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Physics beyond SM in lepton sector?

A Standard Model (SM) gauge symmetry:
QSM — SU(?))C X §U(2)L X U(l)}:

N o LIE)L
QCD Electroweak Yy K Prhe
A Neutrino is massless in SM, lepton flavor is conserved, + R V(@)
lobal
Gone  =UL)pxU1)r, xU[1)z, x U(1)L,
\/_/ N —~ _J
Baryon number Lepton flavor
conservation conservation

A Neutrino oscillation z neutrino mass; charged lepton flavor

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

A An excellent window to test SM and search for new physics. 6 0 0 + 0 0 -1
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High -intensity frontier and cLFV

E How to search for new physics beyond SM? a1
A High-intensity frontier : |
U Provide indirect constraints with  precision

measurement or search for forbidden processes

A Advantages of muon  cLFV:
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U Clear signals. cLFVis forbidden in SM, no irreducible

SM backgrounds.

U High statistics. High -intensity muon beam z large

samples within a short period.

U Well motivated.  Scalable cLFV in new physics models

oball Ieptonf_lavéyur violating

. . [1] Enrique\i":emmdez—Mar i ,
InCIUdlng SUSY1 SeesaW, AI—P’ U(l)B-L . constraints on neW'-—phys_iFsEur. Phys. J. (384 (2024) 666

Significant cLFV signals ¥ clear evidence for new physics;

Null results 3 strong limit on new physics models.
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High -intensity frontier and cLFV

E How to search for new physics beyond SM?

A High-intensity frontier :

U Provide indirect constraints with  precision

measurement or search for forbidden processes

A Advantages of muon  cLFV:

U Clear signals. cLFVis forbidden in SM, no irreducible

SM backgrounds.

U High statistics. High -intensity muon beam z large

samples within a short period.

U Well motivated.  Scalable cLFV in new physics models

including SUSY,seesaw, ALP, U(1)g, .

ee;ﬂ;ﬂ
(M — M)

[2] Lorenzo Calibbi, Claudia Hagedia, Michael A. Schmidt, James Vandeleur.
Selection rules for charged lepton flavor violating processes from residual
flavor groups. Phys.Rev.D112 (2025) 7, 075031

Significant cLFV signals ¥ clear evidence for new physics;

Null results 3 strong limit on new physics models.
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High -intensity/

-precision frontier

A Experiments search forcLFV:

U Mu2e Fermilab)

LoQ 1]
i COMET (JPARC)
0 MEG-II (PSI) °Qr
i Mu3e PSI) EERR SRR

A Precision measurements of muon properties:

U MuLan & FAST at PSI Muon lifetime.

50,000

y | arxie? ?[%éd?le@ﬁea
7 I
(TeV) | |
10.000 | B(uN—eN on A1)>6x10_'8/ Mu2e

[ B(uN-eN on Al)>6x10"17
5000 - ]

all 90% CL

MEG

-— B(p—>e‘v]>6><]0 14

Excluded (uN—eN on Au) |

U MuCapat PSI Muon capture coupling constant. 500
. SINDRUM-II
U MuSun MuonElectroweak interactions and muon polarization. | Exclnded (uer)
| MEGA \
U TWIST at TRIUMF: Muon decay Michel parameters. 0.0 o1 | 10 100

U Fermilab muon € and JPARC muon 2.

U MUSEUM: Muonium hyperfine structure.

