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•Why New physics needed in Particle Physics ? 
•Muon’s dipole moments 
•Muon’s charged lepton flavour violation (CLFV) 

• , ,  conversion 
• in the case of discoveries 

•Muon’s lepton number violation (LNV) and axion-like particles 
•  conversion,  

•Muonium to anti-muonium conversion 
•Muon Collider 
•Summary

μ+ → e+γ μ+ → e+e+e− μ− → e−

μ− → e+ μ → ea
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•Charged, spin=1/2 particles have 
magnetic dipole moments. 

•g=2 for a “pure” Dirac particle, and g>2 
due to quantum radiative corrections. 

•Deviation of the measurement from the 
Standard Model prediction indicates 
new physics beyond the SMl.

⃗μ = g
q

2m
⃗S g = 2(1 +

α
2π

. . . . )

Muon magnetic dipole moment (g-2)
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Lepton flavour quantum 
numbers

electron flavour muon flavour tau flavour

e 
generation

1 0 0
µ 

generation 0 1 0
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generation
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In the (old) Standard Model, each of lepton flavour is additively conserved separately. 
Neutrino oscillation indicated violation of lepton flavour conservation. 
How about charged lepton flavour violation (CLFV) like  ?μ → eγ

CLFV for BSM search
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S.T. Petcov, Sov.J. Nucl. Phys. 25 (1977) 340 
W.J. Marciano et al.. Phys. Lett. B 67 (1977) 303 
B.W. Lee, et al., Phys. ReV. Lett. 38 (1977) 937 
B.W. Lee et al., Phys. Rev. D 16 (1977) 1444.

Note:   LFV in SM with massive neutrinos

µ e

�

� 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.

BR(µ� e�) ⇥ (⇥m2
�)2 < 10�54

5

�µ � �e

with neutrino mixing

Standard Model Contribution to CLFV
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Searches for CLFV have clear 
signatures of new physics beyond the 
Standard Model  without the SM 
backgrounds of massive neutrinos.
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [257]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [258–261]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

EPPSU2019 Physics Briefing Book
light colour: present 
dark colour: future prospect
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sizes of the coefficients. This effect is illustrated by including in the quark sector the present
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Prospect from present to future
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SM forbidden rate ∝
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in dimension 6 operators

x10000 in experimental sensitivity
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Figure 4. – Schematic representation of the contribution to processes such as `i ! `j`k`k and
µ ! e conversion arising from a flavour-violating dipole operator and, conversely, to `i ! `j�
from 4-fermion operators.

by more than two orders of magnitudes, in order to provide a more stringent constraint
than the one currently given by µ ! e�. This is due to the fact that, if the dipole
operator dominates, the rates of µ ! eee and µ N ! e N are suppressed by a factor of
order ↵ with respect to µ ! e� [121], as it can be intuitively understood from Figure
4(12):

BR(µ ! eee) '
↵

3⇡

✓
log

m2
µ

m2
e

� 3

◆
⇥ BR(µ ! e�) ,(40)

CR(µ N ! e N) ' ↵ ⇥ BR(µ ! e�) .(41)

Therefore the MEG bound on BR(µ ! e�) translates – within this scenario – to a
limit to the above observables at the 10�15 level. Conversely, a measurement of the
rates of µ ! eee and µ N ! e N much above that value would clearly signal that the
source of CLFV is not the dipole operator Qe� , rather some of the 4-fermion operators
listed in Table IV(13). This would rule out large classes of models, such as the typical
supersymmetric frameworks that we will discuss in section 5. A graphical representation
of present and forecast limits on the coe�cient of the dipole operators from µ ! e
observables is shown in Figure 5.

The above considerations are based on the rather unrealistic hypothesis that new
physics e↵ects are encoded in a single operator. Although this can be approximately true
in certain scenarios, yet the coe�cients of the operators in Table IV are in general not
independent due to radiative e↵ects. Such e↵ects – summarised by the renormalisation

(12) For full calculations of the µ ! e conversion rates in di↵erent nuclei, see [109, 122, 123].
(13) As a matter of fact, there are several new physics models where such operators arise at the
tree level, thus with much larger coe�cients than the dipoles that can only be loop induced.
Some examples will be mentioned in section 6.

