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I Motivations for cLFV searches

B Current B Future

Proton decay

* Quark flavor mixing: CKM matrix (2008 Nobel Pri ti i
g ( e rlze) § -LFV -mtlj-:‘ns’
+ Neutral lepton flavor mixing: Neutrino oscillation (2015 Nobel Prize) R
(&-2)
« Charged lepton: e
cC (v)
cCc T
NC (Moller)
. . . . NC (eq)
Consider tiny neutrino masses in the Standard Model T 2 e s e e e
,Y EWSB Loglo [/\I(GeV)] GUT Planck
Prog.Part.Nucl.Phys. 71 (2013) 2-20
B10" 2
Brls = €9) = g5 1o [Via UL+ U U]~ 10 W W
! g LI;I. V.T'L U,; g ¢
v' Forbidden in SM, free of SM background. Why muon?
v' Many BSM models predict scalable cLFV  Lightest massive unstable charged lepton.
v “Smoking gun” evidence of BSM, if observed! * Reasonably long 2.2-ps lifetime.

v' Complementary with the high-energy frontiers. * Almost free from QCD corrections.
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I 1940s till now: a cLFV odyssey

100’ \ 4 v ut ety

5 * . A pT ety
10 ut—eteer | Towards new muon cLFV experiments
10" m__pNoel « Construction of intense muon beamlines in China

A ® e —spue” _ _
100 8 A % oty « Development of particle detection technology
A

10 °} A

Upper limits
\
\
l

0 MEGll

10" COMET™ Y 0(10713) sensitivity!
16| Mu2e

10

1940 1960 1980 / 2000 2020 2040

Crystal Box, 1986 MACS, 7999 Year

BR < 7.2x 10711 Pyom < 8.3 X 10-11

EBUTER AL s 7 /436 g “

o OMET

/ | -

| = T MEGII Mu3e MuZ2e COMET MACE (China)
LY]Q : = (PSI) (PSI) (Fermilab) (J-PARC) M->M (ute” > pu-e")
BN . = ut -ety put-oeteret wu N-oe™N p~N-e™N
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I Muonium conversion

Muonium (M = u*e™): a leptonic isotope of hydrogen

- 1957, B. Pontecorvo first suggested M — M process.

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

« 1961, G. Feinberg and S. Weinberg published a research on M - M.

M - M: an AL, = 2 process

v' In SMEFT: operators different from AL, = 1 processes

(u— ey, uy — eee, uN — eN)

v' AL, = —AL, = 2 can be possible even if AL, = 1 is
suppressed.

v' Complementary to AL, = 1 process searches.

Phys.Lett.B 852 (2024) 138621
Phys.Rev.D 105 (2022) 1, 015026

Current bound:
Py < 8.3x10M
in 0.1T field, 90% C.L.

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

New physics scale A (TeV)

100+

80
70

60
50

40

30

20

SN W N 1o o

/";‘-\ ’
\ ~ ?

. H

Y

~
N
~ \
.
\“. —_
. ¥

Muonium

-

Cit =CfR=clf =1, Cif =t
(excluded region has C.L. > 0.9)

_________________ Py < 1071
[ Zdt =100 b
UTRISTAN
(ute” = pu—eh)

LHC /5 = 14 TeV

MACS (1999) excluded
Pyg <83x 1011
) ~05 0.0 0.5 1.0
LR RL
CS ’ CS

~

~
~

7 '\ ,u'. RS
—_— N
~
~

~
~
-

New physics scale A (TeV)

100+
90}~ _
80| Tl
0 . MACE Py €101
60 Ny -~
~, s~

B L Oy OO

\ ~ €
\\ % N \\
\
@ ) )
e So /
e+

Antimuonium

i = CBR= I, ClR =R =1
(excluded region has C.L. > 0.9)

___________________ /[ %dr =100 fb~!

UTRISTAN
(ute —peh)

LHC /5 = 14 TeV

MACS (1999) excluded
P <83x1071

—0.5 0.0 05 1.0

—1.0 .
i, Cff, of

Siyuan Chen

Muonium-to-Antimuonium Conversion Experiment (MACE)



I Signal and backgrounds

Signal: 1. Internal conv. (IC) decay 2. Final state scattering 3. Accidental bkg.
faste” + slowe™ O ut->-eet O M-et e” O Scattering/conv. e
~ — O Mis-reconstruction
q%o’ O Cosmic ray, etc.

