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Physics beyond SM in lepton sector?

O Standard Model (SM) gauge symmetry:
QSM — SU(?))C X SU(Q)L X U(l)y

. 7 N ~— - A.r, l: oo

QCD Electroweak | e ;/\% .
O Neutrino is massless in SM, lepton flavor is conserved, T Y o
+ D[ -V
GElobal — (1) x U(1)z, x U(1)z, x U(1). IV
W_/ - —~ _/
Baryon number Lepton flavor
conservation conservation

O Neutrino oscillation — neutrino mass; charged lepton

flavor violation (cLFV) is strongly suppressed in SM with

+1 0 0 -1 0 O

Dirac neutrino. L, 0 +1 0 0 -1 0

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

€ How to search for new physics beyond SM? e

O High-intensity frontier: |
» Provide indirect constrains with precision

measurement or search for forbidden processes.

O Advantages of muon cLFV:

» Clear signals. cLFV is forbidden in SM, no irreducible ]
SM backgrounds. |

» High statistics. High-intensity muon beam — large

o S /
\ Inii

tinez et al, Global le ﬂavourﬂyiti'l’ating
-J. C 84 (2024) 666

samples within a short period.

» Well motivated. Scalable cLFV in new physics models

Enrique Fernandez-

including SUSY, seesaw, ALP, U(1)g_, . constraints oituey physics. FRF:

Significant cLFV signals — clear evidence for new physics;

Insignificant result — strong limit on new physics models.
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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(ute” »> u~e*):an AL, = 2 process

v Distinct from AL, = 1 processes (u — ey, u — eee, uN — eN)
v' AL, = —AL, = 2 can be possible even if AL, = 1 is suppressed.

v' Complementary to AL, = 1 process searches.

1

Lett = Lom + Z

n>4

ZC’

New physics scale A (TeV)

Current bound (MACS):

Pyoym < 8.3X10™ = (Bryaer) (ALY eL)
in 0.1T field, 90% C.L. o
= (lrYaeR) (rRY"€R) 5
Phys. Rev. Lett. 82 (1999), 49-52. ( BL) (ﬁR'YaeR)
SR (hrer) (firer),
&% = (mrer) (krer) -

00

90
80
70

60
50

40

30

20

10}

/'_"‘-..\ /'_:"'-\ /"‘x _
‘\ lu \ ? ‘\ U \\ \ N e
o AN \\ e \ \\
\\ N
. e o @ o~ ,
- - ~
a e+
Muonium Antimuonium
C _ CRR C{;R — I CIR CRI C _ CRR CIR CLR CRI =1
(excluded region has C.L. > 0.9) (excluded region has C.L. > 0.9)
100}
-------- Pysi < 1071 90r~o_
______________________ 80| e~
------------- 70 - MACE Pyii < 10 ';L,/
MACE 60 T ’
- 50
& 40
....................................................................................... i 30 '
[£dt =100 b~ = |
- - R ’U e NG ] Ldr 100 fb
.1}1 lRISI.ﬂ\I\.I j UTRISTAN
(ure” —pu-et) o 20 , ‘
-] (ure” = pueh)
-
=
........................................................................................... = OO
LHC /5 = 14 TeV z LHC /5 = 14 TeV
Z
10}
9
\ 9
7
6
MACS (1999) excluded
Py <8.3x 10— 5t MACS (1999) excluded
4 Ams83xio!
~1.0 —0.5 0.0 0.5 1.0 310 —0.5 0.0 0.5 1.0
IR RL LL ~RR LR
5" Gy G G Gy

2026/4/10 Jian Tang



1940s till now: a cLFV odyssey

100 ’ v T + e + ¥
- L 2 A pt—etyy .
10 ¢ Wt sete-ot | Towards new muon cLFV experiments
107 B uN—eN * Construction of intense muon beamlines in China
A ® e —spuet ; .
o 107l A *, ot Development of particle detection technology
g n
~ 10} A
& .
o, —10| -
510 ® ® v
1 MACE
10 7|
107 MEGI CoMET ~ 0(10713) sensitivity!
Mu2e 4
10—16 |
1940 .~ 1960 1980/ 2000 2020 2040
Crystal Box, 1986 MACS, 1999  Year