µ� e�
γ

dipole operators (L/R)
contact interaction Effective Field Theory (EFT)dipole interaction 
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K+ → π+e−µ+ < 1.3× 10−11

B0 → eµ < 7.8× 10−8

B+ → K+eµ < 9.1× 10−8

Z0 → eµ < 7.5× 10−7

Z0 → eτ < 1.2× 10−5

Z0 → µτ < 9.8× 10−6

H0 → eµ < 3.5× 10−4

H0 → eτ < 3.7× 10−3

H0 → µτ < 2.5× 10−3

µ+ → e+γ < 4.2× 10−13 10−14 (MEG II)
µ+ → e+e+e− < 1.0× 10−12 10−16 (Mu3e)
µ−Au → e−Au < 7.0× 10−13 10−17 (COMET, Mu2e)
µ−Ti → e+Ca < 3.6× 10−11 10−17 (COMET, Mu2e)
µ+e− → µ−e+ < 8.3× 10−11
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MEG II  :  
x2 muon beam intensity 
x2 all detector resolution 
x2 efficiency

B(μ+ → e+γ) < 6 × 10−14
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• Event Signature (  decay at rest) 
•  ΣEe = mμ and ΣPe = 0 (vector sum) 
• common vertex and time coincidence 

• Backgrounds 
• Physics backgrounds,  
• Accidental backgrounds from Michel 

decays + Bhabha scattering 
• Current limits (from SINDRUM at PSI) 

•  (90% C.L.) 
• Mu3e at PSI 

• Phase-I:  with 108 µ/s (πE5) 
• inner pixel detectors, scintillating 

fibers 
• Phase-II:  with 109 µ/s (HiMB)

μ+

μ+ → e+νeνμe+e−

B(μ → eee) < 1.0 × 10−12
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Sensitivity

• Combine 3 long tracks

• Fit vertex and apply cut on vertex time

• + other cuts to suppress Bhabha background
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Expected Sensitivity Mu3e Phase I

ICHEP 2022 Sebastian Dittmeier - Heidelberg University 7
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silicon pixel trackerdetector solenoid and  
detector integration

SciFi timing counter

scin. tile counter

High Voltage Monolithic Active Pixel Sensor (HV-MAPS)

Fast charge collection in small active region

Fully integrated digital readout

Thinned to 50 µm
only 1.15 ‰ of radiation length
incl. flexprint and support
structure

Active sensor size 2 cm ⇥ 2 cm
Pixel size 80 µm ⇥ 80 µm

P-substrate

N-well

Particle

E field

8/20 NuFact 2022 Searching for cLFV with Mu3e A. Perrevoort (ann-kathrin.perrevoort@kit.edu)

Pixel Detector

silicon pixel board (50 µm)
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Timeline 
•First detector installation in 2023 
•Detector commissioning in 2024/2025 
•First data taking in 2025/2026
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• Ultimate sensitivity goal of BR < 1x10-16 

• muon intensity 2x109/sec from HiMB  
• Upgraded Mu3e detector 

• elongated pixel station for recurl tracks 
• muon target with smaller radius 
• thinner pixel detector 

• scheduled after 2029

Mu3e Phase II
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• High Intensity Muon Beamline (HiMB) at PSI 
• Surface muon (µ+) beam, ~O(1010) /s 
• New target and new capturing solenoids 
• Installation in 2027-2028 
• Planned to be operational in 2029
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∝ Z5coherent process (for transition to ground state)



 Conversionμ− → e−

21
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µ− + (A, Z)→νµ + (A,Z −1)
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µ− + (A, Z)→ e− + (A,Z )

Event Signature :  
a mono-energetic electron 
(one particle measurement allows higher muon rates.) 

Backgrounds: 
(1) physics backgrounds 
(2) beam-related backgrounds  
(3) cosmic rays, false tracking

∝ Z5coherent process (for transition to ground state)

Eμe ≈ mμ − Ebound μ − Erecoil ≈ 105 MeV
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1s state in a muonic atom
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µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

nucleus

µ− + (A, Z)→ e− + (A,Z )

Event Signature :  
a mono-energetic electron 
(one particle measurement allows higher muon rates.) 

Backgrounds: 
(1) physics backgrounds 
(2) beam-related backgrounds  
(3) cosmic rays, false tracking

∝ Z5coherent process (for transition to ground state)

 nucleus Z CR limit
sulfur 16 7 x 10-11

titanium 22 4.3 x 10-12

copper 39 1.6 x 10-8

gold 79 7 x 10-13

lead 82 4.6 x 10-11

Eμe ≈ mμ − Ebound μ − Erecoil ≈ 105 MeV

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

Conversion rate:
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COMET Phase-II

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 6

• COMET= COherent Muon to Electron Transition

Proton beam, 8 GeV, 56 kW 
x10000 from SINDRUM-II 
<4.6x10-17 90% C.L. 
2x1011 stopped muons/s
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Design
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New Tracking
Techniques
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GBDT
Hough
Transform
Track-Level
GBDT

Backup

Phase II Geometry
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• COMET= COherent Muon to Electron Transition

Proton beam, 8 GeV, 56 kW 
x10000 from SINDRUM-II 
<4.6x10-17 90% C.L. 
2x1011 stopped muons/s

See the talk 
by Chen Wu
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The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

proton beam power = 8 kW

The Mu2e Experiment

The Mu2e experiment will search for this process in Al and improve on this limit by four orders

of magnitude!