—
wooL ) e S
Yty <

Low-energy cLFV experiments complemenhigh-energy frontier
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High -intensity/ -precision frontier

A Experiments search forcLFV: 4
U Mu2e Fermilab < R
F ) FoeqQ I
U COMET (JPARC 0.100 1
i MEG-II (PSI) © 0 Qr e /::;;::i" ,.
1 O € € € — P af 2% f
U Mu3e PSI) Q2 Q0 32 0.010}
>
A Precision measurements of muon properties:
0 MuLan& FAST at PSI Muon lifetime. i :115‘3/::/ _ILC (500 GeV)|
U MuCapat PSI Muon capture coupling constant. — ILC (1 TeV)
— CLIC
-4 " " N
U MuSun MuonElectroweak interactions and muon polarizatic T, 50 100 500 1000

mH(1.)(g) (GeV)

U TWIST at TRIUMF: Muon decay Michel parameters.  per. 1onq 1§ Michael A. Schnftiys.Rev.000(2019)11, 115007

U Fermilab muon € and JPARC muon 2.
A Low-energy cLFV experiments complemenhigh-energy frontier

U MUSEUM: Muonium hyperfine structure. | & | v complementneutrino physics
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High -intensity/ -precision frontier

A Experiments search forcLFV: o' R

v oput—ety
(i Mu2e Fermilab) - 't e
I_Il = WP | Al o ) . o ute-—p-et
i COMET (3PARC) . . * TR
. ¢ @) !Ql" - 10 ;vo. ”. . o Ttoututp
i MEG-II (PSI) £ ] ;,

£ 0000 = ot )
U Mu3e PSI) ° e — 1 S .

Conversion E:

- H Pion Capture Section |53 v
W A section to capture pions with a large u v
. solid angle under a high solenoidal 10713 M OMACE
magnetic field by superconducting i v MEGII
Production maget ( ) C O M ET N MACS@PsSI, 1999
X ’ Mu3e 43 COMET
Target -15 _ -11 dj
a 10 = AN e Pyom <8.3X10 O Mu2e
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Pions . Year

Detector Section Proton Beam

A detector to search for

muon-to-electron conver- - 3 i
_— o rooeaas Production Solenoid Detector Solenoid
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Pion-Decay and
Muon-Transport Section

A section to collect muons from falalalalabalalsladslsla)
decay of pions under a solenoi- [: Muon
dal magnetic field. T u e
rEerErrrerrE Stopping Target
5m
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High -intensity/ -precision frontier

A Experiments search forcLFV: o . .

v o out—ely
O e ut—ete et

U Mu2e Fermi lab) } } 10 v = p Noe N
‘ 0] @ ‘Q O d 107 . ¢ ¢ pute  —wpuet
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New electronics: 10 v comersion
Wavedream = v
Liquid xenon photon detector 10713 v <>MACE
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methods Muon stopping target e e e A
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Muonium -Antimuonium Oscillation or Conversion?

Muonium (- ° Q). a leptonic isotope of hydrogen O, T /0
) . \ . AN ' 3 \\\ . \\\ NG \\ \\\
u 1957, B. Pontecorvo first suggested - © - process. . Ny 3 \
- e” ~—-a e NS ./Q
u 1960, V.W. Hughes et al. first observed the muonium directly. Muonium Antimuonium
u 1961, G. Feinberg and S. Weinberg published a researchon - © - .
C _ CRR C{;R — ] CIR CRI C _ CRR CIR CLR Cih' =1
€ € . N/ (excluded region has C.L. > 0.9) (excluded region has C.L. > 0.9)
EOEMHg© Hp)anYdy  process
o o - . . . A < 107 80 e MACE ]
V Distinct from YU, pprocesses(eY e 9eY eee, e NY eN) 0 MACE T 0 Puw < 107127
VvV Y0 YO can be possible even if Y0 is suppressed. £ .| ———— w0t |2 ;
C P B P PP @ 40 @ 40
7, m T O TTT T OPRP Sy <
V Complementary to Y05, p process searches. 2 0 o g % |
f 0 HTRISTAN f 20 .U'I‘RIS‘I‘/\.]'w ............ e
2 B wre”—peh) = (ute” = pet)
1 z z
Lot = Lsy + Z Z C’ E L T E s
Current bound (MACS): n>4 101 10¢
0 o <83 10U = (Brvaer) (pyer), e B
in 0.1T field, 90% C.L. = (krYaer) (RRY"ER) 6 MACS (1999) excluded 0
5 Py <8.3x 1071 51 MACS (1999) excluded
Phys. Rev. Lett. 82 (1999), 49-52. = (Br7a€r) (BrRYVER) 4 4 P <83x107H
LR __ —
QS = (hrer) (prer) P00 —05 0.0 0.5 1.0 10 ~05 0.0 0.5 1.0
Qs"” = (arer) (firer) - ot o ot ot o

