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Why Charged Lepton Flavour Violation?

Neutral lepton flavour violation has been observed.
Lepton mixing in the SM has been known.

Why CLFV ?



SM Contribution of Lepton Mixing to CLFV

BR~O(10-54)
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Note:   LFV in SM with massive neutrinos
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� very tiny!

The SM with neutrino masses predicts small event rates for the LFV.

W

The observation of the LFV will be clearly a discovery of 
physics beyond the SM with non-zero neutrino masses.
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�)2 < 10�54
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SM with massive neutrinos (Dirac) BSM
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too small to access experimentally an experimental evidence:  
a clear signature of New Physics NP  
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�7

 oscillations
⌫

Charged lepton flavour violation search: Motivation
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Search for New Physics Beyond the SM

CLFV is sensitive to very high energy scale.

42 CHAPTER 3. PHYSICS OF FLAVOUR AND SYMMETRIES

Table 3.1: Sensitivity of the sources of flavour symmetry breaking accessible at low energy in the
quark sector (from meson-antimeson mixing processes), given in Eq. (3.3). The observables in-
clude oscillation frequencies (�m) and CP-violating parameters for the di↵erent systems. Taken
from Ref. [1]; note that limits from the Bs have since been further tightened.

Operator Limits on ⇤ (TeV) Limits on CNP Observables
(CNP = 1) (⇤ = 1TeV)

Re Im Re Im
(sL�µdL)2 9.8⇥ 102 1.6⇥ 104 9.0⇥ 10�7 3.4⇥ 10�9 �mK , "K

(sRdL)(sLdR) 1.8⇥ 104 3.2⇥ 105 6.9⇥ 10�9 2.6⇥ 10�11 �mK , "K

(cL�µuL)2 1.2⇥ 103 2.9⇥ 103 5.6⇥ 10�7 1.0⇥ 10�7 �mD, |q/p|, �D

(cRuL)(cLuR) 6.2⇥ 103 1.5⇥ 104 5.7⇥ 10�8 1.1⇥ 10�8 �mD, |q/p|, �D

(bL�µdL)2 6.6⇥ 102 9.3⇥ 102 2.3⇥ 10�6 1.1⇥ 10�6 �mBd , S�KS

(bRdL)(bLdR) 2.5⇥ 103 3.6⇥ 103 3.9⇥ 10�7 1.9⇥ 10�7 �mBd , S�KS

(bL�µsL)2 1.4⇥ 102 2.5⇥ 102 5.0⇥ 10�5 1.7⇥ 10�5 �mBs , S �
(bRsL)(bLsR) 4.8⇥ 102 8.3⇥ 102 8.8⇥ 10�6 2.9⇥ 10�6 �mBs , S �

hand, this success may be embarrassing since it could exclude possible large contributions
of new physics at the TeV scale. For instance, new physics may be included as

Le↵ = LSM +
CNP

⇤2
O(6)

ij
, (3.3)

where the second term represents the new physics contribution and CNP and ⇤ are
the coupling constant and the energy scale of new physics respectively, and O(6)

ij
is a

dimension-six operator. For example, from the measurements of �mK , �mD, �mBd ,
�mBs , CP violating parameters for K, D, Bd and Bs, the energy scale of new physics
⇤ ⇠ O(103) TeV in the case of CNP = 1 is assumed, or CNP is very small, of the order
of O(10�5) to O(10�11) if ⇤ = 1 TeV is assumed (see Table 3.1).

For the charged lepton sector, the constraint from flavour-changing processes (charged
lepton flavour violation) is even more severe. For instance, for µ+

! e+�, one can con-
sider

CNP

⇤2
O(6)

ij
!

Cµe

⇤2
eL�⇢⌫µR�F⇢⌫ . (3.4)

The present upper limit of B(µ! e�) < 2.4⇥ 10�12 gives

⇤ > 2⇥ 105 TeV ⇥ (Cµe)
1
2 . (3.5)

In the case of Cµe = 1, ⇤ can be O(105) TeV.
The good overall consistency of the quark flavour-changing processes and the strin-

gent limits of lepton flavour-changing processes indicates that there is not much room
for new sources of flavour symmetry breaking close to the TeV scale, or the scale of
new physics is very high. However, this is based on a very general argument. In some
specific theoretical models the constraints of new physics should be determined in a
model-dependent way, and sometimes the constraints could be less stringent.

In such theoretical models, we do expect small but detectable deviations from the
SM predictions, in selected special flavour-changing processes. They are the flavour-
changing processes with suppressed SM contributions, or the SM-forbidden processes
with no SM contribution.

from BR(µ→eγ)<4.2x10-13 

C6

Λ2
𝒪6 →

C6

Λ2
ēLσρνμRΦFρν Λ ∼ 𝒪(103) TeV

Λ is the energy scale of new physics 
C(d) is the coupling constant.ℒeff = ℒSM + ∑

d>4

C(d)

Λd−4

Effective Field Theory Approach

Future planned improvements by an additional factor of 10000 
would probe Λ ∼ 𝒪(104) TeV



Outline

•CLFV of Muons 
•Magnificent three (μ+→e+γ, μ+→e+e+e-, μ-N→e-N) 
•Muon bound states 

•CLFV of Tau leptons, Z and Higgs 
•CLFV in exotics 
•CLFV/LNV of Muons 
•Muon sources 
•Summary



Muon CLFV



Muon LFV 

History
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KL
0 → µe

K+ →πµe

µA→eA

µ→ eee

µ→ eγ

Pontecorvo  
in 1947

First CLFV search

Meson Factory Era

100 improvements 
over decade

Muon Michel decay 
(1948)

Feinberg’s µ→eγ 
crisis (1955)

Accelerators 
producing muons



Magnificent Three 

CLFV Processes with Muons

∙ μ+ → e+γ
∙ μ+ → e+e+e−

∙ μ− + N(A, Z) → e− + N(A, Z)
∙ μ− + N(A, Z) → e+ + N(A, Z − 2)

∙ μ−e− → e−e−

∙ μ− + N(A, Z) → μ+ + N(A, Z − 2)

∙ μ + N → τ + X
∙ νμ + N → τ+ + X

∙ μ+e− → μ−e+



LFV,Why ?
LFV,Why ?

µ→eγ 



CLFV Decay of Muons : μ+→e+γ 

• Event Signature

• Ee = mμ/2, Eγ = mμ/2     

(=52.8 MeV) 
• angle θμe=180 degrees 

(back-to-back) 
• time coincidence 

• Backgrounds

• prompt physics backgrounds 

• radiative muon decay 
μ→eννγ when two 
neutrinos carry very small 
energies. 

• accidental backgrounds 
• positron in μ→eνν 
• photon in μ→eννγ or 

photon from e+e- 
annihilation in flight. 

• Experimental

• positive muon decays at rest 

are used.

e +

γ

µ



CLFV Decay of Muons : μ+→e+γ

MEG II

Pisa,	12-04-2016 L.	Galli,	INFN	Pisa

MEG	II	at	a	glance

38

L.	Galli	Pisa	Seminar	24/04/2013

all detectors upgraded 
full muon beam intensity 
Goal ~ 6x10-14  (2019-2021)

MEG @PSI

drift chamber for positrons 
liquid Xe detector for gammas 
DC muon beam at PSI

a factor of 30 improvement

MEG: Signature and experimental setup
• The MEG experiment aims to search for μ+ → e+ γ with a sensitivity of ~10-13  (previous 

upper limit BR(μ+ → e+ γ) ≤ 1.2 x 10-11 @90 C.L. by MEGA experiment) 
• Five observables (Eg, Ee, teg, ϑeg, ϕeg) to characterize μ→ eγ events

�
µ+e+

�
µ+e+

�

�

�

µ+e+

�

�

Signature

Backgrounds

�10

A.M. Baldini et al. (MEG Collaboration), 
Eur. Phys. J. C73 (2013) 2365(2016)



Future:

Parity Violating μ+→e+γ decay

Lµ!e� = �4GFp
2

"
mµARµR�

µ⌫
eLFµ⌫ +mµALµL�

µ⌫
eRFµ⌫ +H.c.

#

B(µ+ ! e+�) =
�(µ+ ! e+�)

�(µ+ ! e+⌫⌫)
= 384⇡2(|AR|2 + |AL|2)

P-Odd Angular Distribution of

Polarized μ→eγ Decay

Left handed e+

e+

γ

1
2

1

1
2

1+cosϑ

µ

Right handed e+

γ

e+

1
2

1

1
2

1-cosϑ

µ

useful to distinguish different theoretical models

SU(5) SUSY-GUT non-unified SUSY
with heavy neutrino

Left-right symmetric model

SO(10) SUSY-GUT

e e

Y.Kuno and Y. Okada, Physical Review Letters 77 (1996) 434 
Y.Kuno, A. Maki and Y. Okada, Physical Reviews D55 (1997) R2517-2520

P-odd asymmetry 
reflects whether 
right or left-
handed slepton 
have flavor mixing,
Discriminate 
theoretical models

surface muons

polarized 
muons (surface 

muons)

YK, Y. Okada, Phys. Rev. Lett. 77 (1996) 434 



LFV,Why ?
LFV,Why ?

