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flavor physics

ÅFlavor physics
üWithin SM: weak and Yukawa interactions

ÅFlavor parameters in the quark sector
üWithin SM: 9 masses of charged fermions 
& 4 mixing parameters (3 angle + 1 CP phase)

ÅFlavor universal (flavor blind)
üWithin SM: QCD & QED

ÅFlavor diagonal
üWithin SM: Yukawa interactions

tangjian5@mail.sysu.edu.cn

Lepton 
number

Lepton family number (lepton flavor)

Le L˃ Ḻ

e - & ɜe 1 1 0 0

ɛ- & ɜɛ 1 0 1 0

Ű- & ɜŰ 1 0 0 1

Change the sign for all anti-leptons



Symmetries of SM

10/26/2024 7

cLFVoffers a chance of new physics discovery

ÅFlavor physics
üWithin SM: weak and Yukawa interactions

ÅFlavor parameters in the quark sector
üWithin SM: 9 masses of charged fermions 
& 4 mixing parameters (3 angle + 1 CP phase)

ÅFlavor universal (flavor blind)
üWithin SM: QCD & QED

ÅFlavor diagonal
üWithin SM: Yukawa interactions

tangjian5@mail.sysu.edu.cn
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Å ĄM ґ˄0

Å cLFV

Å ~eV Ą cLFV

Å seesaw cLFV!

8

cLFV seesaw



җẘ׀⅜/ ẘ׀⅜
Å cLFVσ

üMu2e( )

üCOMET( )

üMEG( )

üMu3e( )

Å

ü PSI MuLan FAST µ ɺ

ü PSI MuCap µ ɺ

üMuSun µ µ

ɺ

ü TRIUMF TWIST µ

ɺ

ü g-2 µ J-

PARC g-2 ɺ

üJ-PARC MeuSEUM muonium ɺ

‘ ᴼὩὩὩ

‘ ᴼὩ‎

‘ !ÌO Ὡ !Ì
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cLFV high energy frontier

arXiv:1303.4097
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üMu2e( )

üCOMET( )

üMEG( )

üMu3e( )

Å

ü PSI MuLan FAST µ ɺ

ü PSI MuCap µ ɺ

üMuSun µ µ

ɺ

ü TRIUMF TWIST µ

ɺ

ü g-2 µ J-

PARC g-2 ɺ

üJ-PARC MeuSEUM muonium ɺ

‘ ᴼὩὩὩ

‘ ᴼὩ‎

‘ !ÌO Ὡ !Ì
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Å cLFV high energy frontier

Å cLFV neutrino physics

REF: Tong Li, Michael A. Schmidt. Phys.Rev.D100(2019)11,115007
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Å cLFVσ

üMu2e( )

üCOMET( )

üMEGII( )

üMu3e( ) ‘ ᴼὩὩὩ

‘ ᴼὩ‎

Ⱨ ═■O ▄ Ἃἴ
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(a) COMET

(b) Mu2e
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Å cLFVσ

üMu2e( )

üCOMET( )

üMEGII( )

üMu3e( ) Ⱨ ᴼ▄▄▄

Ⱨ ᴼ▄♬

‘ !ÌO Ὡ !Ì
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MEGII
Mu3e
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RefσѦ ◓Ứεџ Ḫ Ḯ ᾑ ᶰἒᵒRefσѦ Ứε♠ⱳֿכ ᵓἒᵒ

(1ζᶂ іז ᵸ Ḓ◊ιṰῶ ᶂFNALιּׁשᶱPSIιῄ J-PARCι ᶂISIS

(2ζӘἘ ▪☻ᶽ▲ת￼Ặ╙ז ᵸε CSNS, CiADS, HIAFζιᴏṄấ ᶂԓ ѦẶ╙ז ᵸ Ḓ◊ ό

(3ζᶢ҈ז ᵸ Ḓ◊Ầṝׁ⌐ ό

HIAF CiADS
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Åז ᵸ Ⱨᾳ⁄ט ᴪ CiADSιᴦẔᶤẉ 3Ѧῴιấ MuSTẈᴶ

Åז ᵸ​╙ ḧớ
Å Ḓ​╙ἔ
Å1Ѧ ѣ‍ Ḓ​

2026Ј2027Ẉ

25 kW: 

500MeV & 50ɛA

Åז ᵸấ
Å​╙

2025Ј2026Ẉ 250 kW: 

500MeV & 500ɛA Å2.5 MW וꞌ
Å ῼ 2.5 MW​╙
Å2Ѧ 2 Ḓ​
Å Ḓ​╙ᴣԎᶺḙ Ẕּז

2027~2030Ẉ

2.5 MW: 

500MeV& 5mA

B05 H.-J Cai et al, Phys.Rev.AB27, 023703, 2024
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ᶁ ѕᴾ ᶙcLFVḪ

MEGII PSI ‘ ᴼὩ‎

Mu2e ‘.ᴼὩ.