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

Experiment | Facility Process Progress
MEGII PSI (Switzerland) 0 Qr Data taking
Mu2e Fermilab (US) “ 1 10°Q! | |Construction
COMET JPARC (Japan) “ 1 10°Q! | |Construction
Mu3e PSI (Switzerland) £ 00QQ0Q Commissioning
MACS PSI (Switzerland) - 0 - Finished (1999)

A Muonium conversioiis a keycLFV process.
A After PSI set thdound P <8.3! 101lin 1999,

No new experiments were proposaacethen

g+
MEGII&Mu3e

A With enhanced beaimtensityand advances in H

detector technology, breakthroughs in this field ||| |

are anticipated.
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Worldwide cLFV experiments

cLFV Experiment Timeline

Phase [ Phase I _13
MACE 4 (DR TDR insalla e Phase II 1.3x10
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A Muonium conversiorié a ke&/cLFV process.v
A After PSI set théound P <8.3! 10lin 1999,

no new experiments were proposed for 20 yea

A With enhanced beaimtensityand advances in

detector technology, breakthroughs in this field

are anticipated.
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Motivations of MACE

A Neutrinos are in oscillation; charged leptons?

A Demand for cutting-edge research:
A cLFV selects neutrino mass generation mechanism.
A Charged leptons and neutrinos share Yukawa couplings,
A cLFV complementing neutrino physics.
A Charged Lepton Flavor Violation & A quark flavor physics.
A Low-energy cLFV experiments A high-energy frontiers.

A Muonium conversion experiments have stalled for decades,
A both opportunities and challenges.

A Opportunities in future accelerator facilities:

Platform for Muon Science and Technology @ SYSU
A We are going to build several high-intensity muon sources. established on Dec. 26, 2024.

A What type of muon physics deserves further exploration?

ALet 6MACH!O

2026/4/24 Jian Tanq 13"



Muonium -to -antimuonium conversion

A- - conversion is a coherent process, A The effective Hamiltonian can be written by the
IM(1)) IM(1)) combination of 5 dirr6 effective operators,
( M()) ) (- _)( M()) )
. - - QI\}L ( 1= 7’5)3) (ﬁ}’a(l - 3’5)3),
A The oftdiagonal term induces the conversion, = (a7, (1 + r9)e) (Ar“(1 + 15)e).
(M _ %r)u - 21 <M|Heff|M> = (Ara(1 = s)e) (Ar"(1 +ys)e),
m - -
<M|7‘[ |n><n|H |M> (ﬂ(l + 3’5)6) (M(l + }’5)6),
* ﬁ 2 ;ﬁ— E + i;ff = (B =79)e) (A1 = r5)e).
Time evolution of the state and conversion probability
A Work out the time evolution: 3,00 A (30 , Details in e.g. R. Conlin, A. A. Petrov,
A Normal muonium decay: 30 (0% A . Phys. Rev. D 102 (2020) 9, 095001
A Define the conversion probabilityd  (0) 2 i i 6 0

U Insight: probability evolves quadratically over tinhglonger travel time of muonium in vacuum leads to
higher probabilityyh & S NOK T2 NJ Ydz2yAdzy O2YyOBSNEAZY Ay @I Od
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Muonium -to -antimuonium conversion

A Muonium conversion is affected also by magnetic

; : : A The effective Hamiltonian can be written by the
fleld, depending on coupling types.

combination of 5 dirr6 effective operators,

1.0

S osf L= (fr (1 = y9)e) (ar“( = rs)e),
< ool v = (Ar,(1+7ys)e) (ar"(1+ys)e),
% il (VEA(VEA), (SEP)x(S2P) ]{JR = (ﬁ}’a(l - ys)e) (ﬁ}’“(l + }’5)6),
: 0,2__ oo _ 0N = (a1 +ys)e) (Al +vs5)e),
P From T. Fukuyama et al, Phys. Rev. D 10§ (2023) 9, 095Ui29 IS{L _ (ﬁ(l _ ys)e) (/j(l _ }/5)3).
0.0 .