µ→eee



• Event Signature

•  ΣEe = mμ 
•  ΣPe = 0 (vector sum) 
•  common vertex 
•  time coincidence 

• Backgrounds

• physics backgrounds 

• μ→eννee decay 
(B=3.4x10-5) when two 
neutrinos carry very small 
energies. 

• accidental backgrounds 
• positrons in μ→eνν 
• electrons in μ→eeeνν or 
μ→eννγ (B=1.2x10-2) with 
photon conversion or 
Bhabha scattering. 

• Experimental

• positive muon decays at rest 

are used.

CLFV Decay of Muons : μ+→e+e+e- 

acceptance as E(min) of e±



CLFV Decay of Muons : μ+→e+e+e- 

SINDRUM (1988)

•BR<1.0x10-12  

•with constant matrix element 
• μ→eννee decay observed.

R.Sawada NEUTRINO 2012

Mu3e experiment
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Letter of Intent for an Experiment
to Search for the Decay µ → eee

A. Blondel, A. Bravar, M. Pohl
Département de physique nucléaire et corpusculaire,

Université de Genève, Genève

S. Bachmann, N. Berger, A. Schöning, D. Wiedner
Physikalisches Institut, Universität Heidelberg, Heidelberg

P. Fischer, I. Perić
Zentralinstitut für Informatik, Universität Heidelberg, Mannheim

M. Hildebrandt, P.-R. Kettle, A. Papa, S. Ritt
Paul Scherrer Institut, Villigen

G. Dissertori, Ch. Grab, R. Wallny
Eidgenössiche Technische Hochschule Zürich, Zürich

P. Robmann, U. Straumann
Universität Zürich, Zürich

January 23rd, 2012
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An Experiment to Search for the Decay µ → eee

Figure 11: Sketch of the MAPS detector design from [70].

Figure 12: Block diagram of the HV MAPS detector from [70].

5.5.1 High Voltage MAPS Technology

We propose to use Monolithic Active Pixel Sensors (MAPS) as tracking detect-
ors, as they integrate sensor and readout functionalities in the same device and
thus greatly reduce the material budget. Classical concepts like hybrid designs
usually have a higher material budget due to additional interconnects (bonds)
and extra readout chips, which downgrade the track reconstruction perform-
ance, especially at low track momentum.

First MAPS designs were such that ionisation charges were collected mainly
by diffusion, with a timing constant of several hundreds of nanoseconds. HV-
MAPS designs with high bias voltages exceeding 50 V, however, overcome this
problem and provide timing resolutions of better than 100 ns. We propose to
use the High Voltage MAPS (HV-MAPS) design with pixel electronics com-
pletely implemented inside the deep N-well, which was first proposed by [70]
and has since been successfully tested [71, 72]. Figure 11 shows a sketch of the
proposed Monolithic Pixel Detector. The readout circuitry, see Fig. 12, allows
an efficient zero suppression of pixel information and the implementation of
timestamps to facilitate the assignments of hits between different pixel layers.
For readout designs providing 50 ns timing resolutions power consumptions of
about 150 mW/cm2 are expected [73].

Because of the small size of the active depletion zone, the detectors can also
be thinned down to 50 µm or less, depending on the complexity and vertical size
of the readout circuitry. By “thinning”, the material budget can be significantly

25
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An Experiment to Search for the Decay µ → eee

Target

Inner pixel layers

Scintillating fibres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

Figure 8: Schematic view of the proposed experiment for the search of µ → eee
(not to scale). Shown are the detector components in the side view (top) and
in the transverse plane (bottom).

5 A Novel Experiment Searching for µ → eee

The proposed experiment aims for a sensitivity of B(µ+ → e+e−e+) < 10−16

(10−15) at 90% CL for a beam intensity of 2 ·109 (2 ·108) muon stops per second.
Reaching this sensitivity requires a large geometrical coverage and suppression
of any possible background to a level below 10−16.

The most serious backgrounds are considered to be the radiative muon decay
µ+ → e+e−e+ν̄µνe with a branching fraction of 3.4 · 10−5 and accidentals,
which must be efficiently suppressed by an excellent vertex and timing resolution
of the detector. Suppression of backgrounds requires a precise measurement
of the electron and positron momenta in order to reconstruct the kinematics.
By exploiting kinematical constraints accidental backgrounds can be further
reduced and missing momentum and energy due to the additional neutrinos in
the µ+ → e+e−e+ν̄µνe process can be detected. The kinematic reconstruction
of candidate events is mainly deteriorated by multiple scattering of the low
energy electrons. Therefore, the material budget of the target and detector,
which must be operated in a helium atmosphere, has to be kept to a minimum.

In summary, a detector capable of precise momentum, vertex and timing
reconstruction at very high rates is needed. We propose to construct an exper-
iment with a long high precision tracker based on thin silicon pixel detectors
and a system of time-of-flight hodoscopes, see Fig. 8, placed in a homogeneous
solenoidal magnetic field of about 1−1.5 Tesla. In the final sensitivity phase the
experiment shall be performed at the highest intensity muon beamline available
at PSI.

19

Niklaus Berger – NuFact, August 2011 – Slide 29

Support sensors on Kaptonr� TM prints, with 
aluminium signal and power lines

Four layers in two groups in a ~ 1.5 Tesla r�
field

Total material few ‰ of Xr� 0, few layers

Add a scintillating fibre tracker to reduce r�
combinatorics through timing
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HVMAPS

• Need excellent resolutions to get rid of backgrounds
• Accidental BG : Vertex and timing 
• eeeνν decays   : Momentum

• The detector
• Scintillating fiber timing detector
• 100 ps resolution on average one electron

• Thin pixel silicon tracker
• High voltage monolithic active pixel (HVMAPS)
• Implement logic directly in N-well in the pixel
• Use a high voltage commercial process
• Small active region, fast charge collection
• Can be thinned down to <50 μm
• Low power consumption

(I.Peric, P. Fischer et al., NIM A 582 (2007) 876 (ZITI Mannheim, Uni Heidelberg))

Mu3e (@PSI)
•Silicon pixel detector (HVMAPS) 
for tracking 
•Scintillating fibers for timing

The Mu3e detector

Frederik Wauters, NuFact2018

What Mu3e can do according to the Monte Carlo

50µm thickness

•Stage-I (2020 -) 
• B~10-15  at πE5 

•Stage-2  
• B<10-16 at HiMB



LFV,Why ?
LFV,Why ?

µ→e conve
rsion

in 

a muonic 
atom 



What is μ→e Conversion ?

1s state in a muonic atom

�������

µ−

�

	��������	�
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µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

nucleus

Neutrino-less muon nuclear capture

µ− + (A, Z)→ e− + (A,Z )

Event Signature : 
a single mono-energetic 
electron of 105 MeV
Backgrounds:
(1) physics backgrounds
(2) beam-related backgrounds 
(3) cosmic rays, false tracking

∝ Z5coherent process

CR(μ−N → e−N) ≡
Γ(μ−N → e−N)
Γ(μ−N → all)



Current Limits on μ→e Conversion 

Z S CR limit
sulfur 16 0 7 x 10-11

titanium 22 0,5/2,7/2 4.3 x 10-12

copper 39 3/2 1.6 x 10-8

gold 79 0,5/2 7 x 10-13

lead 82 0 (1/2) 4.6 x 10-11
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SINDRUM-II (PSI)

prompt

delayed



COMET Phase-I : J-PARC E21
COMET = COherent Muon to Electron Transition

proton beam power = 3.2 kW
Single event sensitivity : 2x10-15

Running time: 0.4 years (1.2x107s)
a factor of 100 improvement

Phase-I

aluminium target



COMET Phase-II : J-PARC E21

Decisions and
COMET

Ewen Gillies

New Physics
& CLFV

COMET
Design
Principles

New Tracking
Techniques
Neighbour-Level
GBDT
Hough
Transform
Track-Level
GBDT

Backup

Phase II Geometry

46

proton beam power = 56 kW

Single event sensitivity : 2.6x10-17

Running time: 1 years (2x107sec)
a factor of 10,000 improvementPhase-II

Running time: 1 years (2x107sec)

Single event sensitivity : O(10-18)
a factor of 100,000 improvement

Running time: 1 years (2x107sec)



Mu2e at Fermilab

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

proton beam power = 8 kW

Mu2e Detector 

Lindgren – Fermilab Snowmass PAC, June 21-25, 2011 15 

Proton beam hits production target in 
Production Solenoid. 
Pions captured and accelerated towards 
Transport Solenoid by graded field. 
Pions decay to muons. 