BR < 7.2x107H

Py <83 x 1071
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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
A4

O Mis-reconstruction

% .
& O Cosmic ray, etc.

o et <#> H

N (13.5eV avg;) M

.
.
o

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 c¢*/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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Status of muon sources around the world

TWIST

;g,OAK RIDéE

National Laboratory

Pulsed

’

Continuous Jrgf,ggc!n Lab! Pulsed” 3SRt

Continuous
. ) psn/.

MEG
Mu-MASS
MuLan
MEGII
Mu3e
muEDM
muCool

* Current
o Future

.
(L )bt ko]

Continuous

i

"Driven by electrons

cHIAF -’-?ﬁ':..ﬁt?tﬁ- --E.A.-Emf!
Pulsed?

FUsE b s L
Gows [oxntrie |
ChinaSplation oxion Sl

Pulsed

\

TDriven by protons or heavy ions

Pulsed Pulsed’
\

’

’

N S é’?j—ﬁﬂﬁc

. .
Institute for
1 Basic Science

/
7
i’
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iapan Protan Accelerator Research Complex

MuSEUM

Continuous

Pulsed

Muon cooling & acc.

COMET
Muon g-2/EDM

Continuous

CSNS, Dongguan, China
ade on the way)

BecE

(uper

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

USA).

Various high-intensity muon sources in China, to be built soon: 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 . 1 .
power Target Target Intensity (s1) Spin pol. background
Full-solenoid >5x 108 ~94%
300 kW Graphite
Mixing > 5% 107 >99%
<0.1%
Full-solenoid >1x 1010 ~94%
3 MW Lithium jet
Mixing > 1x 10° >99%

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

2029~2050

2026~2027 3 MW: 600MeV & SmA

20252026 250 kW: 500MeV & 500pA

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

2026/4/10 Jian Tang



Muonium-Antimuonium Conversion Experiment (MACE)

O MACE conceptual design

Muonium-to-Antimuonium Conversion Experiment

Q
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Conceptual design of MACE detector system

Michel electron Magnetic Spectrometer (MMS) Positron Detection System (PDS)
A

r A \ [ \

Tiled timing ~ Cylindrical drift Electromagnetic MMS:
Iron yoke lorimeter (ECAL « CDC: e~ trackin
counter (TTC)  chamber (CDC) calorimeter ( ) : 9

« TTC: Trigger, timing

PTS:

* Accelerate and
transport atomic e*

PDS:

« MCP: atomic e™
transverse position

« ECAL: e™ identification

Iron yoke

Magnet
Transport

solenoid

e

Target

Triple coincidence:

Microchannel > MMS + MCP + ECAL
plate (MCP) I S

Michel e~ Atomic e*

Electrostatic Collimator

accelerator

Beam pipe

)

Positron Trans;')ort System (PTS)

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

lll.  Decayinavacuum: M —ete” lll.  e* annihilates on MCP

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

2026/4/10 Jian Tang 11



Development of Monte Carlo Simulation Software

» Experiment design stage: simulation-guided detector design optimization.

Tasks:
» Engineering stage: detector alignment and detector-response simulation.
» Data-taking stage: bridges experimental data to physics results.  Event generation
Trigger&DAQ https://github.com/zhao-shihan/MACESW  Simulation: detector, DAQ...

Experiment

* Reconstruction & analysis

Event Simulation
Physical gvent Reconstruction Offline Analysis
Generation

Detector

; * Visualization: event, track,

detector geometry...