.
.
o

(13.5eV avg.)

Coincidence of a fast e and a slow e*
» A'clean" data taking duration

Common vertex (by selecting e*/e- track DCA)

O Pulsed muon beam
v’ Select pyy of €*

_ _ » Excellent vertex resolution
v' Reject accidental e

O e*/e spatial resolution

Time coincidence (by selecting e* TOF)

O Precise e* transport in EM field
v Select p, of e*

v Reject e* from IC decay or Bhabha scattering > Excellent time resolution

O e*/e time resolution

Charge identification (by e- track & e* annihilation)
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I Status of muon sources

=t

HIAF & CiADS, Huizhou, China
(under constructlon)

Continuous .!gfj/eg on Lab| Pulsed’ [E3SE=#E#r8d Pulsed Pulsed

TWIST

AY
Institute fi .
\\ ]l)s aeniie ot | Continuous
’ \\
’ \ ,
! Al /
i’ \ ’
’ AY ’
i Continuou(s/t \\ t/ 'y I
f g \
o ¢ @ Ps! ./"./ e | Pulsed
MEG \() Japan Proton Accelerator Research Complex
Mu-MASS MuSEUM
MuLan -9 Muon cooling & acc.
MEGII L MAPE COMET
Mu3e L7 Muon g-2/EDM
muEDM e Contl
muCool G Atkentasss ontinuous

, Continuous
; ThiAF TER AR AR R H %

Pulsed!
¥.0AK RIDGE Pulsed

- National Laboratory C;”s f“:ﬁf‘ j’ff,

Pulsed
® Current ‘Driven by electrons
o Future TDriven by protons or heavy ions

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

First high-intensity muon source in China, to be built in the Greater Bay Area: CiIADS/CSNS/HIAF/SHINE.
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| Muon beamline of CiADS

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

« Exploring cutting-edge research with high muon flux? Credit: Han-Jie Cai
Beam . A .
power Target Target Intensity (s) Spin pol. background
Full-solenoid >5x 108 ~94%
300 kW Graphite
Mixing > 5x 107 >99%
<0.1%
Full-solenoid >1x 1010 ~94%
3 MW Lithium jet
Mixing > 1x10° >99%

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

2025~2051

2026 ~ 2027 3 MW: 600MeV & SmA

2025~ 2026 250 kW: S00MeV & S00pA

2.5 MW commissioning

2.5 MW long-term run

Two target station, four beamlines
Muon physics and applications

25 kW: S500MeV & S50pA

* Beam stability test

* Muon beam commissioning
* Accelerator construction * One target station, two beamlines
* Proton beam commissioning
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I Conceptual design of MACE detector system

Michel electron Magnetic Spectrometer (MMS) Positron Detection System (PDS)
’ o o ' < MMS:
Tiled timing Cylindrical drift Electromagnetic _ .
Iron yoke counter (TTC)  chamber (CDC) Iron yoke calorimeter (ECAL) * CDC: e™ tracking

Target

Electrostatic
accelerator

l.
Il.
Il
V.

« TTC: Trigger, timing

PTS:

* Accelerate and
transport atomic e*

PDS:

+ MCP: atomic et
transverse position

« ECAL: e™ identification

Magnet

Transport
solenoid

g
i
1 <
//

& 4 e
[
|

Triple coincidence:
Microchannel > MMS + MCP + ECAL
plate (MCP) |

Michel e~ Atomic e*

Collimator

!