10*6 10*4 0.01 1
B/Tesla

A Therefore, the conversion kinematics differ from experiment to experiment (affected by different target
technology, different magnetic field, etc.).

A Conventionally, we choose-¥ coupling constant§O  as an experimenindependent measure:

Lo = —% (" (1 —~°)e) (fvu(1 —°)e) + h.c.

A For example, the latest bound & U& p 1t also reported asO Tt 1O .

2026/4/24 Jian Tanq 15



Method 1. muonic -atom spectroscopy

A The first method in history. 7
20 um Scintillator ~ Pholotubes ﬁ Veto Scintillator Nal(Th

A Signalmuonic atom characteristic-bay = " & i i Z N y
SYAGGSR FNBY -inG2y -~ —\\ R rrew—— v
antimuonium. T g . Pl Tays

A BackgroundBremsstrahlung from " | 1] g ' Targor
positrons, or radiations in experiment: | Z L - = éé
ha” +50 cm =/1 280 cm -

A Limited by severe background and sh ruepun Z i
coherent conversion time. . AN

Z Iron, Concrete, CH , (B) Shield

Muonium  Crystal Box
production  Detector
target <9,
Experiments: %
1. O v P O"at Nevis lab). J. J. Amato et al. Phys. Rev. s

Crystal Box final
result;

Lett. 21 (1968) 1702712 0 P8O
2. O @830 (at LAMPF, with Crystal Box detector). B. Ni (3x10°>"/s, 150 h
et al. Phys. Rev. D 48 (1993) 19289 data taking)
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Method 2: target activation

Signal:

.. : : Catcher Support

(i > from antimuonium capture o84V target produce$84Ta. 1.8 cm \

¥ 4 66° Catcher Rod

N

U Offline radiochemistry analysis to find decay signal$da T

6i b nmn1S+* ' b RSflI &SR chm . -
Backgrounds: SiOJ Powder W Foll
U "°Ge metastable state (691 keV, 439 ns) in Ge detector. N
Simple experiment setup and low background level; but s} (0)414 eV 1 Final result:
limited by very low signal efficiency (~10 and short 2 ,l, . (;%(106 :348@
coherent conversion time (typically < 1 us). 1 I I I” I II " llLl 535 hdata taking)

A M. Aoki proposed to search for the conversion with PRI %50 400 450 500 550

Prompt 7y energy (keV)
and purified'®\W target (NIMA 503 (2003)).

Experiment:
A O g @ (at TIRUMF). T. M. Huber et al. Phys. Rev. D 41 (19902269
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Method 3: antimuonium decay spectrometer

A Signal:A fast e N2 -Yh artimuonium decay an pump— 4 ]
a slow e from orbit. magnetic field coils MCP g
hodoscope Csl —

- \ mwec b g 25
A Backgrounds: 1 e counter Zpnimaton SN | gF

U >*Ihe*e et AAwith one slowe*and another & missing.

- . || SiOstarget
U Accidental backgrounds. L

o
IIII|IIII|]III|II]I
nnn@ |

|| accelerator 4
\‘x L }j iron ‘ 2.5
Low background level; reasonable signal efficien - /| collmator— .
1 1 _‘H ”'lful_ Il _ |||||||||;u|1|1||111
and long coherent conversion time. | S | § okl e
p— O o~ ——
We follow this principle in MACE. =1 P ;j TOF - TOF ¢ pectea [NS]
| : < separator

