTH are filled
with red for the Cherenkov counters and black for the scintillation counters.

resources, such as the number of LUTs. The energy deposition
of each wire is compressed into 2 bits, as written in Section II.
Therefore, 6-input LUTs are used for the hit classification
using energy deposition from the wire of interest and two
neighboring wires. We implement a set of 6-input LUTs inside
the FPGA, and each set of 6-bit wire hit patterns is fed into
each different LUT depending on their radial position. Thus all
the input features (deposited energy, neighboring hit pattern,
and radial position) can be considered.

Fig. 6 describes the procedure of the final trigger decision
by the event classifier, which combines CDC and CTH trigger
information. The conversion electron leaves hits only in a part
of the CDC readout area, which is correlated with the CTH-
hit positions, as shown in Fig. 4. An active part of the CDC
is defined for each CTH counter to reject background hits
efficiently while keeping the conversion-electron hits. When
the number of signal-like hits in each active part exceeds a
threshold, the CDC trigger is generated for each CTH counter.
The CTH trigger provides the counter information passing the

COMET Phase-I ~CyDet~

➤ CDC


➤ ~5,000 wires, 20 stereo layers for momentum measurement, He:iC5H10=90:10, typical drift time <400ns


➤ Signal electrons’ trajectories fully contained inside the volume


➤ CTH


➤ 2 layers of 64 segmented plastic scintillator rings at both ends of CDC for the timing measurement


➤ Suppress accidental events and low momentum particles by taking four-fold coincidence
35

CTH

CDC

Muon Stopping Target
µ-

1T
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COMET Phase-I ~CDC~
➤ All stereo-angle wire cylindrical drift chamber to measure the momentum of 

incoming charged particle


➤ Following the wiring completion in 2016, the full channels readout tested in 2019 → 
almost ready for the installation

36

2016

2019
C. Wu, et.al. DOI:10.1016/j.nima.2021.165756

https://www.sciencedirect.com/science/article/abs/pii/S0168900221007415


Yuki Fujii, Muon4Future, Venice, Italy, 2023

COMET Phase-I ~CTH~
➤ Four fold coincidence for better timing determination & less 

accidental events ⇔ the rate of e+/e- <10MeV is  as high as 
1-10 MHz


➤ After 4-fold coincidence, the rate become less than 100 
kHz (based on simulation studies)


➤ Photon extraction with fibre bundles to use inexpensive 
commercial SiPMs

37

CDC

CTH

Signal e-

γ BG

Lead absorber

Proton BG

- 10 mm-T outer layer
- 5 mm-T inner layer

Y. Fujii, et.al. DOI:10.5281/zenodo.6781368

MPPC sideScintillator side

CTH counter + fibre prototype constructed 
and tested @Monash

HPK MPPC (1.3 × 1.3 mm2)

MPPC cooling system to achieve ~ -40℃ CTH Counter supporting structure

Fibre bundle prototype

https://zenodo.org/record/6781368#.Yu1_dy-r24I


Yuki Fujii, Muon4Future, Venice, Italy, 2023

COMET Phase-I ~CyDet trigger~

➤ Further trigger rate suppression by using the CDC hit 
information @FPGA level to achieve the trigger rate less 
than 13 kHz with the maximum signal efficiency


➤ Many BG hits deposit larger energy than signal ones 
without helix  pattern contained inside the CDC


➤ GBDT for hit classification to reduce the BG-like hits


➤ Neural network based event classification trigger is 
being developed for further BG trigger suppression
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Y. Fujii, NuFact2022, Salt-Lake city, Utah

DECISION TREE BASED HIT CLASSIFICATION (2)
➤ Actual implementation 

➤ Perform hit classification by configuring look-up tables (LUTs) with GBDT weighting tables 

➤ One COTTRI CDC FE covers 10 RECBEs = 480 wires, 6-bit (2-bit ADC+neighbouring ADCs) 
data/each as input, decision tree’s score as 6-bit output (larger = signal-like) 