Positron Transf)ort System (PTS)

)

Surface muons stop in target — muonium l. Transport atomic e* to MCP (conserving transverse position)
M diffuses into vacuum & converts to M .  MCP detects e™ position

Decay in a vacuum: M — e*e™ lIl.  e* annihilates on MCP

CDC detects Michel e~ track V. ECAL detects 2 back-to-back annihilation y

Siyuan Chen
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I Muonium production target

« Intensity of in-vacuum muonium source: I}f€ = * The simulation is validated by muonium yield data

I Y measured in TRIUMF. J. Beareetal, PTEP. 2020, 123C01 (2020)
beam‘u—-M

Y, can be improved by utilizing porous materials, * Optimize Y, in perforated bulk target by scanning

ideally perforated silica aerogel. parameters, it can achieve

. . . v Max Y,y = Ny2¢/Ntetal = 1,1349%, with 2mm hole
« A simulation method is developed to accurately uom = N/ Ny 0

O-
simulate muonium production and diffusion. depth, pheam = 28 MeV/c and 22 = 2 505,

Pbeam

2 times larger than the yield in 1999

Perforated silica i
aerogel spacing\
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Muonium with thermal energy

Zhao, Shihan, and Jian Tang. "Optimization of muonium :

yield in perforated silica aerogel." Physical Review D 000002 o0a 006 008 010 0.02 004 006 008 010
109.7 (2024): 072012. Ablation hole spacing s (mm) Ablation hole spacing s (mm)
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I Positron transport system

-~

« The component of positron transport system (PTS) /L g;,;;\-
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Beam tube
Transport solenoid 1 Transport solenoid 2
(T1) Bending solenoid 1 (12)
(B1)

ll. Flight time: 322 ns.

1. Fllght time FWHM: 6.9 ns. Accelerator
Suppress the IC decay bkg. to the level of 1077

IV. Spatial resolution: 0.088 mm x 0.102 mm

Lu, Guihao, et al. "Positron Transport System for Muonium-to-Antimuonium
Conversion Experiment." arXiv preprint arXiv:2508.07922 (2025).
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I PTS prototyping progress

« PTS validation

Testing with TS solenoids and accelerator

module

» Accelerator module prototype

Multi-layer PCB

High voltage > 2 kV

thilh 75.2
&= 78.0
=i 25.0

YT uu}mh
VT il

\\\\\H\ﬂ u}lm
A

Ionization Vacuum Gauge Venting Valve

Particle Source

Thermocouple

Vacuum Gauge

&= 1019
I =iE 26.4 )
0

i

Gate Valve

Molecular Pump

5 Detector Chamber
T

ol

/ High Vacuum
[ ]

Roughing Valve
Foreline Dry Mechanical
Valve Pump
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| Tiled timing counter

« Tilt design, signal track hits 2-3 scintillator tiles.
* Azimuth spacing ¢ = 2.951°, tilt angle a
 Full simulation result:

« Geometry efficiency: egeom = 83.7%

» Detection efficiency (amp. > 3 p.e.): ey =

Double hits: track will not crosses the angle

crossed the angles

II!I///Z.///_//W_ :

“‘1‘ g
% ’
\

46°.

=

2

99.6%

3'“5Cm

Test with cosmic-ray muons:

Triple hits: the first and third tiles may be

Fitted time resolution:

* Double-tile: 6, = (513 + 17) ps
* Single-tile: o, = (362 + 12) ps

-1 MACE CDR MACE preliminary
gk = 4000
s F p - ® 4 Data
S 09 - E
5 F & 3500 — Gauss Fit
@ 0.8 5] C
2 r s 5 3000 L=7599 &399.03ps
0.7 - ¢=51297 +16.55ps
MACE prelimin / ,’ F E ¥ 2ndof =1.13
i - SE g T Bemom 08E 25001 G,=362.73 +11.70 ps
o sl a, ¥ HoTon-SP101 Data i 3 HoTonSP101 Data 0 5: C
Zwp T s EJF = mo— s EJFR SET -
2 b 3 :i:nnm: g r s HoTon Fit F _ ) 2000:
a r f ¢, 103) =, Landau(i.c) * ND.y) + T expl500] @ ol 1) = n, Landau(i.o) * MO.;) + nT14expls] 0.4— € (2-ile coincidence) =
300 — - A, =470.20 £ 081 c kg =44261+ 199 - 1500_
E 3 Aaron = 436.34 £0.53 ol poren = 435.75 £ 1.99 0 31 r
m:_ Ve ;n -1 E 2 fndol = 1.56 ~E E
, E '_'.-1 " e ,., 0725_ &* (2-tile coincidence) 1000:—
. f 01 500/
° ° 003 —_— S N 5|O . CEL . N | L
Momentum (MeV/c) =5 —4 -3 -2 -1 0 1 2 3 4 2
7060 T 1200 time (ns)
Wumber of Optical Photons (p.e.) = ! . . .
- MMS efficiency vs. Momentum Timing resolution
i
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I Sensitivity estimation