Rµ!e (90% CL) < 8⇥ 10�17
Rµ!e (5� discovery) = 2⇥ 10�16

⌧µ-Al = 864 ns, Esignal = 105 MeV

Need to stop O(1018) µ� and have ⌧ 1 background event

5 / 20
proton beam, 8 GeV, 8 kW 
x10000 from SINDRUM-II 
<8x10-17 90% C.L. or 5  
discovery=2x10-16 

 background events (Run 1)

σ

0.11 ± 0.03
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The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

proton beam power = 8 kW

The Mu2e Experiment

The Mu2e experiment will search for this process in Al and improve on this limit by four orders

of magnitude!

Rµ!e (90% CL) < 8⇥ 10�17
Rµ!e (5� discovery) = 2⇥ 10�16

⌧µ-Al = 864 ns, Esignal = 105 MeV

Need to stop O(1018) µ� and have ⌧ 1 background event

5 / 20
proton beam, 8 GeV, 8 kW 
x10000 from SINDRUM-II 
<8x10-17 90% C.L. or 5  
discovery=2x10-16 

 background events (Run 1)

σ

0.11 ± 0.03

muon transport electron transport 

Mu2e s-shape curve straight

COMET c-shape curve c-shape curve
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pion capture solenoid muon transport solenoid cosmic ray vetoTracker: Current Status

All straws produced

167 / 216 panels produced

16 / 36 planes are built

Cosmic ray tests with a

single plane

11 / 20

straw tracker electron calorimeter
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The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab
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Timeline 
•Detector commissioning from 2024 
•Run 1 data taking in 2026 until LBNF/PIP-II 

shutdown (x1000 improvements) 
•Run 2 data taking from 2029 after the 

shutdown

pion capture solenoid muon transport solenoid cosmic ray vetoTracker: Current Status

All straws produced

167 / 216 panels produced

16 / 36 planes are built

Cosmic ray tests with a

single plane

11 / 20

straw tracker electron calorimeter
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On behalf of the Mu2e-II working group

Mu2e-II : next generation muon conversion experiment 

PIP-II Mu2e-II
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•800 MeV, 100 kW from PIP-II Linac 
•5 years running (5.5x1019 stopped 
µs) 
•Goal: <6.4x10-18 at 90% CL limit 

•x10 from Mu2e 
•0.47 background events 

•Detector refinements for Mu2e-II 
•proton target, tracker, calorimeter 
(BaF2), cosmic ray veto 

•Timeline ~ 2030s decade

Mu2e-II

Mu2e-II : next generation muon conversion experiment 7/16/22 Yuri Oksuzian

II
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Mu2e-II : next generation muon conversion experiment 

PIP-II Mu2e-II

7/16/22 Yuri Oksuzian Mu2e-II : next generation muon conversion experiment 

PIP-II @ Mu2e-II

5

PIP-II designed to deliver 800 MeV  beam to the Booster
‣ Chopper system can produce an arbitrary pattern of filled or empty 162.5 MHz buckets
‣ The maximum current per bucket is  (  )  

Mu2e-II will get a beam at upstream end of transfer line to Booster
‣ Need to build a beamline to deliver beam to Muon Campus

H−

∼ 5mA 1.93 × 108 H−

PIP-II Project
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Mu2e-II : next generation muon conversion experiment 

PIP-II Mu2e-II

7/16/22 Yuri Oksuzian Mu2e-II : next generation muon conversion experiment 

PIP-II @ Mu2e-II

5

PIP-II designed to deliver 800 MeV  beam to the Booster
‣ Chopper system can produce an arbitrary pattern of filled or empty 162.5 MHz buckets
‣ The maximum current per bucket is  (  )  

Mu2e-II will get a beam at upstream end of transfer line to Booster
‣ Need to build a beamline to deliver beam to Muon Campus

H−

∼ 5mA 1.93 × 108 H−

PIP-II Project

•>1 MW beam from PIP-II Linac 
•aiming at searches for three muon CFLV 

processes 
•muon storage ring (FFA) for  

conversion (Enigma@AMF) 
•~2040

μ → e

AMF (Advanced Muon Facility)
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FFA ring
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• Advantage of muon storage ring for  conversion 
• Removal of pions in a muon beam 