➤ Only one or two clock cycles for the score calculation
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Hit classification result
GBDT-score distribution 
Separation between signal- and background-hit score. 
Zigzag shape due to the small size of the input feature (e.g. 2-bit data) 
Receiver Operating Characteristic (ROC) curve for hits 
Comparison with other data types 
1-bit data : truth or false for the ADC cut 
raw data : no data compression after the ADC cut  

2-bit data gives the good performance.
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GBDT-score distribution ROC curve for hits

2-bit data
1-bit data
raw data
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Pipeline LUT

Pipeline LUT

Pipeline LUT

…
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Y. Fujii, NuFact2022, Salt-Lake city, Utah

MODEL CONSTRUCTION (3)
➤ As a first test, we made sets of toy MC for signal/background events for NN training/test 

➤ 5% noise events randomly distributed with/without the arch (signal-like) pattern 

➤ Quantised and sparse Multi layer perceptron (QMLP) was tentatively chosen 

➤ Few hyper-parameters tuned roughly by utilising a Keras built-in Bayesian optimiser
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BRAM DSP FF LUT

0 0 5 32

Resource usage @Kintex-7 xc7k355T-FFG901 (%)

Latency estimated to be 260 clock cycles 

= 130ns @200MHz
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     QKeras Signal tagger, AUC=99.7% 
     QKeras BG tagger, AUC=99.7% 
     FPGA Signal tagger, AUC=96.5% 
     FPGA BG tagger, AUC=96.7%

Using mock data and real FPGA boards, 120 ns 
latency achieved without losing too many signals

Preliminary

Y. Nakazawa’s PhD thesis

https://indico.fnal.gov/event/53004/contributions/245839/
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COMET Phase-I ~StrECAL~
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Direct beam measurement with Phase-II prototype detectors
LYSO crystals

- Full energy absorption
- Fast time response

APD readout (space & 
radiation tolerance)

5 or more Straw stations
- Each station consists of 

2 horizontal and 2 
vertical layers

- Vacuum tight ultra thin 
straw tubes
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COMET Phase-I ~Straw Tracker~
➤ The 1st full channel straw station constructed for COMET Phase-α/Phase-I beam measurements


➤ Made of Aluminised mylar 20µmT, 10mmφ tolerate the 1 atm pressure difference, filled with Ar:Ethane 50:50


➤ Expected σp ~ 180 keV/c


➤ Besides, 12µmT, 5mmφ straws have been developed and being tested, σp ~150 keV/c essential to achieve the 
aiming sensitivity in Phase-II
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 We are currently working on refining straw 

creation process to improve produced tubes 

diameter and length precision

 As planned for Phase-I the length of straws stays 

the same 1.2 and 1.6 meters

 At the moment we have results of tests performed 

with 1.2m straw tubes

CM35 | 01.12.2021 3

Straw tubes R&D

1.2m/5mmφ

Fixed end

Optical Sensor

Gas 

Pipe Gas Inlet
Straw

FSR

Sensor

CM35 | 01.12.2021 7

Performance tests setup 

Picture on the left shows stand for elongation measurements. Tube is fixed by 

one end through which the gas pressure is applied. The free end is located in 

laser sensor beam which records tube elongation.

Second setup is used to measure the tube elongation dependency on stretch 

force.
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COMET Phase-I ~Electron Calorimeter~
➤ Measure the electron arrival time with good energy resolution


➤ Energy resolution better than 5% @100 MeV e-, σt ~ 0.5 ns, σX/Y ~ 6mm, all validated 
in the test beam measurement


➤ LYSO 64 × 16 modules to be installed in the Phase-I


➤ In Phase-II it’ll be scaled up to 5,000 for ~1.5 mφ coverage with smaller gaps
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DeeMe @J-PARC MLF

42

12

Principle of Experiment
 Concept of DeeMe

• Transport signal electrons (105MeV/c)

• Beam optics is optimized for signal electrons

⇒ Momentum selection

Suppress low momentum backgrounds
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DeeMe Commissioning
 The DeeMe commissioning run was performed in June 2022.
 Every system worked well.