« Summary of current simulation results:

Detector, component or analysis Efficiency type Efficiency value
Background type Counts/(10% /s -1 yr) Geometric efficiency (e5[3/s) 84.6%
Magnetic spectrometer (MMS)
Physical background pt = ete ety 0.287 £ 0.020 Reconstruction efficiency (£35598) ~ 80%
Beam postiron < 0.07 Positron transport system (PTS) Transmission efficiency (eprg) 65.8%
Accidental background
Cosmic ray (with veto) < 0.1 Microchannel plate (MCP) Detection efficiency (encp) 32.6%
Total <1 Incident efficiency EE‘C AL 63.4%
Electromagnetic calorimeter (ECAL) Geometric efficiency sggcjfi 95.3%
10-10} Reconstruction efficiency eResh 94.0%
Pysi < 8.3x 10711 (90% C.L.)
MACS (1999) SES =2.8x 10! Total detection efficiency 8.25%
é -l Analysis Signal efficiency (ecut) ~ 80%
.E‘ Total signal efficiency 6.6%
Z MACE sensitivity
2 1012}
5
> —_ 1 3 M L] L] L] L] .
: P <385 10-1 0% C L) 0(10713) single event sensitivity is expected:
'E:b SES=1.3x 107" )
e T T — 1% 10
@ 1075} ,uéT/s
5 ¢ 10 SES = ! =13x107"
» HOTs - EgeomgreCOHEPTSEMCPc?In Geom EReconEC thac o
10 0 00 200 300 300 MMS=MMS ECAL~ECAL~ECAL=Cut- M
Data taking days
Siyuan Chen
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I Proposal of MACE Phase-l

O Muon cLFV decay modes

8 LAYERS

DRIFT CHAMBER

36 HODOSCOPE
COUNTERS

1
+

(10) XTALS DEEP
(9) XTALS ACROSS

=== | =
S e e ) J ‘ / o0 ,
n e annihilation: ue —->yy 0(10 5), 1959 1 > o L - L Crystal Box:
: — wfjii s,
v" Neutrinoless decay: u* — etyy 11 | s:c%\?* ,Jfr ut —etyy
0(10-1), 1988 3| i w— i l .4
_ , || e— i s Ut o e X, X -oyy
v New particles: DM, ALP, Familon, ... Crystal Box, MEG | L %iwms Y 1l . ut o etyf
PRL, 1959, 3: 288-291 ‘ (E ﬁ j :;' | .
[LILY 66cm
PRD, 38 (1988) 2077 j i
EPJC, 80 (2020) 9, 858 - 20en |
O Test of the Standard Model COBRA Magnet
v BR(u* - etyvv) 0(1078),E, > 45,E, > 40 MeV, 2016 \ prift Chamber
v BR(mt - nletv,) 0(107®), 2004 wt i ;(\L e: :5 ] MEG:
( iming Counter R + +
v BR(nt - etv,)/BR(nt - utv,) 0(107%),2015 = M+ - €+V
[ . ] °
EPJC, 76 (2016) 3, 108 PIONEER CDR, 2022 | —— — . H+ : 2%/(1/}/( .
Int.J.Mod.Phys.A, 20 (2005) 472-481 /.,-/ “ A '.II K ! 144
PRL, 115 (2015) 7, 071801 Liquid Xenon ==

Scintillation Detector

arXiv: 2203.01981

O Perhaps: X17 anomaly ... PRL, 2016, 116, 042501
_

How to improve the sensitivities?
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I MACE Phase-l detector

Calorimeter (ECAL)

Scintillating
Fiber (SciFi)
Tracker

Phase-l requirements:

» High-intensity muon beam —— improvement of statistics
» Detectors with fast response —— “pileup” rejection

« e™ tracking and timing, e™ /y discrimination

« High acceptance and granularity, good resolution

Challenges: No applied magnetic field, high background rate.