Transport solenoid performs sign and momentum 
selection. 
Eliminates high energy negative particles, positive 
particles and line-of-site neutrals. 

Muons captured in stopping target. 
Conversion electron trajectory measured 
in tracker, validated in calorimeter. 
Cosmic Ray Veto surrounds Detector 
Solenoid. 

Single-event sensitivity : 2.5x10-17

Running time: 3 years  
         (2x107sec/year)

a factor of 10,000 improvement •800 MeV, 100 kW from PEP-II 
•aim at 2x10-18 with 3 years

Mu2e-II

a factor of 100,000 improvement

aluminium target



Experimental Comparison 

Beam background challenge
beam 
intensity

μ→eγ continuous 
beam accidentals

detector 
resolution limited

μ→eee continuos 
beam accidentals

detector  
resolution limited

μ-e 
conversion

pulsed 
beam

beam-related beam 
background

no limitation

continuous beam (cyclotron) or pulsed (synchrotron)



μ→e Conversion Phenomenology

Lagrangian

In addition to the photonic part, the four-fermion contact interaction, 
where the scalar, pseudo scalar, vector, axial vector and tensor 
interactions for left-handed and right-handed are included.

Lnon�photo
µ�e conv = �GFp

2

X

q=u,d,s...

"
(gLS(q)eLµR + gRS(q)eRµL)qq

+(gLP (q)eLµR + gRP (q)eRµL)q�5q

+(gLV (q)eL�
µ
µL + gRV (q)eR�

µ
µR)q�µq

+(gLA(q)eL�
µ
µL + gRA(q)eR�

µ
µR)q�µ�5q

+
1

2
(gLT (q)eL�

µ⌫
µR + gRT (q)eR�

µ⌫
µL)q�µ⌫q +H.c.

#



Future:

μ-e Conversion : Disentangle Interaction

V. Cirigliano, R. Kitano, Y. Okada, and P. Tuzon, Phys. Rev. D80, 013002 (2009)

scalar interaction

dipole interaction

vector interaction

(with Z boson)

vector interaction

(with photon -
charge radius)

C. Target dependence of ! ! e conversion

In principle, any single-operator model can be tested
with two conversion rates, even if! ! e" is not observed.
To illustrate this point, we update the analysis of Ref. [6]
and plot in Fig. 3 the conversion rate (normalized to the
rate in aluminum) as a function of the Z of the target
nucleus, for the four classes of single-operator models
defined above. Compared to Ref. [6], the novelty here is
the inclusion of a second vector model (VðZÞ).

The results of Fig. 3 show some noteworthy features.
First, we note the quite different target dependence of the
conversion rate in the two vector models considered. This
can be understood as follows: In the case of the Vð"Þ model,
the behavior in Fig. 3 simply traces the Z dependence of

VðpÞ (the photon only couples to the protons in the nu-
cleus). On the other hand, in the case of the VðZÞ model, the
Z boson couples predominantly to the neutrons in the

nucleus and the target dependence of the ratio VðnÞ=VðpÞ #
ðA $ ZÞ=Z generates the behavior observed in Fig. 3.
Next, let us focus on the actual discriminating power of

the Z dependence. Clearly, the plot shows that the model
discriminating power tends to increase with Z. This is a
simple reflection of the fact that the whole effect is of
relativistic origin and increases in heavy nuclei. So in an
ideal world, in order to maximize the chance to discrimi-
nate among underlying models, one would like to measure
the conversion rate in a light nucleus, say aluminum or
titanium, as well as in a large-Z nucleus, like lead or gold.
This simplified view, however, has to be confronted both
with theoretical uncertainties and the actual experimental
feasibility. Concerning the uncertainties, a simple analysis
shows that the dominant uncertainty coming from the
scalar matrix elements almost entirely cancels when taking
ratios of conversion rates (even using the conservative
range y2 ½0;0:4& for the strange scalar density matrix
element). Moreover, in the large-Z tail of the plot, some
residual uncertainty arises from the input on the neutron
density profile. When polarized proton scattering data ex-
ists, the uncertainty on the ratios of conversion rates be-
comes negligible. This point is illustrated by Table I, where
we report the detailed breakdown of uncertainties in the
ratios B!!eðTiÞ=B!!eðAlÞ and B!!eðPbÞ=B!!eðAlÞ. For
other targets, the uncertainty induced by neutron densities
never exceeds 5% [6]. The conclusions of this exercise are
that
(i) The theoretical uncertainties (scalar matrix elements

and neutron densities) largely cancel when we take a
ratio.

(ii) As evident from Fig. 3, a realistic discrimination
among models requires a measure of B!!eðTiÞ=
B!!eðAlÞ at the level of 5% or better, or alternatively

20 40 60 80
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B
e;

Z
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e;
A
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V
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V(γ)

S

D

FIG. 3 (color online). Target dependence of the ! ! e con-
version rate in different single-operator dominance models. We
plot the conversion rates normalized to the rate in aluminum
(Z ¼ 13) versus the atomic number Z for the four theoretical
models described in the text: D (blue), S (red), Vð"Þ (magenta),
VðZÞ (green). The vertical lines correspond to Z ¼ 13ðAlÞ, Z ¼
22ðTiÞ, and Z ¼ 83ðPbÞ.

TABLE I. Ratios of conversion rates in titanium and lead over
aluminum, in each of the four single-operator models: scalar (S),
dipole (D), vector 1 (photon coupling to the quarks), and vector 2
(Z boson coupling to the quarks). In the scalar model, the scalar
form factor induces a negligible uncertainty in the ratios involv-
ing two targets (denoted by the subscript y). In the case of lead
over aluminum, the small uncertainty is dominated by the
neutron density input (denoted by the subscript #n).

S D Vð"Þ VðZÞ

Bð!!e;TiÞ
Bð!!e;AlÞ 1:70 ( 0:005y 1.55 1.65 2.0

Bð!!e;PbÞ
Bð!!e;AlÞ 0:69 ( 0:02#n

1.04 1.41 2:67 ( 0:06#n
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FIG. 2 (color online). Ratio RðZÞ of ! ! e conversion over
Bð! ! e"Þ versus Z in the case of the dipole-dominance model.
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013002-6

normalised at Al

left-right models

SUSY-GUT

SUSY seesaw

with Z penguin

S. Davidson, YK, M. Yanaka, Phys. Lett. B790 (2019) 380-388



Spin Dependent µ-e conversion and 

Spin Independent µ-e conversion

dipole 
interaction

scalar 
interaction

vector 
interaction

Coherent 

μ-e Conversion

(spin independent)

tensor 
interaction

axial vector 
interaction

Incoherent

μ-e Conversion

(spin dependent)

V. Cirigliano, S. Davidson, YK, Phys. Lett. B 771 (2017) 242 
S. Davidson, YK, A. Saporta, Eur. Phys. J. C78 (2018) 109 

compare zero-spin and non-zero-spin nuclear targets



White Paper:

muonCLFV

Charged Lepton Flavour Violation using

Intense Muon Beams at Future Facilities

A. Baldini, D. Glenzinski, F. Kapusta, Y. Kuno, M. Lancaster,
J. Miller, S. Miscetti, T. Mori, A. Papa, A. Schöning, Y. Uchida

A submission to the 2020 update of the European Strategy for Particle
Physics on behalf of the COMET, MEG, Mu2e and Mu3e collaborations.

Abstract

Charged-lepton flavour-violating (cLFV) processes o↵er deep probes for new physics with dis-
covery sensitivity to a broad array of new physics models — SUSY, Higgs Doublets, Extra
Dimensions, and, particularly, models explaining the neutrino mass hierarchy and the matter-
antimatter asymmetry of the universe via leptogenesis. The most sensitive probes of cLFV
utilize high-intensity muon beams to search for µ ! e transitions.

We summarize the status of muon-cLFV experiments currently under construction at PSI, Fer-
milab, and J-PARC. These experiments o↵er sensitivity to e↵ective new physics mass scales
approaching O(104) TeV/c2. Further improvements are possible and next-generation experi-
ments, using upgraded accelerator facilities at PSI, Fermilab, and J-PARC, could begin data
taking within the next decade. In the case of discoveries at the LHC, they could distinguish
among alternative models; even in the absence of direct discoveries, they could establish new
physics. These experiments both complement and extend the searches at the LHC.