• long flight length in a ring to eliminate pions (pion 
reduction of 10-20 for 5 turns, 30 m circumference) 

• High-Z muon targets can be used 
• Phase rotation to narrow beam energy spread 

• accelerate slow muons and decelerate fast muons 
• thinner muon target for better signal acceptance
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• High field RF development 
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Fixed Field Alternating Gradient Synchrotron (FFA)

RF core (Magnetic Alloy)

1.7m

3.5cm

PRISM MA Core

700cm

156Ω @ 5MHz

RF R&D

PRISM-FFAG (6 sectors) in RCNP, Osaka
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2003 - 2007 at Osaka University

FFA Magnet R&D
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indirect 
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 Decayμ+ → e+e+e− • Dalitz distribution of 3 body decay may be 
measured for model discrimination and correct 
rate estimation.
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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
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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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Bð! ! e"Þ versus Z in the case of the dipole-dominance model.
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simple reflection of the fact that the whole effect is of
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the conversion rate in a light nucleus, say aluminum or
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This simplified view, however, has to be confronted both
with theoretical uncertainties and the actual experimental
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scalar matrix elements almost entirely cancels when taking
ratios of conversion rates (even using the conservative
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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).
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ðA$ ZÞ=Z generates the behavior observed in Fig. 3.
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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
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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).
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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
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First, we note the quite different target dependence of the
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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
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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
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element). Moreover, in the large-Z tail of the plot, some
residual uncertainty arises from the input on the neutron
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we report the detailed breakdown of uncertainties in the
ratios B!!eðTiÞ=B!!eðAlÞ and B!!eðPbÞ=B!!eðAlÞ. For
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over aluminum, the small uncertainty is dominated by the
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in a self-consistent manner at the same scale at which the theory is defined, and ensure that experiments effectively
probe different combinations of NP parameters. This approach is generic and can be applied to many situations. In
this manuscript, we use it to study CLFV in the muon sector and derive sensitivity projections for current and future
experiments.

At the experimental scale, the Lagrangian given in eqn (II.1) includes all and only the operators contributing at
tree level to the observables. The combinations of coefficients constrained experimentally define the operator basis for
our subspace, whose dimension is equal to the number of constraints. For µ ! eL�, µ ! eLēe and Spin Independent
µAl ! eLAl and µAu ! eLAu, this subspace is six-dimensional. These coefficients are translated to ⇤NP by solving
the leading order Renormalisation Group Equations below the weak scale, and matching them to SMEFT at tree
level (see eqn (II.7)). Since the number of constraints remains unchanged, the dimension of the subspace cannot grow
(but it could decrease, as discussed in section IV). However, the normalisation and direction of the basis vectors is
altered, in order to include, at ⇤LFV , the contributions from all the operators to the observables via short-distance
effects described in the RGEs.

The ability of different experiments to probe independent operator coefficients – our definition of complementarity
– is related to the misalignement between vector of coefficients. While it can be measured in various ways, we observe
that a judiciously selected subset of our basis vectors remain approximately orthogonal above the weak scale, and we
use various parametrisations (see table II or eqn (III.1)) to plot the experimental exclusion curves using the Branching
Ratios given in eqn (B.3). We also display a few projections to illustrate the reach and complementarity of future
experiments.

An example of distinct observables probing the same New Physics is recalled in section IV: µA! eA on various
nuclei could distinguish scalar µ ! e contact interactions on neutrons from protons, but this may not allow the
distinction of LFV scalar operators involving up quarks from those with down quarks. Improving the precision of the
scalar q̄q expectation values in the nucleon would be required to improve the situation.

This work is only a preliminary implementation of bottom-up EFT, relying on theoretical formalism described
in [21]. In future work, we aim to implement the Renormalisation Group running of our vectors above the weak scale
(it was neglected here for simplicity and the lack of knowledge of ⇤LFV ), and match models onto the “observable
subspace” at ⇤LFV . We hope that finding robust distinctions among model predictions could be simplified by the
reduced dimension of the subspace.
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FIG. 4. Misalignment angle with Al, as calculated with
Eq. (20) using our data from Tab. I. The misalignment angle
increases with the number of neutrons in isotopes.