Beam Pipe

Tiled Timing Counter
(TTC)

Detailed simulations and calibrations are undergoing!

Siyuan Chen Muonium-to-Antimuonium Conversion Experiment (MACE)
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I Tracking System

* Precise timing ability
« Low material budget
 Low cost

« et /y discrimination
* High active area
« High e™ detection efficiency

» Low y detection efficiency

U

Plastic scintillators!

See poster by Yinyuan Huang

Event display

!\"‘

€7

SciFi baseline design:

Crossing fiber arrangement
2360 channels

Single-end readout by SiPM

Angular resolution ~5°
Timing resolution ~1 ns
€Recon ~ 90%

€ =97%

& = 2%

Siyuan Chen
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I Tracking System

* Tiled timing counter (TTC)

108 tiles of plastic scintillator in total
Double-end readout by SiPM arrays
Good timing resolution, ~0(100) ps

See poster by Hao Jiang

Providing timing information to ECAL, e/y discrimination

Prototype readout by single SiPM each end reaches 230 ps.

Standard deviation

200

11
brolhoirvwso

[

MACE preliminary

t Data
— Total
=== Component1
===+ Component2

f(x) = n, Landau(x,s) *N(0,5,) + nzl[1 +exp(’%1)]

A =24293 +£0.30
c,=16.52 £0.24

c,= 1419 +0.47
n=152.85 +9.89
c,=1.02 +16.34
n,=19374.12 +139.66
n,=9.26 +056
¥Z/ndof = 1.047

FRDNRURTU A T S T U U S Sy

ST AL _{
oy

i ﬁﬁ P *ﬁ; W#ﬂk

Events / ( 0.04 ns )

700 200 30 500
Number of Optlcal Photons (p e)

MACE preliminary

—4-Data

600 — Gauss Fit

500 | = -534.69 £ 2.97 ps
o =324.81+2.10 ps

x"2/ndof =1.58

400 G, = 220.68 + 1.48 ps

300

200

100

I\Illl\I|IIII|IIII\IIII|IIII|IIII

At (ns)

Siyuan Chen
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I Electromagnetic Calorimeter

Design scheme:

« High acceptance and granularity

PEN detector MACE ECAL
pCsl + PMT pCsl + SiPM

« Symmetrical structure
» Class-l GP(8,0) Goldberg polyhedron

» Crystal scintillators coupled with SiPM arrays

*0V=2V
*0V=3V

LYSO BGO Pure Csl v Baseline design

« 30000 ph/MeV 8000 ph/MeV 3500 ph/MeV
« 40 ns « 300 ns « 40 ns Undoped s 20%
 Radiation hard Not hygroscopic * Slight hygroscopic '
 Not hygroscopic * Emits at 480 nm ¢ Emits at 310 nm

e Emits at420 nm « CNY ¥ 100/cm3 Adopted by Mu2e and PIBETA = = e

« CNY ¥300/cm3 « CNY ¥30/cm3 NUV SiPM readout

Sensors 19 (2019) 2, 308

250 350 450 550 650 750
Wavelength (nm)

°
Intensity (arb. units)

[ ]
o

Siyuan Chen Muonium-to-Antimuonium Conversion Experiment (MACE) 22



MACE Preliminary

I Sensitivity estimation of M — yy Y A T
D - 90%C.L. (qa=1.64) 1
g 30 Limit = 48.7 E
Signal: Double collinear 53 MeV gamma-rays. T 25 £
% = 2.0 -
* Non-response in Tracker 157 3
g 10 £
» Double tracks reconstructed by ECAL 05/ ]
0.0 ; E
Y L R IR
Background: Accidental coincidence of “pileup” positrons. Signal Events nsg
MACE Preliminary
> e T T
g 10 2 « Asimov dataset (signal & bkg)
©
10715 E TR :
e’ § soted ] * Profile likelihood ratio test
=
g 107 3 « 5% systematics error included
..(‘2 10—167 P -~ ]
M S 107 §
R S . Upper limit of BR: 5.2 x 10712 (90% C.L.)
e+ 10_193— Pile up Michel et . E
= —— Signal BR 1072 U o -
102 s:g::mmo-m ] 0(10 5) in 7959 PRL, 1959, 3: 288-291
0% 95 100 105  1i0 115 120 125 See also Backup slides