 Ready to take physics data.

Prompt burst 
105 MeV/c electron
beam profile

DeeMe Preliminary

beam

MWPC MWPC
PACMAN

24

DeeMe Commissioning
 Quick data analysis

 Positron data set at 50 MeV/c
for Michel edge measurement

 Positron momentum was reconstructed 
successfully.

 More calibration is needed. nucleus

μ-

e-

νµ

_

νe

Decay In Orbit (DIO)

➤ DIO edge observed in the pilot run


➤ Physics run is planned in 2023 with 
an expected sensitivity of 1×10-13
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COMET Phase-I ~Expected Sensitivity~
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ℬ(μ−N → e−N) |Al =
1

Nμ ⋅ fcap ⋅ fgnd ⋅ Aμ−e
= 3.0 × 10−15

Nµ : #of stopped µ-, 1.5×1016, exp. @ 150 days,


fcap : fraction of stopped µ- captured, 0.61, theory,


fgnd : fraction of µ- bound to ground state, 0.9 theory,


Aµ : acceptance of µ-e signal, 0.041, exp..

Item Value Comment

Acceptance 0.2 Fixed

Trigger/DAQ efficiency 0.8 Subject to change

Track finding efficiency 0.99 SC

Track selection 0.9 SC

Momentum window 0.93 103.6 MeV/c < p < 106.0 MeV/c

Timing window 0.3 700 < t < 1170 ns, SC

Total 0.04 At least 25% error
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COMET Phase-I ~Background~

44

Type Background Estimated events

Physics Muons decay in orbit 0.01

Radiative muon campture 0.0019

Neutron emission after muon capture < 0.001

Charged particle emission after muon capture < 0.001

Prompt beam Beam electrons, µ/π decay-in-flight, others Total < 0.0038

Radiative pion capture 0.0028

Delayed beam ↑ from delayed proton beam Negligible

Antiproton induced background 0.0012

Others Cosmic rays (computationally limited) < 0.01

Total < 0.032
➡︎ COMET Phase-I is almost BG free, sensitivity is only limited by the 

cost of radiation shielding and detector’s rate capabilities!
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COMET Phase-II ~Concept~

45

×100 Sensitivity means ×100 
background particles

➤ DIO background suppression is 

essential

➤ Better momentum resolution 

≒ less materials


➤ Higher pile-up situation

Smaller diameter straw-tubes with 
thinner wall


Additional electron spectrometer 
to reduce lower momentum DIOs
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COMET Phase-II ~Sensitivity~
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ℬ(μ−N → e−N) |Al =
1

Nμ ⋅ fcap ⋅ fgnd ⋅ Aμ−e
= 1.4 × 10−17

Nµ : #of stopped µ-, 3.3×1018, exp. @ 230 days,


fcap : fraction of stopped µ- captured, 0.61, theory,


fgnd : fraction of µ- bound to ground state, 0.9 theory,


Aµ : acceptance of µ-e signal, 0.036, exp..

Item Value in P-I Value in P-II Comment

Acceptance 0.2 0.18 Fixed

Trigger/DAQ efficiency 0.8 0.87 Subject to change

Track reconstruction efficiency 0.99 0.77 SC

Track selection 0.9 0.94 SC

Momentum window 0.93 0.62 104.2 MeV/c < p < 105.5 MeV/c

Timing window 0.3 0.49 600 < t < 1170 ns, SC

Total 0.04 0.034 At least 25% error

K. Oishi, PhD thesis in 2020

https://catalog.lib.kyushu-u.ac.jp/opac_download_md/4474936/sci1369.pdf
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CLFV in EFT
➤ Searches for CLFV processes indirectly probing ΛNP > 1 PeV 

new physics scale


⇔ Ultra large Moon collider, 14 PeV pp (arXiv:2106.02048) 