2.27 for lithium-7 and titanium-50, respectively, com-
pared to Al’sN/Z ' 2.08, which might ultimately help to
distinguish CLFV operators involving protons from those
involving neutrons [4]. Lithium has already been identi-
fied as a promising target in Ref. [4]. Titanium has long
been proposed as a suitable second target for aluminum-
based experiments, and our analysis shows that the iso-
tope Ti-50 would be particularly useful; aside from the
conversion rate and the background from muon decay
in orbit, di↵erent isotopes of an element are expected
to behave essentially identically experimentally, notably
because the conversion energy depends only weakly on
the number of neutrons [26]. The theoretically interest-
ing isotopes Ti-50, Ti-49, and Cr-54 have a low natural
abundance and are di�cult enrich in the large quanti-
ties necessary for conversion experiments; Li-7 and V-51,
on the other hand, are the dominant isotopes and hence
practically preferable as second targets after an observa-
tion of µ ! e conversion on aluminium.

VI. CONCLUSIONS

The search for lepton flavor violation is one of our most
sensitive probes of physics beyond the Standard Model.
Experiments searching for µ� ! e� conversion such as
COMET, DeeMe, and Mu2e, promise to improve existing
limits by several orders of magnitude. Robust theoretical
predictions, as presented here, are crucial ingredients for
experimental simulations of possible signal strength and

are relevant for the choice of alternative targets. An ob-
servation of the coherent conversion signal would clearly
indicate new physics. Still, it would not provide enough
information to understand the nature of the new interac-
tions. Our results allow tracking the nucleus-dependence
of the µ� ! e� conversion rate by looking at di↵er-
ent target materials, which would then help to discrimi-
nate the possible underlying new-physics models and ef-
fective operators. Such studies are instrumental in the
context of proposed upgrades of the already approved
experiments [50].

Our results indicate that the isotope dependence can
exceed the uncertainty due to the nuclear charge distri-
bution. Thus, experiments must carefully control the
isotope composition of the targets to enable the proper
interpretation of the results in terms of bounds on un-
derlying short distance parameters of the e↵ective La-
grangians. The isotope dependence can also improve
the experiments’ potential to distinguish various New
Physics scenarios if a signal is observed.

Further improvement of the total coherent conversion
rates requires more precise determination of the proton,
neutron, and charge density profiles. The progress in the
many-body computational methods may allow in the fu-
ture ab-initio evaluation of these density functions, which
would be highly desirable for experimentally studied tar-
get materials.
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Spin Dependent  conversionμ → e
•Spin independent (SI) μ-e Conversion: coherent 
•Spin dependent (SD) μ-e Conversion: incoherent 
•Extract SD, by comparing zero-spin and non-
zero spin targets 
•Effect may not be large by 1/N2

V. Cirigliano, S. Davidson, YK, Phys. Lett. B 771 (2017) 242 
S. Davidson, YK, A. Saporta, Eur. Phys. J. C78 (2018) 109  
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FIG. 7. Misalignement angle between target vectors, calculated for quarks and nucleons. Notice the reduced vertical scale and
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and Al (red,dashed, middle) and lithium (black,dashed, upper).

in a self-consistent manner at the same scale at which the theory is defined, and ensure that experiments effectively
probe different combinations of NP parameters. This approach is generic and can be applied to many situations. In
this manuscript, we use it to study CLFV in the muon sector and derive sensitivity projections for current and future
experiments.

At the experimental scale, the Lagrangian given in eqn (II.1) includes all and only the operators contributing at
tree level to the observables. The combinations of coefficients constrained experimentally define the operator basis for
our subspace, whose dimension is equal to the number of constraints. For µ ! eL�, µ ! eLēe and Spin Independent
µAl ! eLAl and µAu ! eLAu, this subspace is six-dimensional. These coefficients are translated to ⇤NP by solving
the leading order Renormalisation Group Equations below the weak scale, and matching them to SMEFT at tree
level (see eqn (II.7)). Since the number of constraints remains unchanged, the dimension of the subspace cannot grow
(but it could decrease, as discussed in section IV). However, the normalisation and direction of the basis vectors is
altered, in order to include, at ⇤LFV , the contributions from all the operators to the observables via short-distance
effects described in the RGEs.

The ability of different experiments to probe independent operator coefficients – our definition of complementarity
– is related to the misalignement between vector of coefficients. While it can be measured in various ways, we observe
that a judiciously selected subset of our basis vectors remain approximately orthogonal above the weak scale, and we
use various parametrisations (see table II or eqn (III.1)) to plot the experimental exclusion curves using the Branching
Ratios given in eqn (B.3). We also display a few projections to illustrate the reach and complementarity of future
experiments.

An example of distinct observables probing the same New Physics is recalled in section IV: µA! eA on various
nuclei could distinguish scalar µ ! e contact interactions on neutrons from protons, but this may not allow the
distinction of LFV scalar operators involving up quarks from those with down quarks. Improving the precision of the
scalar q̄q expectation values in the nucleon would be required to improve the situation.