Esum (MeV) for estimation methodology
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MACE Preliminary

_of Calculated by McMule ------ { - evvyy generated
—— [l = evvyy simulated

—— Signal BR 10712
—-- Signal BR 10713

I Sensitivity estimation of u™ - eTyy

Event selection criteria:

-1

L
N
T

 Time coincidence

o

Events per muon decay
— S —

10
+ Single track in Tracker, Triple tracks in ECAL 10::- ...............
10
« Energy-momentum conserved 13:{
95 100 105 110 115
Eeyy [MeV]
Signal: Background: -
Tiiple coplanar tracks Double radiative muon decay Sup = _F);21[1 —a,2(ngp + 1] — b
e™ and two ys SciPost Phys. 9, 027 (2020) 2
Nops = b
)4 Y v S
el\ """""" ’ el\ """""" BR(ut - eyy) = =
- gsignalq)uT
iV vV Upper limit of BR: 3.5 x 10713 (90% C.L.)

_11 .
More solid simulations and refined data analyses to be updated! O(1077%) in 1988 PRO 38 (1988) 2077
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I Sensitivity estimation of u* - e™ + a

lollt_ _— - : ] ] : . - ‘_:
Mu2e—X/COMET-X (fut.) ,-l_(”:l"ff|=|c‘i"f"|=l ‘
« Background: normal muon decays QOIOTIIII I s el lg
E MEGII-ALP (fut.) Jodidio et al. é“. : ;
« Beam time of approximately 28 days 10°. S ajf
S ‘ =
« Comparable to that of Mu3e and MEGII-fwd g w UL — 2
< L cooling
 Extending the running time to 120 days would provide 107 SNI987A retioots
a clear sensitivity advantage ~0(107%) 10°
= cT,<l m
- = . [ i i " i A " il | : l:
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Summary

« Next-generation muon cLFV experiment —— MACE aims at two orders of magnitude improvement in M-to-M

conversion probability.

« MACE Phase-l: Forerunner of MACE. A search for batches of muon(ium) cLFV decay modes could be
forthcoming, also aiming at broader physics programs.

e (5S2hR)

- 0(10713) sensitivities are expected. NUCLEAR Titisiooes

Vol.37 No.4 | April 2026
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I A recent review article

Muon beams towards muonium physics: progress and prospects

Siyuan Chen, Mingchen Sun, Jian Tang*

arXiv:2601.15818

» EXxisting reviews are nearly fragmented or outdated.

» Covers a complete set of muon beams and muonium physics studies to date. Scan mel!
* Muon beamline development and future prospects @ @
* Precise muonium physics: from cLFV to atomic spectroscopy . : :.;:f,.
 Applications: ySR and MIXE X :

- Received high praise from the international muon community

- Comments are welcome! E] s S RN U £
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I Phase-l ECAL performance

Second Neighbor

Energy-weighted
« Baseline requirement based on full simulation: clustering
' o
* Full optical physics: scintillation, transportation, collection - First Neighbor
« Coincidence timing resolution better than 200 ps
- Energy resolution better than 5% @ 53 MeV ] /
« Angular resolution better than 5° | )
y beam |,
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I Phase-l TTC performance

 Full simulation result to investigate TTC efficiency curve and QDC threshold
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| Profile likelihood based test of M — yy

Sensitivity estimation

Data preparation

Energy bias <—

Pileup events

simulation simulation J
Angle bias <— @

Tracking, PID TR :
J Scintillating Fiber

> Tracker

Optical physics W Timing, PID

» Tiled Timing Counter

Energy

~ Performance

Detector response models 5 Electromagnetic

Sig & Bkg PDFs Calorimeter

PID efficiencies
.- See also

Statistical tests )
arxiv:1007.1727
] 1e8 events o 90% C. L. o ] ]
Asimov dataset » Profile likelihood > Upper limits »  Branching ratio
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