Experiments: | m = o)
A O m® 4O (at LAMPF). B. E. Matthias et al. Phys. Rev. Lett. 66 (19912736  Final result:
A O np tO (at JINR). R. Abela et al. Phys. Rev. Lett. 77 (199619830 0 T3t IO
A O mdt U0 (at PSI). L. Willmann et al. Phys. Rev. Lett. 8@, a@st bound) (8x10° >*/s, 1730 hdata taking)

Aque 8 5K X al!/ 9 O2tflF062NrGAZ2Y
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1940s till now: a cLFV odyssey

100 ’ v T + e + ¥
_ * A " —etyy .
10° ¢ Wt ete-o+ | Towards new muoncLFV experiments
1074 B uN—=eN A Construction of intense muon beamlines soon in Cf
+ .- -t
. e A . ¢ me e R Development of particle detection technology
2 10 * Th R
g A
= 8
. 10 A
2, -
o 410
— 10 @ @
10—127
10
10—16_
1940 7 1960 1980/ 2000
Crystal Box , 1986 MACS, 1999  Year
YT X8 p ’
BBBBBBB 557 ‘ (9) X TALS ACROSS ‘ » V : \
HIE 7 S i 3 E! : Muonium-to-Antimuonium Conversion Experiment
1= I |
il S5 e i £ MEGI Mu3e MuZe COMET MACE (China)
e T e L i<, (PSI) (PSI) (Fermilab) (J-PARC) 0. Q00
= ||| v.fi,fﬁsm | ¥ se . o0Qr 000 . 00Q. . 00Q.
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Status of muon sources around the world

Pulsed Pulsed’
AN
\

TWIST

Continuous Jrgf,ggc!n Labl| Pulsed’ |:iNEME~ay

. .
1 Institute for

Basic Science Continuous

’ \
’ \ 7
/ \ ’
K ContinuouV e . p c" I
7/ i " \ ,’
M @ Psi o ¥ v o»Y o | Pulsed
l., MEG \() Japan Proton Accelerator Research Complex
Mu-MASS MuSEUM
MuLan 9 Muon cooling & acc.
“ MEGII . MALE COMET
Pulsed / Mu3e ’ Muon g-2/EDM
Muon g-2 ! muEDM ) .
Mu2?a , muCool (i sisiennii Continuous
, HECE LD
Continuous
. AR R A E A%
i
t
OAK RIDGE Pulsed
%NntionalLaburatory‘ Pulsed G”s i:::‘sjﬁla:jwtmiuﬁuwbl
Pulsed
® Current "Driven by electrons
o Future TDriven by protons or heavy ions

TS

HIAE & CIADS. Huizhou, China

(commissioning &under construction)

-
——

A Global facilities: PSI (Switzerland), J-PARC (Japan), ISIS (UK), TRIUMF (Canada), FNAL (USA).
A Various high-intensity muon sources in China, to be built soon: CIADS/CSNS/HIAF/SHINE.
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Muon beamline of CIADS

A A surface muon beamline is under wayhina Initiative Accelerator Driven System(CiADS)

A Exploring cuttingedge research with high muon flux?

Credit: Han-Jie Cai

Beam o qe :
power Target Target Intensity” s Spin pol. background
Full-solenoid ~94%
300 kW Graphite
Mixing p T >99%
<0.1%
Full-solenoid ~94%
3 MW Lithium jet
Mixing p T >99%

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

2026 2027

250 kW: 500MeV

500 MeV DV Qo A N
A Beam stability test
A Muon beanmcommissioning
A Accelerator construction A One target station, two beamlines

A Proton beam commissioning

2027240K)
3 MW: 600MeV & 5SmA

“A2.5MW commissioning

A 2.5 MW longterm run

A Two target station, four beamlines
A Muon physics and applications
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Muonium -Antimuonium Conversion Experiment (MACE)

A MACE conceptual design

Muonium-to-Antimuonium Conversion Experiment

2026/4/24 Jian Tang 22



Snowmass2021

- Letter of Interest

A Experiments search forcLFV:

U Mu2e Fermilab) | 00 |

‘ O'Qr
0 QQQ

i COMET (JPARCQ)
i MEG (PSI) ‘
i Mu3e PSI)

A Precision measurements of muon properties:

U MuLan & FAST at PSI Muon lifetime.