This work is only a preliminary implementation of bottom-up EFT, relying on theoretical formalism described
in [21]. In future work, we aim to implement the Renormalisation Group running of our vectors above the weak scale
(it was neglected here for simplicity and the lack of knowledge of ⇤LFV ), and match models onto the “observable
subspace” at ⇤LFV . We hope that finding robust distinctions among model predictions could be simplified by the
reduced dimension of the subspace.
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FIG. 4. Misalignment angle with Al, as calculated with
Eq. (20) using our data from Tab. I. The misalignment angle
increases with the number of neutrons in isotopes.

2.27 for lithium-7 and titanium-50, respectively, com-
pared to Al’sN/Z ' 2.08, which might ultimately help to
distinguish CLFV operators involving protons from those
involving neutrons [4]. Lithium has already been identi-
fied as a promising target in Ref. [4]. Titanium has long
been proposed as a suitable second target for aluminum-
based experiments, and our analysis shows that the iso-
tope Ti-50 would be particularly useful; aside from the
conversion rate and the background from muon decay
in orbit, di↵erent isotopes of an element are expected
to behave essentially identically experimentally, notably
because the conversion energy depends only weakly on
the number of neutrons [26]. The theoretically interest-
ing isotopes Ti-50, Ti-49, and Cr-54 have a low natural
abundance and are di�cult enrich in the large quanti-
ties necessary for conversion experiments; Li-7 and V-51,
on the other hand, are the dominant isotopes and hence
practically preferable as second targets after an observa-
tion of µ ! e conversion on aluminium.

VI. CONCLUSIONS

The search for lepton flavor violation is one of our most
sensitive probes of physics beyond the Standard Model.
Experiments searching for µ� ! e� conversion such as
COMET, DeeMe, and Mu2e, promise to improve existing
limits by several orders of magnitude. Robust theoretical
predictions, as presented here, are crucial ingredients for
experimental simulations of possible signal strength and

are relevant for the choice of alternative targets. An ob-
servation of the coherent conversion signal would clearly
indicate new physics. Still, it would not provide enough
information to understand the nature of the new interac-
tions. Our results allow tracking the nucleus-dependence
of the µ� ! e� conversion rate by looking at di↵er-
ent target materials, which would then help to discrimi-
nate the possible underlying new-physics models and ef-
fective operators. Such studies are instrumental in the
context of proposed upgrades of the already approved
experiments [50].

Our results indicate that the isotope dependence can
exceed the uncertainty due to the nuclear charge distri-
bution. Thus, experiments must carefully control the
isotope composition of the targets to enable the proper
interpretation of the results in terms of bounds on un-
derlying short distance parameters of the e↵ective La-
grangians. The isotope dependence can also improve
the experiments’ potential to distinguish various New
Physics scenarios if a signal is observed.

Further improvement of the total coherent conversion
rates requires more precise determination of the proton,
neutron, and charge density profiles. The progress in the
many-body computational methods may allow in the fu-
ture ab-initio evaluation of these density functions, which
would be highly desirable for experimentally studied tar-
get materials.
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Spin Dependent  conversionμ → e
•Spin independent (SI) μ-e Conversion: coherent 
•Spin dependent (SD) μ-e Conversion: incoherent 
•Extract SD, by comparing zero-spin and non-
zero spin targets 
•Effect may not be large by 1/N2

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

Spin polarized  conversionμ → e

YK and  Y. Okada, RMP 73 (2001) 151

•Angular distribution with respect to the spin 
polarization determines the chirality of an 
electron.
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FIG. 7. Misalignement angle between target vectors, calculated for quarks and nucleons. Notice the reduced vertical scale and
smoother lines in the quark plot. The decreasing lines are lead (green,upper) and Au (blue); the rising lines are titanium (blue)
and Al (red,dashed, middle) and lithium (black,dashed, upper).

in a self-consistent manner at the same scale at which the theory is defined, and ensure that experiments effectively
probe different combinations of NP parameters. This approach is generic and can be applied to many situations. In
this manuscript, we use it to study CLFV in the muon sector and derive sensitivity projections for current and future
experiments.

At the experimental scale, the Lagrangian given in eqn (II.1) includes all and only the operators contributing at
tree level to the observables. The combinations of coefficients constrained experimentally define the operator basis for
our subspace, whose dimension is equal to the number of constraints. For µ ! eL�, µ ! eLēe and Spin Independent
µAl ! eLAl and µAu ! eLAu, this subspace is six-dimensional. These coefficients are translated to ⇤NP by solving
the leading order Renormalisation Group Equations below the weak scale, and matching them to SMEFT at tree
level (see eqn (II.7)). Since the number of constraints remains unchanged, the dimension of the subspace cannot grow
(but it could decrease, as discussed in section IV). However, the normalisation and direction of the basis vectors is
altered, in order to include, at ⇤LFV , the contributions from all the operators to the observables via short-distance
effects described in the RGEs.

