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Physics beyond SM in lepton sector?

Å Standard Model (SM) gauge symmetry:

Å Neutrino is massless in SM, lepton flavor is conserved,

Å Neutrino oscillation ʐ neutrino mass; charged lepton flavor 

violation ( cLFV) is strongly suppressed in SM with Dirac neutrino.

Å An excellent window to test SM and search for new physics.
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High - intensity frontier and cLFV
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[1] Enrique Fernández-Martínez et al, Global lepton flavour  violating 

constraints on new physics.Eur. Phys. J. C 84 (2024) 666

É How to search for new physics beyond SM?

Å High-intensity frontier :

ü Provide indirect constraints with precision 

measurement  or search for forbidden processes .

Å Advantages of muon cLFV:

ü Clear signals. cLFV is forbidden in SM, no irreducible 

SM backgrounds.

ü High statistics. High - intensity muon beam ʐ large 

samples within a short period. 

ü Well motivated. Scalable cLFV in new physics models 

including SUSY,seesaw, ALP, U(1)B-L .

Significant cLFV signals ʞ clear evidence for new physics;

Null results ʞ strong limit on new physics models.
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High - intensity frontier and cLFV
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[2] Lorenzo Calibbi , Claudia Hagedia, Michael A. Schmidt, James Vandeleur. 

Selection rules for charged lepton flavor violating processes from residual 

flavor groups.  Phys.Rev.D 112 (2025) 7, 075031

É How to search for new physics beyond SM?

Å High-intensity frontier :

ü Provide indirect constraints with precision 

measurement  or search for forbidden processes .

Å Advantages of muon cLFV:

ü Clear signals. cLFV is forbidden in SM, no irreducible 

SM backgrounds.

ü High statistics. High - intensity muon beam ʐ large 

samples within a short period. 

ü Well motivated. Scalable cLFV in new physics models 

including SUSY,seesaw, ALP, U(1)B-L .

Significant cLFV signals ʞ clear evidence for new physics;

Null results ʞ strong limit on new physics models.
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High - intensity/ -precision frontier

ÅExperiments search for cLFV:

üMu2e (Fermilab)

üCOMET (J-PARC)

üMEG-II (PSI)

üMu3e (PSI)

ÅPrecision measurements of muon properties:

üMuLan& FAST at PSI: Muon lifetime.

üMuCap at PSI: Muon capture coupling constant.

üMuSun: Muon Electroweak interactions and muon polarization.

üTWIST at TRIUMF: Muon decay Michel parameters.

üFermi lab muon g-2 and J-PARC muon g-2.

üMUSEUM: Muonium hyperfine structure.

‘ ᴼὩὩὩ

‘ ᴼὩ‎

‘ !ÌO Ὡ !Ì
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Low-energy cLFV experiments complement high-energy frontier

arXiv:1303.409
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High - intensity/ -precision frontier

ÅExperiments search for cLFV:

üMu2e (Fermilab)

üCOMET (J-PARC)

üMEG-II (PSI)

üMu3e (PSI)

ÅPrecision measurements of muon properties:

üMuLan& FAST at PSI: Muon lifetime.

üMuCap at PSI: Muon capture coupling constant.

üMuSun: Muon Electroweak interactions and muon polarization.

üTWIST at TRIUMF: Muon decay Michel parameters.

üFermi lab muon g-2 and J-PARC muon g-2.