Y

Definition

Software quality control:

 Framework and architecture
 Continuous integration

e Validation

o e e MACE offline software -

2026/4/10 Jian Tang 12



Physics sensitivity of MACE

* Summary of simulation results:
Background type Counts/(10% /s -1 yr)
Physical background pt = eTe et vy, 0.287 £ 0.020
Beam postiron < 0.07
Accidental background
Cosmic ray (with veto) < 0.1
Total <1
10—10 L

Pysi < 8.3x 10711 (90% C.L.)
MACS (1999) SES =2.8x 10"

_
S

MACE sensitivity
10712 |

Pyt < 3.8%x 10713 (90% C.L.)
SES=13x 1013
1x108

Single event sensitivity (SES)

10" uOT/s
5% 108
nOT/s

10714 ! ! ! ! !

0 100 200 300 400
Data taking days

Detector, component or analysis Efficiency type Efficiency value

Geometric efficiency (e5[3/s) 84.6%
Magnetic spectrometer (MMS)
Reconstruction efficiency (£}7378) ~ 80%
Positron transport system (PTS) Transmission efficiency (eprg) 65.8%
Microchannel plate (MCP) Detection efficiency (encp) 32.6%
Incident efficiency eff,, 63.4%
Electromagnetic calorimeter (ECAL) Geometric efficiency EE&’R 95.3%
Reconstruction efficiency E‘IE{(EJCXE 94.0%
Total detection efficiency 8.25%
Analysis Signal efficiency (ecut) ~ 80%
Total signal efficiency 6.6%
0(10713) singl t sensitivity i ted:
SINgiec ecvent sensitivity 1S expected:
1 —13
SES = = 1.3 x 10

geom _recon Geom ~Recon

In vac
ENMSEMMSE PTSEMCPEECALE ECALEECALE Cut VN
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MACE CDR is released!
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SCIENCE &
TECHNIQUES

Vol.37 No.4 | April 2026

The spontaneous conversion of muonium to antimuonium is one of the interesting charged lepton flavor
violation phenomena offering a sensitive probe of potential new physics and serving as a tool to constrain the
parameter space beyond the Standard Model. The Muonium-to- Antimuonium Conversion Experiment (MACE)
is designed to utilize a high-intensity muon beam, a Michel electron magnetic spectrometer, a positron transport
system, and a positron detection system, to either discover or constrain this rare process with a conversion
probability of (9[10_”). This article presents an overview of the theoretical framework as well as a detailed
description of the experimental design for the search for muonium-to-antimuonium conversion.

ol

Keywords: Muonium; Lepton flavor violation; Muon beam; Drift chamber; Microchannel plate; Electromagnetic calorimeter ﬁmu \Y
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O Progress of MACE Phase-I1

Muonium-to-Antimuonium Conversion Experiment
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Proposal of MACE Phase-I

O Muon cLFV decay modes
v’ ute” annihilation: pte” - yy 0(1075), 1959
v Neutrinoless decay: y* — e*yy 0(10711), 1988

v New particles: DM, ALP, Familon, ... Crystal Box, MEG

PRL, 1959, 3: 288-291
PRD 38 (1988) 2077
EPJC 80 (2020) 9, 858

O Test of the Standard Model

v B(u" > etyvv)  0(1078),E, > 45,E, > 40 MeV, 2016

v B(rt - n%tv,)  0(1078),2004

v Bt - etv,)/B(nt - ptv,)
EPJC 76 (2016) 3, 108
Int.J.Mod.Phys.A 20 (2005) 472-481

PRL. 115 (2015) 7, 071801
arXiv:2203.01981

0(1074), 2015
PIONEER CDR, 2022

Calorimeter (ECAL)

Scintillating
Fiber (SciFi)
Tracker

Beam Pipe

Tiled Timing Counter
(TTC)

2026/4/10
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Sensitivity estimation of M - yy

MACE Ppreliminary

Signal: Double collinear 53 MeV gamma-rays. & T
0 I —— qn=-2InA(n)
% 5 90% C.L. (q,=2.71)
« No response in Tracker g o bmit=118
5 i
M P 4
* Double tracks reconstructed by ECAL 3
o N
Y ;
Background: Accidental coincidence of “pileup” positrons. s .
MACE Preliminary oL — T
@ R e e T e o e A 00 25 50 75 100 125 150 175
'€ 0121 Signal M — yy 5 . .
. 2 Background pile up Michel e+ | Signal Events (nsig)
e G 0.10- .
/ ;‘% 0.081 ] * Asimov dataset (signal & bkg)
’ * Profile likelihood ratio test

* 5% systematics error included

M 0.06-
/ 0.041
et ?