The ability of different experiments to probe independent operator coefficients – our definition of complementarity
– is related to the misalignement between vector of coefficients. While it can be measured in various ways, we observe
that a judiciously selected subset of our basis vectors remain approximately orthogonal above the weak scale, and we
use various parametrisations (see table II or eqn (III.1)) to plot the experimental exclusion curves using the Branching
Ratios given in eqn (B.3). We also display a few projections to illustrate the reach and complementarity of future
experiments.

An example of distinct observables probing the same New Physics is recalled in section IV: µA! eA on various
nuclei could distinguish scalar µ ! e contact interactions on neutrons from protons, but this may not allow the
distinction of LFV scalar operators involving up quarks from those with down quarks. Improving the precision of the
scalar q̄q expectation values in the nucleon would be required to improve the situation.

This work is only a preliminary implementation of bottom-up EFT, relying on theoretical formalism described
in [21]. In future work, we aim to implement the Renormalisation Group running of our vectors above the weak scale
(it was neglected here for simplicity and the lack of knowledge of ⇤LFV ), and match models onto the “observable
subspace” at ⇤LFV . We hope that finding robust distinctions among model predictions could be simplified by the
reduced dimension of the subspace.
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FIG. 4. Misalignment angle with Al, as calculated with
Eq. (20) using our data from Tab. I. The misalignment angle
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2.27 for lithium-7 and titanium-50, respectively, com-
pared to Al’sN/Z ' 2.08, which might ultimately help to
distinguish CLFV operators involving protons from those
involving neutrons [4]. Lithium has already been identi-
fied as a promising target in Ref. [4]. Titanium has long
been proposed as a suitable second target for aluminum-
based experiments, and our analysis shows that the iso-
tope Ti-50 would be particularly useful; aside from the
conversion rate and the background from muon decay
in orbit, di↵erent isotopes of an element are expected
to behave essentially identically experimentally, notably
because the conversion energy depends only weakly on
the number of neutrons [26]. The theoretically interest-
ing isotopes Ti-50, Ti-49, and Cr-54 have a low natural
abundance and are di�cult enrich in the large quanti-
ties necessary for conversion experiments; Li-7 and V-51,
on the other hand, are the dominant isotopes and hence
practically preferable as second targets after an observa-
tion of µ ! e conversion on aluminium.

VI. CONCLUSIONS

The search for lepton flavor violation is one of our most
sensitive probes of physics beyond the Standard Model.
Experiments searching for µ� ! e� conversion such as
COMET, DeeMe, and Mu2e, promise to improve existing
limits by several orders of magnitude. Robust theoretical
predictions, as presented here, are crucial ingredients for
experimental simulations of possible signal strength and

are relevant for the choice of alternative targets. An ob-
servation of the coherent conversion signal would clearly
indicate new physics. Still, it would not provide enough
information to understand the nature of the new interac-
tions. Our results allow tracking the nucleus-dependence
of the µ� ! e� conversion rate by looking at di↵er-
ent target materials, which would then help to discrimi-
nate the possible underlying new-physics models and ef-
fective operators. Such studies are instrumental in the
context of proposed upgrades of the already approved
experiments [50].

Our results indicate that the isotope dependence can
exceed the uncertainty due to the nuclear charge distri-
bution. Thus, experiments must carefully control the
isotope composition of the targets to enable the proper
interpretation of the results in terms of bounds on un-
derlying short distance parameters of the e↵ective La-
grangians. The isotope dependence can also improve
the experiments’ potential to distinguish various New
Physics scenarios if a signal is observed.

Further improvement of the total coherent conversion
rates requires more precise determination of the proton,
neutron, and charge density profiles. The progress in the
many-body computational methods may allow in the fu-
ture ab-initio evaluation of these density functions, which
would be highly desirable for experimentally studied tar-
get materials.

ACKNOWLEDGEMENTS

We thank all members of the Mu2e-II Snowmass21
Group for valuable discussions and support, especially
Frank Porter, Lorenzo Calibbi, David Hitlin, Sophie Mid-
dleton, and Leo Borrell. This work was partly supported
by JSPS KAKENHI Grant Numbers JP18H01210 and
JP21H00081 (Y.U.). R.S. is supported by the United
States Department of Energy under Grant Contract DE-
SC0012704.