üMUSEUM: Muonium hyperfine structure.
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Å Low-energy cLFV experiments complement high-energy frontier

Å cLFV complement neutrino physics

REF: Tong Li, Michael A. Schmidt. Phys.Rev.D100(2019)11,115007
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ÅExperiments search for cLFV:

üMu2e (Fermilab)

üCOMET (J-PARC)

üMEG-II (PSI)

üMu3e (PSI)

High - intensity/ -precision frontier

‘ ᴼὩὩὩ

‘ ᴼὩ‎
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(a) COMET

(b) Mu2e
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High - intensity/ -precision frontier
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Mu3e

ÅExperiments search for cLFV:

üMu2e (Fermi lab)

üCOMET (J-PARC)

üMEG-II (PSI)

üMu3e (PSI) Ⱨ ᴼ▄▄▄

Ⱨ ᴼ▄♬

‘ ὃὰO Ὡ ὃὰ

MEG-II
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Muonium -Antimuonium Oscillation or Conversion?
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Muonium (- ‘Ὡ ): a leptonic isotope of hydrogen

ü 1957, B. Pontecorvo first suggested -ᴼ- process.

ü 1960, V.W. Hughes et al. first observed the muonium directly.

ü 1961, G. Feinberg and S. Weinberg published a research on -ᴼ-.

Muonium Antimuonium
Ὡ  

Ὡ  

’
Ӷ’

ἙᴼἙ (Ⱨ▄ ᴼⱧ▄ ): an Ў╛Љ  process

V Distinct from ЎὒЉ ρ processes (ɛ Ÿ eɔ, ɛ Ÿ eee, ɛN Ÿ eN)

V Ўὒ Ўὒ ς can be possible even if ЎὒЉ ρ is suppressed.

V Complementary to ЎὒЉ ρ process searches.

Current bound (MACS):

ὖ ᴼ  < 8.3¦10-11

in 0.1T field, 90% C.L.

Phys. Rev. Lett. 82 (1999), 49-52.

Julian Heeck and Mikheil Sokhashvili. Lepton flavor violation by two units. Phys. Lett. B, 852:138621, 2024.
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Worldwide cLFV experiments

Experiment Facility Process Progress

MEGII PSI (Switzerland) ‘ ᴼὩ‎ Data taking

Mu2e Fermilab (US) ‘!ÌO Ὡ!Ì Construction

COMET J-PARC (Japan) ‘!ÌO Ὡ!Ì Construction

Mu3e PSI (Switzerland) ‘ ᴼὩὩὩ Commissioning

MACS PSI (Switzerland) -ᴼ- Finished (1999)

Å Muonium conversionis a key cLFV process.  

Å After PSI set the bound P < 8.3 ¦ 10-11 in 1999, 

no new experiments were proposed sincethen.  

Å With enhanced beam intensity and advances in 

detector technology, breakthroughs in this field 

are anticipated.

11
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Worldwide cLFV experiments

Å Muonium conversionis a key cLFV process.  

Å After PSI set the bound P < 8.3 ¦ 10-11 in 1999, 

no new experiments were proposed for 20 years.  

Å With enhanced beam intensity and advances in 

detector technology, breakthroughs in this field 

are anticipated.
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MEG-III?
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Motivations of MACE

ÅNeutrinos are in oscillation; charged leptons?

ÅDemand for cutting-edge research:

ÅcLFV selects neutrino mass generation mechanism.

ÅCharged leptons and neutrinos share Yukawa couplings, 

Ą cLFV complementing neutrino physics.

ÅCharged Lepton Flavor ViolationăĄ quark flavor physics.

ÅLow-energy cLFV experiments Ą high-energy frontiers.

ÅMuonium conversion experiments have stalled for decades, 

Ą both opportunities and challenges.

ÅOpportunities in future accelerator facilities:

ÅWe are going to build several high-intensity muon sources.

ÅWhat type of muon physics deserves further exploration?

ÅLetôs do MACE!

13

Platform for Muon Science and Technology @ SYSU 

established on Dec. 26, 2024.
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Muonium -to -antimuonium conversion

Å- - conversion is a coherent process,

ÅThe off-diagonal term induces the conversion,

Time evolution of the state and conversion probability

ÅWork out the time evolution:            ɜᴼӶὸᶿÅ ɜὸ  ,
ÅNormal muonium decay:                    ɜᴼ ὸᶿÅ .