➤ Complementary searches available with different muon CLFV 

modes (Muon CLFV golden modes; μ→eγ, μ→eee, μN→eN)
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FIG. 2. Reach as a function of the angle ✓V , which is effectively the angle between the µ ! eēe and µA! eA four-fermion
operators, for different contributions of the dipole operator: (left) ✓D = ⇡/2, (middle) ✓D = 5⇡/9, and (right) ✓D = 3⇡/4. The
solid region is currently excluded.
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FIG. 3. Reach as a function of V = cotan(✓V � ⇡/2) for different contributions of the dipole operator: (left) ✓D = ⇡/2,
(middle) ✓D = 5⇡/9, and (right) ✓D = 3⇡/4. The solid region is currently excluded.
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orders of magnitude different from the other coefficients, we also plot the reach in a parametrization similar to that
introduced in [19] by defining a variable

D = cotan(✓D � ⇡/2) . (III.1)

This non-linear transformation magnifies the regions where the dipole contribution either dominates the four-fermion
interactions (✓ = 0,⇡) or is suppressed (✓ = ⇡/2). We also define a similar variable V , that magnifies the regions
where leptonic four-fermion coefficients are much larger or smaller than those with quarks. We subtract ⇡/2 in order
to have µ ! e� larger at the centre of the plot, following [19]. However, this choice means that =0 corresponds to
both to ✓ = 0 and ✓ = ⇡, and the rates can be discontinuous at 0 while they are continuous at ±1. This can be
observed in figure 3.
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FIG. 1. Reach as a function of (left) the angle ✓D, which parametrizes the relative magnitude of dipole and four-fermion
coefficients, and (right) the variable D = cotan(✓D �⇡/2). The scale ⇤ is defined in eqn (II.1) with the coefficients normalised
according to Table II. The solid region is currently excluded.

Figure 2 displays the reach as a function of ✓V , which is effectively the angle between the µ ! eēe and µA! eA
four-fermion operators. Results for a vanishing dipole contribution (✓D = ⇡/2) shows that µ ! eēe vanishes at
✓V = ⇡/2 and µA! eA at ✓V = 0,⇡. Adding a small negative dipole coefficient, µ ! eēe doesn’t vanish anymore
since the dipole contributes independently as well as in interference with the four-fermion contributions, and the
rate is reduced when this interference is destructive. The magnitude of the negative dipole coefficient is larger for
✓D = 3⇡/4, exhibiting that µA! eA vanishes when the dipole cancels the four-fermion contributions. Similar plots
for V = cotan(✓V � ⇡/2) are shown in Figure 3.

Figure 4 illustrates the complementarity of heavy and light targets for µA!eA, by plotting the conversion ratios
as function of ~C · ~eAlight / sin� and ~C · ~eAheavy? / cos�. Recall that ~C · ~eAheavy? parametrizes the independent
information obtained with Au. This additional contribution to µAu ! eLAu causes the rate to vanish at a different
value than that of the light targets. The dipole, which also contributes to µA ! eA, was taken to either vanish
(✓D = ⇡/2), be positive (✓D = 3⇡/4) or negative (✓D = ⇡/4). This illustrates the impact of ~C · ~eD on the rate:
cancellations can occur among the dipole and four-fermion contributions, as well as between the two independent
combinations of four-fermion coefficients.