Contact: André Schöning [schoning@physi.uni-heidelberg.de]
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CLFV Schedule in 2025 and beyond

• TDR Editorial Board

• TDR editorial board is formed to update and complete the 

current TDR for publications and ArXiv

• Executive editor: Peter Dornan (Imperial College)

• Editorial board membership (12 members)


• Formats

• Part 1: digested summary (published) ~ <100 pages

• Part 2: main text (ArXive-ed) ~ 400 pages


• TDR in the Web (already)

• COMET Collaboration, COMET Phase-I Technical Design 

Report, http://comet.kek.jp/Documents_files/PAC-TDR-2016/
COMET-TDR-2016_v2.pdf

from 36 institutions in six countries, including Italy, Germany, and the UK. Using 100 kW of
protons from PIP-II, the Mu2e-II projected sensitivity is a factor ten or more better than the
Mu2e sensitivity. Data taking could begin in the late 2020s.

The COMET collaboration is also heavily involved in R&D towards the PRISM project, which
combines COMET Phase-II with an FFAG muon storage ring to potentially provide muon beam
intensities of > 1012 stop-µ/s with a narrow momentum bite allowing the use of very thin
stopping targets, and significantly reduced pion contamination owing to the increased transport
path length. In conjunction with an upgrade to the J-PARC proton source to achieve 1.3 MW
and to the detector systems to accomodate the higher rates, PRISM o↵ers the potential to
achieve sensitivies to µ

�
N ! e

�
N of the order of 10�19. The monochromatic, pion-suppressed,

high-intensity muon beam provided by PRISM will allow the use of stopping targets comprised
of heavy elements, such as gold or lead, that can be important in understanding the underlying
new physics operators in the event of a discovery [33].

Summary

The MEG, Mu3e, Mu2e, and COMET experiments use intense muon beams to provide the broadest,
deepest, most sensitive probes of charged-lepton flavour violating interactions and to explore
the BSM parameter space with sensitivity to new physics mass scales of 103 � 104 TeV/c2,
well beyond what can be directly probed at colliders. Over the next five years, currently
planned experiments in Europe, the US, and Asia will begin taking data and will extend the
sensitivity to µ ! e charged-lepton flavour violating transitions by orders of magnitude. Further
improvements are possible and new or upgraded experiments are being considered that would
utilize upgraded accelerator facilities at PSI, Fermilab, and J-PARC. The schedule of planned
and proposed experiments is summarized in the figure below. Strong European participation
in the design, construction, data taking, and analysis will be important for the success of these
future endeavors and represents a prudent investment complementary to searches at colliders.

We urge the committee to strongly support the continued participation of European institu-
tions in experiments searching for charged-lepton flavour violating µ ! e transitions using
high-intensity beams at facilities in Europe, the US, and Asia, including possible upgraded
experiments at next-generation facilities available the latter half of the next decade at PSI,
Fermilab, and J-PARC.

Figure 1: Planned data taking schedules for current experiments that search for charged-lepton flavor
violating µ ! e transitions. Also shown are possible schedules for future proposed upgrades to these
experiments. The current best limits for each process are shown on the left in parentheses, while
expected future sensitivities are indicated by order of magnitude along the bottom of each row.
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PRISM/PRIME

PRISM-FFAG 
muon storage ring

MW beam

PRISM (=Phase Rotated Intense Slow Muon source)

stopped muons  
~O(1020)/year

PRIME detector

a few MW proton 
beam



Other CLFV Processes with Muons

∙ μ+ → e+γ
∙ μ+ → e+e+e−

∙ μ− + N(A, Z) → e− + N(A, Z)
∙ μ− + N(A, Z) → e+ + N(A, Z − 2)

∙ μ−e− → e−e−

∙ μ− + N(A, Z) → μ+ + N(A, Z − 2)

∙ μ + N → τ + X
∙ νμ + N → τ± + X

∙ μ+e− → μ−e+



CLFV of  
Muon Bound States 



Muonium to Antimuonium Conversion

Mu (µ+e-) →anti-Mu (µ-e+)

data

μ+ + e− → μ− + e+
simulation

GMuMu < 3 × 10−3GF

an average kinetic energy of 13.5 eV. This corresponds
to the binding energy of the 1s state of a muonium
atom.

The sensitivity to Mu!Mu conversion is known to be
suppressed when the muonium atom is in matter. This
occurs because a negative muon in antimuonium is eas-
ily captured by surrounding atoms. Therefore recent ex-
periments have been performed by using muonium at-
oms in a vacuum.

There are two major backgrounds. One is the coinci-
dence of a low-energy e" and an energetic e! which are
produced by Bhabha scattering of e" from !" decay in
a muonium atom. The second is the physics (prompt)
background from the decay !"→e""e"̄!e"e! (whose
branching ratio is 3.4#10!5), when the e! becomes en-
ergetic and only one of the two e"’s is detected.

3. Experimental status of Mu!Mu conversion

The historical progress in the searches for Mu!Mu
conversion is listed in Table XIV. A recent experiment
was carried out at PSI (Willmann et al., 1999). The ex-
periment fully utilized the powerful techniques devel-
oped at the previous experiment at LANL (Matthias
et al., 1991), which requires the coincidence identifica-
tion of both particles in the antimuonium decay. Its ex-
perimental setup is shown in Fig. 35. Muonium atoms
were produced by stopping surface muons in a

SiO2-powder target, where some fraction diffused out
through the target surface with thermal energy in a
vacuum. To detect e! from !! decay, a magnetic spec-
trometer was used. It consisted of five concentric multi-
wire proportional chambers with 64 segmented hodo-
scopes at a 0.1-T magnetic field. The e" with an average
kinetic energy of 13.5 eV was detected by microchannel
plate detectors after electrostatic acceleration to 8 keV.

TABLE XIV. Historical progress and summary of Mu-Mu conversion.

Place Year GMuMu /GF Reference

TRIUMF 1982 $42 Marshall et al. (1982)
TRIUMF 1986 $20 Beer et al. (1986)
TRIUMF 1990 $0.29 Huber et al. (1990)
LANL 1991 $0.16 Matthias et al. (1991)
LANL 1993 $6.9 Ni et al. (1993)
PSI 1996 $0.018 Abela et al. (1996)
JINR 1997 $0.14 Gordeev et al. (1997)
PSI 1999 $0.003 Willmann et al. (1999)

FIG. 35. Schematic layout of the detector for muonium-
antimuonium conversion at PSI. From Willmann et al., 1999.

FIG. 36. Distribution of the distance of closest approach be-
tween the e" and e! trajectories vs their timing difference in
the experiment to search for Mu!Mu conversion: (a) Monte
Carlo data; (b) experimental data. From Willmann et al., 1999.
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previous experiment 
at PSI (1999)|ΔLμ/e | = 2

• muonium production in 
vacuum

• doubly-charged Higgs 
model etc.

• new attempt at MUSE/
J-PARC ? 
• laser ionization 

• new attempt in China? 
• new accelerator

Future prospects: 



Muonium CLFV Decay

μ+ + e− → e+ + e−

• similar to μ→eee 
• may be useful to distinguish different couplings 
• 2 body final state 

• disadvantage  
• poor-wave function overlap between μ and e 

• Coulomb bound state

• no experiments so far 
• muonium production in 

MUSEUM at MUSE @ J-PARC 
• measurement of hyperfine 

splitting  
• 1015 for 2x107 sec 

Museum detector 
@J-PARC

Future prospects: 



µ- + e- →e- + e-  in a muonic atom

µ-e-→e-e- has the 
overwrap of µ- and e- 
which is proportional to 
Z3. (almost compatible 
to μ+→e+e+e-)

μ− + e− → e− + e−

M. Koike, YK, J. Sato and M. Yamanaka, Phys. Rev. Lett. 105 (2010) 
Y. Uesaka, YK, J. Sato, T. Sato and M. Yamanaka, Phys. Rev. D93 (2016) 076006 
Y. Uesaka, YK, J. Sato, T. Sato and M. Yamanaka, Phys. Rev. D97 (2018) 015017 

in muonic atom

electron 1S orbit

muon 1S orbit

m e ee

LFV vertex

－ － － －

Experimentally a pair of 
e- and e- in the final 
state is measured.

Z dependence discriminate dipole and contact contributions.