ÅDefine the conversion probability:   ὖ ὸ ᴼӶ

ᴼ
ᶿὸ

üInsight: probability evolves quadratically over time Ҧ longer travel time of muonium in vacuum leads to 
higher probability Ҧ ǎŜŀǊŎƘ ŦƻǊ ƳǳƻƴƛǳƳ ŎƻƴǾŜǊǎƛƻƴ ƛƴ ǾŀŎǳǳƳ όƛƴǎǘŜŀŘ ƻŦ ƛƴ ƳŀǘŜǊƛŀƭύΦ

Details in e.g. R. Conlin, A. A. Petrov, 
Phys. Rev. D 102 (2020) 9, 095001

ÅThe effective Hamiltonian can be written by the 
combination of 5 dim-6 effective operators,

14
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Muonium -to -antimuonium conversion

ÅMuonium conversion is affected also by magnetic 
field, depending on coupling types.

ÅThe effective Hamiltonian can be written by the 
combination of 5 dim-6 effective operators,

From T. Fukuyama et al, Phys. Rev. D 108 (2023) 9, 095029

ÅTherefore, the conversion kinematics differ from experiment to experiment (affected by different target 
technology, different magnetic field, etc.).
ÅConventionally, we choose V-A coupling constants Ὃ  as an experiment-independent measure:

ÅFor example, the latest bound ὖȢ ψȢσ ρπ  also reported as Ὃ πȢππσὋ .

15
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Method 1: muonic -atom spectroscopy 

ÅThe first method in history.

ÅSignal: muonic atom characteristic X-ray 
ŜƳƛǘǘŜŘ ŦǊƻƳ ŀǘƻƳ ŎŀǇǘǳǊƛƴƎ ˃- in 
antimuonium.
ÅBackground: Bremsstrahlung from 

positrons, or radiations in experimental 
hall.
ÅLimited by severe background and short 

coherent conversion time.

Experiments:
1.  Ὃ υψππὋ (at Nevis lab). J. J. Amato et al. Phys. Rev. 

Lett. 21 (1968) 1709-1712
2.  Ὃ φȢωὋ (at LAMPF, with Crystal Box detector). B. Ni 

et al. Phys. Rev. D 48 (1993) 1976-1989

Muonium 
production 

target

Crystal Box
Detector

Crystal Box final 
result: 
Ὃ φȢωὋ

(3×105 ˃ +/s, 150 h
data taking) 

-
X-rays

e-

16
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Method 2: target activation

Experiment:
ÅὋ πȢςωὋ (at TIRUMF). T. M. Huber et al. Phys. Rev. D 41 (1990) 2709-2725

Signal:

ü
-˃ from antimuonium capture on 184W target produces 184Ta.

üOffline radiochemistry analysis to find decay signals of 184Ta 

όʲ Ҍ пмпƪŜ± ʴ Ҍ ŘŜƭŀȅŜŘ ʴύΦ

Backgrounds: 

ü
72Ge metastable state (691 keV, 439 ns) in Ge detector.

Simple experiment setup and low background level; but 

limited by very low signal efficiency (~10-5) and short 

coherent conversion time (typically < 1 us).

ÅM. Aoki proposed to search for the conversion with PRISM 

and purified 184W target (NIMA 503 (2003)).

Final result: 
Ὃ πȢςωὋ

(1.3×106 ˃ +/s, 
535 hdata taking) 

17
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Method 3: antimuonium decay spectrometer

Experiments:

ÅὋ πȢρφὋ (at LAMPF). B. E. Matthias et al. Phys. Rev. Lett. 66 (1991) 2716-2719

ÅὋ πȢρτὋ (at JINR). R. Abela et al. Phys. Rev. Lett. 77 (1996) 1950-1953

ÅὋ πȢππσὋ  (at PSI). L. Willmann et al. Phys. Rev. Lett. 82, 49 (Latest bound)

Å╖╜╜ Ȣ ╖╕Κ Χ a!/9 ŎƻƭƭŀōƻǊŀǘƛƻƴ 

ÅSignal: A fast e- ŦǊƻƳ ˃- in antimuonium decay and 
a slow e+ from orbit.