Finally, the dependence of the sensitivity on the angle � and the variable D is exhibited in Figure 5. As expected,
the µ ! e� and µ ! eēe processes are independent of �. The shape of the conversion processes on light and heavy
targets are globally similar, although the ridges along which the rates cancel are slightly different.
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µ→eγ 4.7×10-13 MEG 6×10-14 MEG II

µ→eee 1.0×10-12 SINDRUM 2×10-15/10-16 Mu3e/Mu3e p-II

µN→eN 7.0×10-13 @Au SINDRUM II 10-14/10-17 DeeMe/COMET/
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https://arxiv.org/abs/2106.02048
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Sacha Davidson, Bertrand Echenard Snowmass RP frontier kick off meeting  - Jul  2020         p.5

Many BSM scenarios predict observable CLFV rates, for example:

CLFV and BSM physics

Each model generate a specific pattern of operators → multiple CLFV measurements to 
extract the underlying physics. 

Supersymmetry Heavy neutrino Two Higgs doublet

Leptoquarks Compositeness
New heavy bosons / 
anomalous coupling

Lo
op

s
Co

nt
ac

t 
in

te
ra

ct
io

n
µ-e conversion in BSM

Different interactions generate different processes → complementary searches unveil the BSM structure
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S. Davidson and B Echenard, Rare processes and Precision Frontier kick-off meeting (2020)
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CLFV and Leptoquarks

➤ LQ can simultaneously explain both;


➤ Recent B physics anomalies


➤ Long standing g-2 anomaly

49
P.F. Perez, et.al. arXiv:2104.11229
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FIG. 9: Left panel : Same as Fig. 3; we also include a contribution from C10µµ = 1.5 C
0
10µµ. Right panel :

The region shaded in blue is in agreement with the combined result from the Muon g � 2 experiment at
Fermilab and E821 at BNL within 1�. We have also fixed the Wilson coe�cients that reproduce the
experimental measurements of Br(Bs ! µ

+
µ
�) and RK within 1�. The predicted values for RK⇤ are

higher than the current central values as discussed in the text.

5. SUMMARY

We have discussed the simplest quark-lepton unification theory that can be realized at the
TeV scale [6] and can be seen as a low energy limit of the Pati-Salam theory. This theory is
based on the SU(4)C ⌦ SU(2)L ⌦ U(1)R gauge group and, in order to have a consistent theory
for fermion masses at the low scale, neutrino masses are generated through the inverse seesaw
mechanism. This theory predicts the existence of a vector leptoquark, Xµ ⇠ (3,1, 2/3)SM, and
two scalar leptoquarks, �3 ⇠ (3̄,2, �1/6)SM and �4 ⇠ (3,2, 7/6)SM, that can provide a relevant
contribution to meson decays.

We have studied the possibility to explain the experimental values for the clean observables
involving b ! s transitions, i.e. RK , RK⇤ and Br(Bs ! µ

+
µ
�), in two main scenarios. In the first

scenario the scalar leptoquark �3 gives the main contributions to explain the measured values of
the relevant meson decays through couplings to both electrons and muons. In the second scenario
the scalar leptoquark �4 plays the main role to explain the values for the neutral flavor anomalies;
in this scenario the New Physics is coupled mostly to electrons as it is required by the experimental
bound from µ ! e�. Furthermore, we showed that �4 can be used to explain the g�2 of the muon
while being consistent with other experimental bounds.

We found scenarios where we can address simultaneously the flavor and the (g�2)µ anomalies,
in which both leptoquarks �3 and �4 play a role. In these scenarios, the recent experimental results
for RK and RK⇤ are explained by contributions from �3 and �4, with Wilson coe�cients of the
same order as in the SM, while the measured value of (g � 2)µ can be addressed by coupling �4

mostly to muons, so that the aforementioned anomalies can all be explained in consistency with
constraints from lepton flavor violation.

We hope that, in the near future, more experimental data and an improvement on the
theoretical predictions will determine whether these anomalies represent final evidence for New
Physics, and whether the minimal theory for quark-lepton unification can be behind them by

Left plot; Scalar LQ, Φ4 satisfies all b 


Right plot; Allowed region from g-2 results


anomalies All 1σ band


→ all of them somehow satisfied