CLFV of Tau Lepton, 
Z and Higgs



CLFV of Tau Leptons - radiative and leptonic

τ± → ℓ±γ
• Event Signature


• energy  

• mass
 Mℓγ ∼ Mτ

Eℓγ ∼ s /2

BR(τ → eγ) ≤ 3.3 × 10−8

BR(τ → μγ) ≤ 4.4 × 10−8

Rare lepton processes: cLFV tau decays

! Radiative decay: τ± → ℓ± γτ± → ℓ± γτ± → ℓ± γ

! Event signature: Efinal −
√
s/2 = ∆E ∼ 0;

Mfinal = Mℓγ ∼ mτ

! Current status: BR(τ → eγτ → eγτ → eγ)" 3.3× 10−8" 3.3× 10−8" 3.3× 10−8; BR(τ → µγτ → µγτ → µγ)" 4.4× 10−8" 4.4× 10−8" 4.4× 10−8
[BaBar, ’10]

! 3-body decays: τ± → ℓ±i ℓ∓j ℓ
±
kτ± → ℓ±i ℓ∓j ℓ
±
kτ± → ℓ±i ℓ∓j ℓ
±
k

! Event signature: E3ℓ −
√
s/2 ∼ 0;

M3ℓ ∼ mτ

! Current status:

3ℓ final state BR (BaBar) BR (Belle)

e−e+e−e−e+e−e−e+e− 2.9× 10
−8

2.7× 10
−8

2.7× 10
−8

2.7× 10
−8

µ−e+e− 2.2× 10
−8

1.8× 10
−8

µ−e−e− 1.8× 10
−8

1.5× 10
−8

e+µ−µ−
2.6× 10

−8
1.7× 10

−8

e−µ+µ−
3.2× 10

−8
2.7× 10

−8

µ−µ+µ−µ−µ+µ−µ−µ+µ−
3.3× 10

−8
2.1× 10

−8
2.1× 10

−8
2.1× 10

−8

! Future experimental prospects:

SuperB (Belle II) and/or Tau-Charm factories

BR(τ → ℓγ) ≤ 1− 3× 10−9(τ → ℓγ) ≤ 1− 3× 10−9(τ → ℓγ) ≤ 1− 3× 10−9 BR(τ → 3ℓ) ≤ 1− 2× 10−10(τ → 3ℓ) ≤ 1− 2× 10−10(τ → 3ℓ) ≤ 1− 2× 10−10

τ± → ℓ±
i ℓ±

j ℓ∓
k

• Event Signature

• energy  

• mass
 M3ℓ ∼ Mτ

E3ℓ ∼ s /2

Future prospects at Super KEK-B factory, Tau-charm factory, LHCb

BR(τ → ℓγ) ≤ (1 − 3) × 10−9 BR(τ → 3ℓ) ≤ (1 − 2) × 10−10



CLFV of Tau Leptons - semi-leptonic

Rare processes: (semi)leptonic decays

cLFV tau decays into mesons: “large” τ mass ⇒ possible to have semi-leptonic decays

! Meson(s) & charged lepton: τ → ℓh0 ;τ → ℓh0 ;τ → ℓh0 ; τ → ℓhi hjτ → ℓhi hjτ → ℓhi hj ... and “exotic” modes...

●
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● ATLA S B aB ar B e lle C LE O LH C b

90%  C L upper lim its  on  τ LFV  decays

Meson decays: excellent testing grounds for lepton flavour dynamics - cLFV

! KKK, DDD and BBB meson decays: abundant data [LHCb, BNL, KTeV, BaBar, Cleo, Belle, ...]

BR(KL → µeKL → µeKL → µe) < 4.7× 10−124.7× 10−124.7× 10−12; BR(K+ → π+µ+e−K+ → π+µ+e−K+ → π+µ+e−) < 2.1× 10−112.1× 10−112.1× 10−11

BR(D0 → µeD0 → µeD0 → µe) < 1.5× 10−81.5× 10−81.5× 10−8; BR(B → µeB → µeB → µe) < 2.8× 10−92.8× 10−92.8× 10−9, ....

τ → ℓh0 τ → ℓhihj

10-8

10-6

Heavy Flavor Averaging Group 



CLFV of Z Bosons and Higgs Bosons

H0 → ℓiℓj

BR(H0 → μτ) ≤ 0.25 %
BR(H0 → eτ) ≤ 0.37 %

CMS (2012)

CMS (2016)
BR(H0 → eμ) ≤ 0.035 %

CMS (2016)
(note : not confirm the CMS 2012 excess)

X0 → ℓiℓj
new massive BSM resonance 
• limits are model-dependent 
• R-parity violating SUSY particle or QBH

Future Prospects HL-LHC, ILC, FCC-ee, CEPC and others

Z0 → ℓiℓj
BR(Z0 → eμ) ≤ 7.5 × 10−7

BR(Z0 → μτ) ≤ 1.2 × 10−5

BR(Z0 → eτ) ≤ 9.8 × 10−6

ATLAS, CMS

BR(Z0 → eμ) ≤ 10−13(note : indirect limit from low energy

LEP, (ATLAS, CMS)
LEP, (ATLAS, CMS)



Others CLFV



CLFV of K Mesons

Future Prospects NA62 ~O(10-11)

K+ → π+μ−e+ : BR < 5.2 × 10−10

K+ → π+μ+e− : BR < 1.3 × 10−11

K0 → μ±e∓ : BR < 4.7 × 10−12

• Lepton flavour violating K decays
BNL E865
BNL E777/E865
BNL E871

K+ → π−μ+μ+ : BR < 1.1 × 10−9

K+ → π−μ+e+ : BR < 1.1 × 10−9

K+ → π−e+e+ : BR < 1.1 × 10−9

• Lepton number violating K decays
NA48/2
BNL E865
BNL E865



LFV Scattering Process

S. Kanemura, YK, M. Kuze and T. Ota, Phys. Lett. B607 (2005) 165

HERA (𝑒𝑝 collider) での
Leptoquark探索

Aktas et al., Eur. Phys. J. C 52, 833 (2007).

𝜇 ビームを用いた実験も技術的には可能? (COMPASS実験(LHC)など)

これまでの探索例 :

3

10 100
Eµ (GeV)

10−9
10−8
10−7
10−6
10−5
10−4
10−3
10−2
10−1
100

σ
(µ

−
N
→
τ−

X)
   

fb

LFV MSSM  

s, s

b, b d

sum

N: proton
CTEQ6L

d

FIG. 1: Cross section of the µ−N → τ−X DIS process as
a function of the muon energy for the Higgs mediated in-
teraction. It is assumed that the initial muons are purely
left-handed. CTEQ6L is used for the PDF.

The largest values of ChH
L and CA

L can be realized with
mSUSY ∼ O(1) TeV and the Higgsino mass µ ∼ O(10)
TeV [6]. It should be noted that in such a situation, the
gauge boson mediated couplings are strongly suppressed.
We evaluate the cross sections of the µN → τX re-

action in the DIS region for the Higgs-mediated interac-
tion with the maximally allowed values of the effective
couplings in Eq.(4) as a reference. They are plotted in
Fig.1 for different quark contributions as a function of
the muon beam energy in the laboratory frame. For the
PDF, we used CTEQ6L [17] in our analysis. The tar-
get N is assumed to be a proton. For a nucleus target,
the cross section would be higher, approximately by the
number of nucleons in the target.
The cross section sharply increases aboveEµ ∼ 50 GeV

in Fig.1. This enhancement comes from a consequence of
the b-quark contribution in addition to the d and s-quark
contributions. The coupling for the b-quark is enhanced
by a factor of mb/ms over the s-quark contribution as
given by

(
∣

∣CA
L

∣

∣

2
)b =

(

mb

ms

)2

(
∣

∣CA
L

∣

∣

2
)s. (5)

The cross section is enhanced by one order of magnitude
when the muon energy changes from 50 GeV to 100 GeV.
Typically, for Eµ = 100 GeV and Eµ = 300 GeV, the
cross section is 10−4 fb and 10−3 fb, respectively. In our
analysis, we used mb = 4.3 GeV and ms = 120 MeV.
Next we study the case where the gauge-boson me-

diated interaction is dominant, for instance, that with
mSUSY ∼ O(100) GeV [5]. The differential cross sections
for µN → τX with the tensor couplings AT

L,R and the

vector couplings AV
L,R are calculated as

d2σ

dxdy

∣

∣

∣

∣

tensor

=
∑

q

xfq(x)
{(

|AT
R|

2 + |AT
L |

2
)

+Pµ

(

|AT
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2 − |AT
L |

2
)}

q

m2
τ

8π

1

xy
(1− y), (6)

d2σ

dxdy

∣

∣

∣

∣

vector

=
∑

q

xfq(x)
{(

|AV
R |

2 + |AV
L |

2
)

+Pµ

(

|AV
R |

2 − |AV
L |

2
)}

q

s

16π

{

1 + (1 − y)2
}

,

(7)

respectively. The effective tensor couplings are strongly
constrained by the τ → µγ process [9], as

(

∣

∣AT
R

∣

∣

2
+
∣

∣AT
L

∣

∣

2
)

d,s,b
! 6.4× 10−14[GeV−4]× Br(τ → µγ)

(8)

and
(

∣

∣AT
R

∣

∣

2
+
∣

∣AT
L

∣

∣

2
)

u,c
= 4×

(

∣

∣AT
R

∣

∣

2
+
∣

∣AT
L

∣

∣

2
)

d,s,b
. (9)

Since Br(τ → µγ) < 3.1 × 10−7 [9], the contribution
from the tensor interaction is found to be smaller than
that from the Higgs boson mediation by about five orders
of magnitude. On the other hand, the vector and axial-
vector interactions are suppressed at the same level as the
pseudo-scalar interaction [14]. Therefore, their contribu-
tions can be as large as those for the Higgs boson medi-
ation, if Eµ is less than than 50 GeV [13]. For instance,
the cross section from the vector (or axial vector) inter-
action can be of the order of 10−4 fb for Eµ = 50 GeV.
At higher energies, the cross section for the gauge boson
mediation are much smaller than those for the Higgs bo-
son mediation because of no enhancement by the b-quark
sub-process.
It is concluded that the DIS process µN → τX can be

more useful to search the Higgs mediated LFV interac-
tion in the MSSM for higher energy muon beams.