COMET J-PARC ‘!ÌO Ὡ!Ì

Mu3e PSI ‘ ᴼὩὩὩ

MACS PSI ‘Ὡ ᴼ‘Ὡ 1999

Å cLFV

1999 PSI 8.3 10-11

20

Å

20 ɺ
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σMACEḪ כֿײַ ῡח

ÅҬ ̆ ױ Ҍ ԅ̙

Å ╠ ̔

1) cLFV∞ Ҭ seesaw └̕

2) Ҭ ῍֣Yukawa couplings̆cLFVҍ

neutrino physics ԑ ̕

3) cLFVҍ ᾥ flavor physics ԑ ̕

4) ᵞ cLFV ̆ҍhigh energy frontier ԑ ̕

5) ̆ Ả Ҍ╠̆ ̕
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Å ̔

ü ⱴ ָ̆Ӈ ṿ Ạ̙ ẠMACE ˻
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Å cLFVσ

üMu2e( )

üCOMET( )

üMEG( )

üMu3e( )

Å

ü PSI MuLan FAST µ ɺ

ü PSI MuCap µ ɺ

üMuSun µ µ

ɺ

ü TRIUMF TWIST µ

ɺ

ü g-2 µ J-

PARC g-2 ɺ

üJ-PARC MeuSEUM muonium ɺ

RF5-RF0-126

MACE
‘ ᴼὩὩὩ

‘ ᴼὩ‎

‘ !ÌO Ὡ !Ì
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Snowmass2021 whitepaper
arXiv : 2203.11406
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Snowmass LOI ᵄַײᶁ ᴥᵟ
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Bertrand MACE
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Å ICHEP
https://arxiv.org/abs/2309.05933

Å NuFact CLFV2023

https://arxiv.org/abs/2309.05933


ᶡ︠כֿ⅜׀ ҠɎ0ɏָɎ1ɏַײ ᴬאל

Å 1999 PSI

ψ ρπʈȾίɺ

Å ρπʈȾί

E=29.8 MeV <10%?

Å 20+

Å

Å

Å 1999 PSI

!

Å MACE

MACE : Muonium to Antimuonium Conversion Experiment.

2210/26/2024 tangjian5@mail.sysu.edu.cn
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8 26 CDRhttps://indico.impcas.ac.cn/event/63/overview

https://indico.impcas.ac.cn/event/63/overview
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SiO2₭ ῥᾔѦ ḑ Ғⱳᵘײַ
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Muonium

‘
-

MC simulation for muonium transport 

has been developed under the 

MACE offline software framework.

‘ (~1MeV) scattering

Electron capture (~1keV)

Muonium (~100eV)

Epithermal scattering

Emission to vacuum

Random walk (room temp.)

ŵ Geant4 low-energy EM process.

Ŷ Geant4 AtRest process, modeled phenomenologically.

ŷ Random walk approach to thermal muonium tracking.



SiO2₭ ῥ ḑ Ғ ҷצ
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Å Intensity of in-vacuum muonium source: Ὅ Ὅ ὣᴼ

Åὣᴼ can be improved by utilizing porous materials, ideally perforated 

silica aerogel.

ÅAn simulation method is developed to accurately simulate muonium 

production and diffusion.

ÅThe simulation is validated by muonium yield data measured in TRIUMF 

and J-PARC.

ϳὔ ὔ ϳὔ ὔ

Shihan Zhao and Jian Tang, Optimization of muonium yield in perforated 

silica aerogel, Phys. Rev. D 109, 072012. arXiv 2401.00222



SiO2₭ ῥ ḑ Ғ ҷצ

2810/26/2024 tangjian5@mail.sysu.edu.cn

ÅA novel multi-layer design is expected considerably increase muonium 

yields in a vacuum (Ce Zhang et al.).

ÅThe simulation result achieves 

Vὣᴼ ϳὔ ὔ τȢπψϷ

VNearly an order of magnitude improvement on ϳὔ ὔ .