0.02 B

Upper limit of BR: 5.11 x 1073 (90% C.L.)

008585 90 8 100 105 110 115 120
Esum [MeV] O(107°>) in 1959 PRL. 1959, 3: 288-291
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Sensitivity estimation of u* —» e*yy

MACE Preliminary

Signal: Background: >~ 107
: < e S _of Calculated by McMule ===+ U — evvyy generated
Triple coplanar tracks Double radiative muon decay 8 10 —— 11> evvyy simulated
c -10 . —
e™ and two ys SciPost Phys. 9, 027 (2020) S 10 — Signal BR 1072
E 107" —.~ Signal BR 10713
@ -
y“v + y“‘v 3 10 2L
et N\ /L e’ N LT 510"
“““ >
Le* .‘ L 10 ‘14_ ___________________
: 10" -
107 °F
_: -17
iV vV 0] ‘ . .
95 100 105 110 115
Eeyy [MeV]
Event selection criteria:
1 F[1 2( D] -b
. . . S = — 2 —a n _|_ —_
* Time coincidence up T 9 x » &\obs
Nops = b
* One track in Tracker, Two tracks in ECAL N Sup
BR(u™ - eyy) = .
gsignal U

* Energy-momentum conserved
Upper limit of BR: 3.53 x 10713 (90% C.L.)

O(10711) in 7988 PrD 38 (1988)2077

More solid simulations and refined data analyses to be updated!
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Searching for ALPs

L3 o o M
ALPs (Axion-like particles) s _ 0"a ( CV — +C A~
auu — 2 ,uyu,u .uy,uVS.u
fa
MACE TESTRUN (1 month) MACE TESTRUN (4 month)
+ + Vol

,u. € > 10" Mu3e ‘
__________ MEGI-fwd (F=) 7~ ™ |
1 : \ |
» Within ~1 month of beam time, we can search 107 , L \ |
S E Star cooling Jodidio et al. 1 |
for ALP processes and reach a world-leading i [ u |
e . 3 g L | [
sensitivity. = 107 | |

C |

[ Belle 11 (50/ab) , | \

/‘\ /—\ 10" | ' :

: |

ut ut 1 i Belle I1 '
:I :I | |

v |

0=3o\_/ i A S UVPH IOV R UOPPY EPUITT S WUV, B
10° 10* 10° 10°

mg [eV]

2026/4/10 Jian Tang 19



Muonium-Antimuonium Conversion Experiment (MACE)

O Summary

~2026/4/10 Jian Tang 20



Technical Design of MACE

I1.

I11.

IV.

VIL
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. Muon stopping target

A. Target design

B. Target mounting scheme

. Scintillating fiber tracker

A. Tracker layout and mechanical design
B. Scintillating fiber and photosensors
C. Readout electronics
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E. Estimated performance
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Electromagnetic calorimeter

A. Crystal layout and mechanical structure
B. Crystal and photosensors

C. Readout electronics

). Prototyping and estimated performance

. Overall mechanical structure

A. Mechanical support

B. Cable routing

. Detector alignment, (optional)

A. Target alignment
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Trigger and DAQ
A. Trigger system
B. DAQ system
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Progress of various muon detector development