III. THE µN → τX PHENOMENOLOGY

With the intensity of 1020 muons per year and the
target mass of 100 g/cm2, about 104 (102) events could
be expected for σ(µN → τX) = 10−3 (10−5) fb, which
corresponds to Eµ = 300 (50) GeV from Fig. 1. This
would provide good potential to improve the sensitivity
by four (two) orders of magnitude from the present limit
from τ → µη decay, respectively. Such a muon intensity
could be available at a future muon collider (MC) [18]
and a neutrino factory (NF) [19].
We have studied the signal events of the µN → τX re-

action. In the Higgs boson mediated interaction, the tau
leptons in the µN → τX reaction are emitted at a rel-
atively large angle with respect to the beam direction.

M. Sher and I. Turan, Phys. Rev. D 69, 017302 (2004).

inelastic scattering (DIS) region with 
high-intensity and high-energy muon 
(electron) beams

μ + N (e + N) → τ + X

muon beam from muon collider or 
electron beam from the ILC (at 
beam dump)

M. Takeuchi, Y. Uesaka, M. Yamanaka, Phys. Lett. B772 (2017) 279
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μ-  to e+ conversion in muonic atom

μ− + N(A, Z) → e+ + N(A, Z − 2)

backgrounds

Lepton number violation (LNV) and 
Lepton flavour violation (LFV)
Final can be the ground or excited states.

signal signature

Eμe+ = mμ − Bμ − Erec − (M(A, Z − 2) − M(A, Z ))

• radiative muon nuclear capture (RMC)

ERMC = mμ − Bμ − Erec − (M(A, Z − 1) − M(A, Z ))

μ− + N(A, Z) → N(A, Z − 1) + ν + γ

previous measurements at PSI

Various theoretical models predict experimentally ac-
cessible rates. One is the minimum supersymmetric
model (MSSM) with R-parity violation, which allows the
predicted branching ratio of !!!e" conversion of the
level of 10!12, since the relevant " and "! parameters
are not constrained (Babu and Mohapatra, 1995). Left-
right symmetric models with a low-mass WR also predict
a !!!e"-conversion branching ratio of 10!14, a value
estimated by the same authors.

2. Event signature and backgrounds

The energy of the positron from !!!e" conversion is
given by

E!e"#m!!B!!Erec!#Z!2

$m!!B!!#Z!2 , (148)

where #Z!2 is the difference in the nuclear binding en-
ergy between the (A ,Z) and (A ,Z!2) nuclei, with the
excitation energy in the final nucleus taken into account.
Usually, it is assumed that a large fraction of the final
nucleus could be in the giant-dipole-resonance state,
which has a mean energy of 20 MeV and a width of 20
MeV. Therefore the e" from !!!e" conversion would

have a broad momentum distribution corresponding to
the width of giant-dipole-resonance excitation.

The principal background is radiative muon capture
or radiative pion capture, followed by asymmetric e"e!

conversion of the photon. For some nuclei, the end point
of the radiative-muon-capture background in Eq. (142)
can be selected to be well separated from the signal. The
background from radiative pion capture must be re-
duced by the rejection of pions in the beam.

3. Experimental status of !!!e" conversion

The SINDRUM II Collaboration at PSI has reported
a search for the charge-changing process !!"Ti→e"

"Ca in muonic atoms (Kaulard et al. 1998). It was car-
ried out simultaneously with a measurement of !!"Ti
→e!"Ti. The e" momentum spectrum is shown in Fig.
32. The results are given separately for the transition to
the ground state and that to the giant dipole resonance.
They are summarized in Table XIII, together with the
previous results.

E. Muonium to antimuonium conversion

A muonium atom is a hydrogenlike bound state of !"

and e!. The spontaneous conversion (or oscillation) of a
muonium atom (!"e! or Mu) to its antiatom, antimuo-
nium atom (!!e" or Mu,) is another interesting class of
muon LFV process. In this Mu!Mu conversion, the or-
dinary additive law of conservation of muon and elec-
tron numbers is violated by two units (#Le/!#$2),
whereas muon or electron number is conserved multipli-
catively (Feinberg and Weinberg, 1961). This possibility
was suggested by Pontecorvo in 1957 (Pontecorvo,
1957), even before the muonium atom was observed for
the first time at the Nevis cyclotron of Columbia Univer-
sity (Hughes et al., 1960).

1. Phenomenology of Mu!Mu conversion

Various interactions could induce !#Li!#2 processes,
such as Mu!Mu conversion, as discussed in Sec. III.E.
To discuss the phenomenology of the Mu!Mu conver-
sion, we take as an example the effective four-fermion

FIG. 32. Positron energy spectra of the !!"Ti→e""Ca re-
action; !!e"(gs) and !!e"(gr) are the expected signals for
the transitions to the ground state and to the giant-dipole-
resonance states, respectively. The assumed branching ratios
for gs and gr are 2.2%10!11 and 4.5%10!10 (provided by P.
Wintz).

TABLE XIII. Historical progress and summary of !!!e" conversion in various nuclei; gs and ex,
respectively, denote the transitions to the ground state and excited states (mostly giant-dipole-
resonance states), respectively.

Process 90%-C.L. upper limit Place Year Reference

!!"Cu→e""Co 2.6%10!8 SREL 1972 Bryman et al. (1972)
!!"S→e""Si 9%10!10 SIN 1982 Badertsher et al. (1982)
!!"Ti→e""Ca(gs) 9%10!12 TRIUMF 1988 Ahmad et al. (1988)
!!"Ti→e""Ca(ex) 1.7%10!10 TRIUMF 1988 Ahmad et al. (1988)
!!"Ti→e""Ca(gs) 4.3%10!12 PSI 1993 Dohmen et al. (1993)
!!"Ti→e""Ca(ex) 8.9%10!11 PSI 1993 Dohmen et al. (1993)
!!"Ti→e""Ca(gs) 1.7%10!12 PSI 1998 Kaulard et al. (1998)
!!"Ti→e""Ca(ex) 3.6%10!11 PSI 1998 Kaulard et al. (1998)

191Y. Kuno and Y. Okada: Muon decay and physics beyond the standard model

Rev. Mod. Phys., Vol. 73, No. 1, January 2001

2017-04-19 KPS Meeting 4

Current Upper Limit of 𝜇− → 𝑒+

Year Process Upper limit

1972 𝜇− + Cu → e+ + Co 2.6 × 10−8

1980 𝜇− + I → e+ + Sb∗ 3.0 × 10−10

1982 𝜇− + S → e+ + Si∗ 9.0 × 10−10

1998 𝜇− + Ti → e+ + Ca
𝜇− + Ti → e+ + Ca∗

1.7 × 10−12
3.6 × 10−11

The nucleus after 𝜇− → 𝑒+ conversion can                                                    

▶ The upper limit has been measured separately for each case

(1) stay at ground state
(2) enter the excited states

(∗) is for the excited state

▶ In this presentation, 
case of the ground state is studied.

SINDRUM2 exp. for 𝜇− → 𝑒+ conversion (1998)μ− + Ti → e+ + Ca(gs) ≤ 1.7 × 10−12

μ− + Ti → e+ + Ca(ex) ≤ 3.6 × 10−11

J. Kaulard et al. (SINDRUM-II)

Phys. Lett. B422 (1998) 334.



μ-  to e+ conversion :

Target Selection

Eμe+ > ERMC M(A, Z − 1) < M(A, Z − 2)
Requirement on targets

Aluminum (for COMET & Mu2e) is not good.
B. Yeo, YK, M. Lee and K. Zuber, Phys. Rev. D96 (2017) 075027

3

TABLE II. Stopping-target nucleus candidates whose Eµ�e+

is higher than, or comparable to, Eend
RMC . If more than two

isotopes satisfy the criteria, only one isotope with the highest
natural abundance (N.A.) is listed. Nuclear masses required
for the calculations are referred from AME2016 data [33].
Aluminum, which is the counterexample, is listed because
it is considered the muon-stopping target nucleus in the
upcoming CLFV experiments.