Muon’s Lepton Number Violation 
and Axion-like Particles



 conversionμ− → e+

34



 conversionμ− → e+

34

μ− + N(A, Z) → e+ + N(A, Z − 2)
Lepton number violation (LNV) and CLFV 
short distance TeV LNV Physics

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

J. Kaulard et al. (SINDRUM-II), Phys. Lett. B422 (1998) 334.

• Event Signature 
• mono energetic positron (to the ground 

state) 
•   

• Backgrounds 
• Radiative muon capture (RMC) followed by 

photon conversion 
• Current limits (from SINDRUM at PSI) 

Ee+ = mμ − Bμ − Erec − M(A, Z − 2) + M(A, Z)
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Eμ−e+ > Eend
RMC ⟶ M(A, Z − 1) > M(A, Z − 2)

• requirement of candidate target N(A, Z)

• Mu2e and COMET are trying to measure at the 
same time of  conversion 
• x10000 improvement can be expected 
• RMC background spectrum, better to 

measured.

μ− → e−
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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

B. Yeo, YK, M. Lee and K. Zuber, Phys. Rev. D96 (2017) 075027

μ− + N(A, Z) → e+ + N(A, Z − 2)
Lepton number violation (LNV) and CLFV 
short distance TeV LNV Physics

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)
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J. Kaulard et al. (SINDRUM-II), Phys. Lett. B422 (1998) 334.

• Event Signature 
• mono energetic positron (to the ground 

state) 
•   

• Backgrounds 
• Radiative muon capture (RMC) followed by 

photon conversion 
• Current limits (from SINDRUM at PSI) 

Ee+ = mμ − Bμ − Erec − M(A, Z − 2) + M(A, Z)
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Y. Uesaka, Phys. Rev. D102, 095007 (2020) 
Tianyu Xing et al., Chin. Phys. C47, 013108 (2023)

𝒆− spectrum (𝒎𝑿 = 𝟎)
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 Spectrum does not strongly depend on properties of 𝑋.

12/15

 The sharper peak is obtained for the lighter nucleus.

𝝁− → 𝒆−𝑿 in a muonic atom

Advantages over free muon decay

1. less background

2. more information : “spectrum”, “dependence on nucleus”, …

Disadvantages

 non-monochromatic signal  shorter life time of muonic atom

𝐸𝑒 [MeV]

• different peak positions of signal & BG

: 𝜇+ → 𝑒+𝑋 (free)

: 𝜇− → 𝑒−𝜈𝑒𝜈𝜇 (𝜇-gold)

electron spectra (normalized by rate)

𝑚𝜇/2

: 𝜇− → 𝑒−𝑋 (𝜇-gold)

cf. X. G. i Tormo et al., PRD 84, 113010 (2011).
& H. Natori, Talk at 73th JPS meeting (2018).

( 𝑚𝑋 = 0 )

: 𝜇+ → 𝑒+𝜈𝑒𝜈𝜇 (free)

5/15

3. huge # of muonic atoms in coming experiments (COMET, Mu2e, DeeMe)

signals in red, normal 
muon decays in black 
bound µ- decay in solid 
lines and free µ+ 
decays in dashed lines
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μ+e− (Mu) → μ−e+ (Mu)
|ΔLμ | = 2, |ΔLe | = 2

• models: doubly-charged Higgs etc.

• Experimental methods 
• Production of Mu in vacuum 

• reduce residual EM fields 
• Detection of  decay 
• Current limit (from PSI, 1999) 
•  (90% C.L.)

Mu

PMuMu ≤ 8.3 × 10−11

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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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.
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TRIUMF 1982 $42 Marshall et al. (1982)
TRIUMF 1986 $20 Beer et al. (1986)
TRIUMF 1990 $0.29 Huber et al. (1990)
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LANL 1993 $6.9 Ni et al. (1993)
PSI 1996 $0.018 Abela et al. (1996)
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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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See the talk by 
Yuhang Guo 

• New proposals  
CSNS in China:  X(10-100) sensitivity
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Highly intense muon source
phase-rotation, muon cooling, etc.
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Some of muon particle physics topics which were not covered are :

Normal muon decay 
precise measurements of Michel parameters 

CLFV 
 

 in a muonic atom 
 DIS scattering 

Muonium 
Muonium hyperfine splitting 
Muonium 1s-2s spectroscopy

μ → eγγ
μ−e− → e−e−

μN → τN
any missing !
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Summary

•Muon particle physics could provide a 
unique discovery potential for physics 
beyond the Standard Model (BSM). 

•Development of a highly intense muon 
source is an important key success factor 
for muon particle physics programs.
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my dog, IKU

Thank you for your attention!
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