U MuCapin PSt Muon capture coupling constant.

Snowmass2021 - Letter of Interest

| RF5-RF0-126 |

Search for Muonium to Antimuonium Conversion

RF Topical Groups: (check all that apply (/M)

[ (RF1) Weak decays of b and ¢ quarks

O (RF2) Weak decays of strange and light quarks

O (RF3) Fundamental Physics in Small Experiments

0 (RF4) Baryon and Lepton Number Violating Processes

B (RF5) Charged Lepton Flavor Violation (electrons, muons and taus)
O (RF6) Dark Sector Studies at High Intensities

O (RF7) Hadron Spectroscopy

[ (Other) [ Please specify frontier/topical group(s)]

Contact Information: (authors listed after the text)
Name and Institution: Jian TanE/Sun Yat-sen Universirk'
Collaboration: MACE working group

Contact Email: tangjian5 @mail.sysu.edu.cn

Abstract: It is puzzling whether there is any charged lepton flavor violation phenomenon beyond stan-
dard model. The upcoming Muonium (bound state of p+e™) to Antimuonium (u~et) Conversion Ex-
periment (MACE) will serve as a complementary experiment to search for charged lepton flavor violation
processes, compared with other on-going experiments like Mu3e (u* — e*e~e™), MEG-II (o™ — e*)
and Mu2e/COMET (= N — e~ N). MACE aims at a sensitivity of P(ute™ — p~et) ~ O(10-13), about
three orders of magnitude better than the best limit published two decades ago. It is desirable to optimize
the slow and ultra-pure = beam, select high-efficiency muonium formation materials, develop Monte-Carlo
simulation tools and design a new magnetic spectrometer to increase S/B.

Yu Chen, Yu-Zhe Mao, Jian Tang, School of Physics, Sun Yat-sen University, China.
Yu Bao, Yu-Kai Chen, Rui-Rui Fan, Zhi-Long Hou, Han-Tao Jing, Hai-Bo Li, Yang Li, Han Miao,
Ying-Peng Song, Jing-Yu Tang, Nikolaos Vassilopoulos, Tian-Yu Xing, Ye Yuan, Yao Zhang, Guang
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Probing the doubly charged Higgs boson with a muonium to antimuonium

conversion experiment
Chengcheng Han,' Da Huang 2 Jan Tang ! and Yo Zhang 30
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Muonium to antimuonium conversion:
Contributed paper for Snowmass 21
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The spontaneous muonium to antimuonium conversion is one of the interesting charged lepton
flavor violation processes. It serves as a clear indication of new physics and plays an important role
in constraining the parameter space beyond Standard Model. MACE is a proposed experiment to
probe such a phenomenon and expected to enhance the sensitivity to the conversion probability by
more than two orders of magnitude from the current best upper constraint obtained by the PSI
experiment two decades ago. Recent developments in the theoretical and experimental aspects to
search for such a rare process are summarized.

28 citationsso far based on inspirehep.net
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Feedbacks after Snowmass LOI

This effort is part of a global muon program under study within Snowmass

A New Charged Lepton Flavor Violation

Program at Fermilab * Muon decays (MEG and Mu3e)
* Muon conversion (Mu2e / COMET and Mu2e Il)

* AL=2 processes L' N— e*N
Bertrand Echenard — Caltech + Muonium — antimuonium (MACE)
with Robert Bernstein (FNAL) and Jaroslav Pasternak (ICL/RAL SCTF)

* General Low Energy Muon Facility (FNAL)
* Light new physics in muon decays (MEG-Fwd)

Potential Fermilab Muon Campus & Storage Ring Experiments Workshop
May 2021

A large community committed to muon physics at FNAL and around the world
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