Atom Eµ�e+ Eµ�e� Eend
RMC N.A. fcap ⌧µ� AT

(MeV) (MeV) (MeV) (%) (%) (ns)
27Al 92.30 104.97 101.34 100 61.0 864 0.191
32S 101.80 104.76 102.03 95.0 75.0 555 0.142

40Ca 103.55 104.39 102.06 96.9 85.1 333 0.078
48Ti 98.89 104.18 99.17 73.7 85.3 329 0.076
50Cr 104.06 103.92 101.86 4.4 89.4 234 0.038
54Fe 103.30 103.65 101.93 5.9 90.9 206 0.027
58Ni 104.25 103.36 101.95 68.1 93.1 152 0.009
64Zn 103.10 103.04 101.43 48.3 93.0 159 0.011
70Ge 100.67 102.70 100.02 20.8 92.7 167 0.013

both conversions is desired, two mass relations between
nuclei are required to avoid the RMC background: (1)
M(A,Z � 2) < M(A,Z � 1) for the µ�

� e+ conversion,
and (2) M(A,Z) < M(A,Z � 1) for the µ�

� e� con-
version. The latter requirement is generally satisfied for
most of the stable nuclei, but the number of nuclei satis-
fying the former is limited because the daughter nucleus
of the µ�

� e+ conversion is usually less stable than that
of RMC. However, this tendency can be reversed when
even-even nuclei are used as the target material since the
nucleons in the daughter nucleus of the µ�

� e+ conver-
sion, which is an even-even nucleus again, can bind more
tightly due to the nuclear pairing force, whereas this is
not the case for RMC with the odd-odd daughter nucleus.
This consideration is similar to the target selection in the
0⌫�� decay experiments which require the mass relations
of M(A,Z) > M(A,Z + 2) and M(A,Z) < M(A,Z + 1)
to enable the double beta decay, and forbid the single
beta decay, respectively.

B. Search for the target nucleus candidates

Table II lists the candidate target nuclei with atomic
mass  70 that satisfy the requirements. Heavier nu-
clei were not considered due to their shorter lifetimes
of muonic atoms, leading to lower e�ciencies in the fi-
nite time window of measurements, as explained in the
next paragraph. In the present calculation of each en-
ergy value, Bµ was obtained by assuming a point-like
nucleus while this may not hold for heavier nuclei due to
the larger size of the nucleus, and further corrections are
required [34]. In Table II, Eend

RMC
from Eq. (2) assumes

RMC without an additional nucleon emission. RMC with
nucleon emission can also generate backgrounds if its end-
point energy is higher than Eµ�e+ or Eµ�e� . However,

this process does not generate additional backgrounds
in most cases because the binding energy per nucleon is
around 7–9 MeV for the stable nuclei, which means that
the endpoint energy is lowered by a similar amount.
There are other requirements from an experimental

point of view. For example, the muon capture rate (fcap)
and the muonic-atom lifetime (⌧µ�) of each nucleus listed
[35, 36] in Table II should be taken into account because
fcap is proportional to the number of signal events, and
⌧µ� is an important factor to determine the event accep-
tance in the time window of measurement (AT ). The
values of AT in Table II were calculated with a mathe-
matical toy model with following assumptions: the bunch
period (tB) of the muon beam of 1 µs, the timing window
([t1, t2]) from 700 ns to 1 µs, and the uniform time dis-
tribution of muons with the bunch size of 100 ns. Then,
AT is Ntime/Ntotal, where Ntotal is the number of stopped
muons in the target with the single muon bunch, and
Ntime is the number of decaying muons during the tim-

ing window. Ntime is given by
P1

n=1

R
t2+tB(n�1)
t1+tB(n�1) N(t)dt,

where N(t) is the time distribution of exponential decays
of muons convoluted by the uniform time distribution of
muons.
Natural abundance is another important characteristic

in the target selection for two reasons. First, the back-
ground from other isotopes can contaminate the signal.
Second, the signal itself can be dispersed into a broader
spectrum unless the natural abundance of the candidate
isotope is high enough. Considering these requirements,
32S and 40Ca may be the most promising candidates be-
cause of their relatively high natural abundances and AT ,
while the other candidate isotopes still can be considered
by appropriate enrichment techniques.

III. EXPERIMENTAL SENSITIVITIES OF
TARGET NUCLEUS CANDIDATES

In this section, the experimental sensitivities of tar-
get nucleus candidates are estimated assuming that the
positron events only occur by the µ�

� e+ conversion
and RMC. The number of accepted positrons from the
µ�

� e+ conversions (Nµ�e+) can be estimated by

Nµ�e+ ⇠ Nµ�stop ⇥ fcap ⇥Br(µ�
� e+)⇥ E , (3)

where Nµ�stop is the total number of the stopped muons
in the target, Br(µ�

� e+) is the branching ratio of the
µ�

� e+ conversion, in which daughter nucleus stays in
the ground state, and E is the net acceptance of signal
positrons in the detector. E is assumed to be the same
for the µ�

� e+ conversion and RMC positrons.
The energy spectrum of RMC photons can be repre-

sented by [37]

P (x) ' C(1� 2x+ 2x2)x(1� x)2, x =
E�

Eend
�

, (4)

where C is the normalization constant determined from
the results of previous experiments [38–40], and Eend

�
is

μ− + N(A, Z) → e+ + N(A, Z − 2)

1018 muons, signal~1x10-12 

Signal
RMC

Signal
RMC

2017-04-19 KPS Meeting 9

𝜇− → 𝑒+ sensitivity estimation for each case
1) Theoretical 𝐸𝑒𝑛𝑑

𝛾 = 101.9 MeV 2) Experimental 𝐸𝑒𝑛𝑑
𝛾 = 92 MeV

1) When 𝐸𝑒𝑛𝑑
𝛾 = 101.85 MeV

3𝜎 signal excess is found when Br(𝜇− → 𝑒+) is 2.1 × 10−12
(worse than the current limit: 1.7 × 10−12)

2) When 𝐸𝑒𝑛𝑑
𝛾 = 92 MeV : Almost background-free

Single event sensitivity is 1.36 × 10−14 → Two orders improvement
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FIG. 3. Fitting result of the energy distributions of the µ� � e+ signal (short dashed red line) stacked on the RMC photon
background (long dashed blue line) from 32S, 40Ca, 48Ti, and 50Cr muon-stopping target when Br(µ� � e+) = 1.0 ⇥ 10�14

and Nµ�stop = 1018. The inequality beside the vertical black dotted line represents the signal energy window, and the line
corresponds to its lower boundary. Black dots are pseudo data of positrons generated by the background and signal composite
model.

neutrino mass generation. Investigation of the LNV pro-
cesses mostly has been conducted through 0⌫�� decay
experiments, but the experimental search for the µ�

�e+

conversion can also be carried out as a complementary
channel to the 0⌫�� decay. Since a great leap of the sen-
sitivity of the µ�

� e+ conversion is expected with the
future CLFV experiments, it is essential to make a full
exploration of the current experimental scheme.

For this purpose, we introduced a new requirement of

the target nucleus mass of M(A,Z) satisfying M(A,Z �

2) < M(A,Z � 1) to suppress the backgrounds from
RMC. Several appropriate target candidates of even-even
nuclei were found to meet the criteria. We estimated the
experimental sensitivities of such target nuclei candidates
in a general experimental set-up. In conclusion, calcium
(40Ca) and sulfur (32S) have the best experimental sen-
sitivities about O(10�16) in the µ�

� e+ conversion de-
tection, which results in a four orders of magnitude of

27Al
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Paul Sherrer Institute (PSI)

The world’s most intense continuous muon beam

�4

4.6· 108 µ+/s 

1.4· 108 µ+/s 

5x108 (surface) muons/s

590 MeV proton ring 
cyclotron 1.4MW

target-M

Solenoid beam line

1.3 x 1010 μ+/s @ 2.3 mA Ip transported

Beamline of solenoids  
similar to capture  
solenoids

Large aperture (500 mm) 
bending magnets

20 mm TgM 
5˚ rotated slab

• First version of beam optics showing that large number of muons can be transported. 
• Almost parallel beam, no focus, no separator, … 
• Final beam optics under development

�26

1.3x1010 muons/s
2025~HiMB



J-PARC (MUSE@MLF) 4

Linac
(330m, 400MeV)

3GeV Synchrotron (RCS)
(350m ring, 25Hz, 1MW)

30GeV Synchrotron (MR)
(1600m ring, 0.75MW)