ÅBackgrounds: 
ü

+˃ Ҧ e+ e- e+ ˄  ˄ with one slow e+ and another e+ missing.
üAccidental backgrounds.

Low background level; reasonable signal efficiency 
and long coherent conversion time.

We follow this principle in MACE.

Final result: 

Ὃ πȢππσὋ

(8×106 ˃ +/s, 1730 hdata taking) 

18



2026/4/24 Jian Tang

1940s till now: a cLFV odyssey
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MEGII

(PSI)

‘ ᴼὩ‎

Mu3e

(PSI)

‘ ᴼὩὩὩ

Mu2e 

(Fermilab)

‘.ᴼὩ.

COMET

(J-PARC)

‘.ᴼὩ.

MACS, 1999

ὖ ᴼ ψȢσ ρπ
Crystal Box , 1986

דꜞ χȢς ρπ

MACE (China)

- O
 
- ‘Ὡ ᴼ‘Ὡ

MEGII
COMET

Mu2e
Mu3e

Towards new muon cLFV experiments

Å Construction of intense muon beamlines soon in China.

Å Development of particle detection technology

￼  sensitivity!

MACE
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Status of muon sources around the world
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CSNS, Dongguan, China

(upgrade on the way)

HIAF & CiADS, Huizhou, China

(commissioning &under construction)

Å Global facilities: PSI (Switzerland), J-PARC (Japan), ISIS (UK), TRIUMF (Canada), FNAL (USA).

Å Various high-intensity muon sources in China, to be built soon: CiADS/CSNS/HIAF/SHINE.  
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Muon beamline of CiADS

ÅA surface muon beamline is under way at China Initiative Accelerator Driven System (CiADS)

ÅExploring cutting-edge research with high muon flux?

21

25 kW: 500MeV & 50ɛA

ÅAccelerator construction

ÅProton beam commissioning

2025͘ 2026

H. -J Cai et al. PRAB 27 (2024) 2, 023403

ÅBeam stability test

ÅMuon beam commissioning

ÅOne target station, two beamlines

2026͘ 2027

250 kW: 500MeV & 500ɛA
Å2.5 MW commissioning

Å2.5 MW long-term run

ÅTwo target station, four beamlines

ÅMuon physics and applications

2027~2030

3 MW: 600MeV & 5mA

Beam

power
Target Target Intensitŷs-1̃ Spin pol. background

300 kW Graphite
Full-solenoid ~94%

<0.1%
Mixing υ ρπ >99%

3 MW Lithium jet
Full-solenoid ~94%

Mixing ρ ρπ >99%

Credit: Han-Jie Cai



2026/4/24 Jian Tang

Å Physics motivations

Å MACE conceptual design

Å Progress of MACE Phase-I

Å Development of various muon detectors

Å Summary

Muonium -Antimuonium Conversion Experiment (MACE)
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Snowmass2021 -  Letter of Interest

RF5-RF0-126

MACE

‘ ᴼὩὩὩ

‘ ᴼὩ‎

‘ !ÌO Ὡ !Ì
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ÅExperiments search for cLFV:

üMu2e (Fermilab)

üCOMET (J-PARC)

üMEG (PSI)

üMu3e (PSI)

ÅPrecision measurements of muon properties:

üMuLan& FAST at PSI: Muon lifetime.

üMuCap in PSI: Muon capture coupling constant.

üMuSun: Muon Electroweak interactions and muon polarization.

üTWIST at TRIUMF: Muon decay Michel parameters.

üFermi lab muon g-2 and J-PARC muon g-2.

üMUSEUM: Muonium hyperfine structure.
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Snowmass2021 whitepaper
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arXiv : 2203.11406

28 citations so far based on inspirehep.net 
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Feedbacks after Snowmass LOI
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