üStill room for further optimization.

ÅMulti-ƭŀȅŜǊ ǘŀǊƎŜǘ Ҍ ƛƴǘŜƴǎƛǾŜ Ƴǳƻƴ ōŜŀƳ Ҧ ƛƴǘŜƴǎƛǾŜ ƛƴ-vacuum muonium source:

VὍ Ὅ ὣᴼ τ ρπȾÓ, assuming Ὅ ρπȾÓ

üFor comparsion, MACS 1990s:  Ὅ τ ρπȾÓ

üExpected two orders of magnitude improvements in in-vacuum muonium 

source intensity!

For each aerogel layer:

3mm thickness

2mm spacing

Shihan Zhao and Jian Tang, Optimization of muonium yield in 

perforated silica aerogel, Phys. Rev. D 109, 072012
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ÅCoincidence of a fast ▄ and a slow ▄

ÅCommon vertex (by selecting e+/e - track DCA)

V Select ὴ of e+ 

V Reject accidental e-

ÅTime coincidence (by selecting e+ TOF)

V Select ὴof e+

V Reject e+ from IC decay or Bhabha scattering

ÅCharge identification (by e- track & e+ annihilation)

e+ 

(13.5eV avg.)

ʉ

M

ɛ+

e+ 

ʉ

ɛ+

ɛ+

M

e+ 

ʉ

1. Internal conv. (IC) decay

Å ‘ ᴼὩὩὩ Ӷ’’
Signal:

fast Ὡ + slow Ὡ
2. Final state scattering

Å -ᴼὩ Ӷ’’Ὡ
3. Accidental bkg.

Å Scattering/conv. e-

Å Misreconstruction

Å Cosmic ray, etc.

e+ 

ʉ

ɛ+

ü A "clean" data taking duration

Å Pulsed muon beam

ü Excellent vertex resolution

Å e+/e- spatial resolution

Å Precise e+ transport in EM field

ü Excellent time resolution

Å e+/e- time resolution

Target



MACEḪ ᶡ῞ ᾛ’v1

3010/26/2024

I. Surface muon stop in target Ÿ muonium

II. -diffuse into vacuum & convert to -
III. Decay in a vacuum: -ᴼὩὩ’ Ӷ’

IV. CDC detects Michel Ὡ track

V. Transport atomic Ὡ to MCP (conserving transverse position)

V. MCP detects Ὡ position

VI. Ὡ annihilates on MCP

VII. ECal detects 2 back-to-back annihilation ‎

Triple coincidence:

ü MMS + MCP + ECal

Atomic ὩMichel Ὡ

‘ - Ὡ

Ὡ

‎

‎

Beam pipe

Iron yoke

Magnet

Tiled timing 

counter (TTC)

Cylindrical drift 

chamber (CDC)

Target

Electrostatic

accelerator

Michel electron magnetic spectrometer (MMS)

Transport

solenoid

Collimator
Microchannel 

plate (MCP)

PMTCsI (Tl)

Electromagnetic calorimeter (ECal)

Iron yoke

Magnet
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Magnetic spectrometer:

Å 0.1 T axial magnetic field.

Å CDC: He(C4H10) gas, 21 layers, 3540 cells. 

89% geometry acceptance, Ўὴ 500 keV.

Å TTC: 756 fast scintillators with SiPM 

readout, slant 15 deg, Ўὸ 100 ps.

Odd 

layer

Even 

layer

TTC geometry:

For each aerogel layer:

3mm thickness, 2mm spacing

Beam degrader

Muonium target:

Å Silica aerogel with perforation 

surface.

Å Multilayer design, 4% 

muonium yield in a vacuum.

Positron transport system:

Å 500 V electrostatic accelerator & 0.1 T 

transport solenoid & brass foil collimator.

Å ‐ 0.6, ‐ᴼ Ȣ 0.02.

Å Signal e+position error 100 ɛm.

Electromagnetic calorimeter:

Å Geometry: Class-I GP(4,0) Goldberg polyhedron.

Å 622 CsI(Tl) crystals with 10 cm length, PMT readout.

Å 97% geoemtry acceptance,ЎὉȾὉ 7.5% (signal 2‎event), 

67.5% signal efficiency. 

Microchannel plate (MCP) specifications:

Å Signal (e+ 500 eV) efficiency > 0.7

Å Ўὸ 200 ps,Ўὼ 100 ɛm.

0.2 mm 1.15 mm