Neutrino Experiment Facility
(T2K, towards SK)

Accelerator-driven 
Transmutation exp facility

Material/Life-Science Facility (MLF)
(muon source, pulse neutron source)

Hadron Experiment Facility

Muon beam @ Material Life-science Facility (MLF) 
8

✤ MUSE (MUon Science Establishment)

✤ Four Secondary Beam-Lines
1) D-Line : Decay Surface Muon Beam Line
2) U-Line : Ultra Slow Muon Beam Line
3) S-Line : Surface Muon Beam Line
4) H-Line : High Momentum Muon Beam Line

✤ D, U and S are in operation
✤ H-Line is under construction and dedicated for High

Energy Physics Experiment
✤ Decay !/e (<120MeV/c) and surface ! (30MeV/c)
✤ H1 area for DeeMe & MuSEUM
✤ H2 area for g-2/EDM and transmission muon

microscopy
✤ H2 needs extra-building to re-accelerate ultra 

slow muons up to 300 MeV/c

Hajime NISHIGUCHI (KEK) ”Facility/Accelerator/Beam-line for J-PARC Muon Programs”   

H-Line(Shields Installed)
Surface µµ+ For Mu-HF, g-2/EDM and 
also for transmission Muon
Microscopy,
e- up to 120 MeV/c For DeeMe
µµ- up to 120 MeV/c For µµCF

S-Line (µµSR is ready at S1 !)
Surface µµ+(30 MeV/c), for materials science)

U-Line (Successful generation!)
Ultra Slow µµ+ (0.05-60keV), expected to be explored
for nano-science or multilayer thin film

D-Line (A New Solenoid)
Surface µµ+(30 MeV/c) 
Decay µµ+/µµ-(3.7-120 MeV/c) 

Proposed experimental site

23

Parking lot

muon
production
target

sparation neutron
source

g-2/EDM
storage magnet

muon linac

H-Line

MuSEUM
DeeMe

Material and Life science Facility in J-PARC

New Electric
Power substation

108 muons/s

ultra-cold muon beam



J-PARC (COMET@Main Ring) 4

Linac
(330m, 400MeV)

3GeV Synchrotron (RCS)
(350m ring, 25Hz, 1MW)

30GeV Synchrotron (MR)
(1600m ring, 0.75MW)

Neutrino Experiment Facility
(T2K, towards SK)

Accelerator-driven 
Transmutation exp facility

Material/Life-Science Facility (MLF)
(muon source, pulse neutron source)

Hadron Experiment Facility

2x1011 muons/s from 56 kW
Decisions and

COMET

Ewen Gillies

New Physics
& CLFV

COMET
Design
Principles

New Tracking
Techniques
Neighbour-Level
GBDT
Hough
Transform
Track-Level
GBDT

Backup

Phase II Geometry

46



Fermilab Muon Campus

6x1010 muons/s from 8 kW

Mu2e Detector 

Lindgren – Fermilab Snowmass PAC, June 21-25, 2011 15 

Proton beam hits production target in 
Production Solenoid. 
Pions captured and accelerated towards 
Transport Solenoid by graded field. 
Pions decay to muons. 

Transport solenoid performs sign and momentum 
selection. 
Eliminates high energy negative particles, positive 
particles and line-of-site neutrals. 

Muons captured in stopping target. 
Conversion electron trajectory measured 
in tracker, validated in calorimeter. 
Cosmic Ray Veto surrounds Detector 
Solenoid. 



Science
素粒子の一つであるミューオンを世
界最高の効率で生成する装置
「MuSIC」。宇宙の始まりに何が起
こったのか、宇宙はどのような法則で
成り立っているのかを、大量のミュー
オンと最新技術を駆使して研究する

062 063

Osaka University

理学部は医学部とともに1931（昭和6）
年、大阪大学発足と同時に創設された最も
伝統ある学部です。当時、日本の産業の中
枢であった大阪の地には、模倣的な工業か
ら脱皮するには「基礎的純正理化学」の力
によらなければならない、という先見性と危
機感がありました。そうした時代と地域の要
請から大阪大学理学部が設立されたので
す。創設に際しては、政府の援助は受け
ず、設立基金や寄付金などすべて地元の
負担によって誕生に至ったとされています。
数学、物理、化学の3学科からなる理学

自然の中には不思議がいっぱいあります。その不思議に魅せ
られ、不思議を解き明かそうとする人たちが数学や物理､化
学、生物など自然科学の基礎となる自然法則を見つけ出して
きました。その自然法則を基本としながら、新たな不思議の扉
を開いていくのが理学部の目指すところです。
科学技術の進歩によって、人類の生活は豊かになってきまし

た。インターネットの普及によって情報の国境が消え、生命科
学の進展によって、これまで不治といわれた病気が治療できる
ようにもなってきました。このようなハイテク、バイオ、情報社
会を支えているのは直接的には技術ですが、その技術は理学
部領域の研究成果である基礎科学の力がなければ成り立たな
いものなのです。
具体的な例を挙げましょう。火星上の探査機に指令を正確に

理学部の歩みと概要

◉世界的で独創性豊かな
　研究者集団

自然の法則から
新たな不思議の扉を開く

●数学科 ●物理学科
●化学科 ●生物科学科

未
知
の
法
則
に

迫
る

理学部

部は当時、世界的に著名な物理学者だっ
た初代総長、長岡半太郎博士の創設の理
念によって発展の基礎が築かれました。権
威にとらわれない実力第一主義の教員選
考は今も受け継がれ、出身大学も多様なこ
とから、学閥意識のない自由で活力ある雰
囲気を作り出す基になっています。
理学部はノーベル賞受賞者の湯川秀樹

博士、「八木アンテナ」の発明で有名な八
木秀次博士ら多くの優れた研究者の手に
よって広い視野での基礎科学の発展に貢
献してきましたが、1949年に生物学科、
59年に高分子学科、91年には宇宙・地球
科学科が新設されました。その後、大学院
重点化への動きから理学研究科の専攻が
整理統合され、大学院の入学定員が大幅

送ることができる技術は150年以上も前に天才数学者、ガロ
アが考え出した理論（有限体）が応用されています。情報社会
を支える各種素子の開発には、アインシュタインの光量子仮説
やプランクのエネルギー量子論が大きく貢献しています。さら
には、遺伝子治療やゲノム創薬はワトソンとクリックのDNAの
構造解明がなければ、できなかったことです。
しかし、ガロアやアインシュタイン、ワトソンとクリックらは彼
らの研究成果が21世紀の科学技術をこれほどまでに発展させ
る原動力になると、当時は想像したでしょうか。いわんや、
ニュートンやメンデルら現代科学の基礎を築いた人たちは考
え及ばなかったでしょう。
現在の社会はこれまでの基礎科学の成果の上にのって発展

してきた先端の技術に目を奪われがちです。基礎となる理論
はすでにすべて解明されていると思われている人も多いので
はないでしょうか。
しかし、自然はそれほど簡単ではありません。細胞１つとって
みても、そのメカニズムのほんの一部がわかっているに過ぎま
せん。数学の分野でも解決されていない定理があり、素粒子論
も課題が山ほどあります。宇宙の成り立ちも未知の部分が限り
なくあります。理学部が挑まなければならない分野はまだまだ
無限にあるのです。
そして、これまでの成果をもとに新たな自然科学の法則を見

つけ出すことによって、地球環境問題の解決につながるなど人類
の未来に貢献することができるのではないかと考えています。

に増加。その際、理学部の学科も現在の4
学科になりました。96年度からの新体制は
国際的にも誇れる高度で、真に独創性豊か
な理学研究者集団として、世界的にも独自
な個性を持つ教育研究を目指すものです。
理学部関連の附属施設としては、構造

熱科学研究センター、原子核実験施設が
あり、国際的に高く評価される特色ある研
究活動を行っています。このほか産業科学
研究所、蛋白質研究所、核物理研究セン
ターなど学内の研究所等で、その設立に理
学部が重要な役割を果たしたものも少なく
ありません。そうした研究所やセンターに属
する多くの教員は理学部と密接な協力関
係を保っています。

◉
理
学
部
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Proton beam line
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3.5T and graphite target

muon/proton~x1000

S. Cook et al., Phys. ReV. Accel. 

and Beam, 20, 030101 (2017)



Summary

• CLFV processes provide an unique discovery 
potential for physics beyond the Standard 
Model (BSM), exploring new physics parameter 
space in a manner complementary to the 
collider, dark matter, dark energy, and neutrino 
physics programs. 

• CLFV experimental programs are rich, being 
covered by low energy to high energy 
measurements.  

• In particular, the muon CLFV programs are 
expecting significant progress owing to 
improvement of the muon sources in coming 
years.

my dog, IKU

Thank you for  
your attention!