COMET muon beam monitor Conceptual Design Report of MACE Cosmic-Ray muSR(CRmuSR)
Yu Xu et al. Nucl.Sci.Tech. 35 (2024) 4. 79 arXiv: 2410.18817 [hep-ex] e-Print: 2505.13877
Michel electron magnetic spectrometer (MMS) Electromagnetic calorimeter (ECAL)
_ ., Plastic Scintillation Iron yoke T S P

Fiber Tiled timing  Cylindrical drift Csl (T1) PMT

counter (TTC) chamber (CDC)

Iron yoke

Transport

Electronics solenoid

Protection Box

Electronics
Readout

_.  Aluminum Plate

Target

) Microchannel
Collimator plate (MCP)

Electrostatic
accelerator

Beam pipe

Portable cosmic-ray muon detector

e-Print: 2503.18800 \%
GPS & CEE?

muon .
~._scintillator photc#' Z
= Signal -
o prccilsing e é Local website
4\/4’ and analysis —

B " SiPM (—/%. Local Server
3 ‘ % ’ Database update

W SL Fiber

Implementation of detector array

Local Storage Monitor

e-Print: 2505.19777
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Summary

MACE aims at

Jo-10] * Next-generation muon cLFV experiment
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..................................................................................................................... . MACE Phase.l- forerunner of MACE. A scarch for batches of
muon(ium) cLFV decay modes = broader physics programs.

10—1] L

MACE sensitivity »  0(10713) sensitivities are expected.

1012} * Welcome to joining the muon physics experiment MACE!

GES 1 10t O Check out our new muonium physics review:

Single event sensitivity (SES)
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g Muon beams towards muonium physics: progress and prospects
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MACE Software framework

® Mustard framework:

» A modern, distributed, high-performance architecture for particle physics experiments.

Applications o
° ° Generator ‘ f Simulation ‘ L‘Reconstruction I f Analysis ‘ [ I?—\J’ent '
® High-performance design: A B ﬂ' o [ depley J
e 2
> Distributed executor for simulation and analysis. , Libraries
SD & Analysis Detector Reconstlruction
> Follows zero-overhead abstraction principle. dlotizer slgoriihm seonety sigerthm
| Jv EM field l Data model l Physics Jv
®Key components: ¢ v '
» Distributed computing framework ','_'_'_'_'_'_'_'_'_'_'_'_'_'ffffff_'_‘_'_'_'_'_‘_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'ifffffffffffff_'f_'f_'_f_f_'_f_'j_'_'_'_'_‘_'_'_'_'_"_'_'_'_'_'_'_'_'_'_'_':
\ External libraries '
» Unified geometry interfaces ‘root | [ Gean | [Eigen| [erm| [ wel | y

» High-level data model abstractions and IO

‘ {fmt} w ‘ Indicators ‘ [argparse\‘ [ Microsoft/GSL

» Utilities for simulation, reconstruction, analysis...
https://github.com/zhao-shihan/Mustard

L backward-cpp } ‘envparse‘ [ muc J ‘ yaml-cpp ]
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Tracking System

Credit: Yinyuan Huang

Precise timing ability

Low material budget

i J

"
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Low cost

e™ /y discrimination SciFi baseline design:
* Crossing fiber arrangement

e 2360 channels

o High e + detection efﬁCiency SciFi Edep / MeV ECAL Edep / MeV

m Single-end readout by SiPM
* Low y detection efficiency Anoul lut; 50
s ngular resolution ~
@ \A ; « Timing resolution ~1 ns

* &Recon ¥ 90%

* & =97%

» High active area

0.05

Plastic scintillators!

Event display * & = 2%
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Tracking System

MACE preliminary

* Tiled timing counter (TTC)
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f(x) = n, Landau(.,c) * N(0,,) + n2/[1+exp(’;;;‘)1

Credit: Hao Jiang

Events /(5 p.

» 108 tiles of plastic scintillator in total
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* Double-end readout by SiPM arrays
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* Good timing resolution, ~O(100) ps
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* Providing timing information to ECAL, e/y discrimination
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Plastic scintillators
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Phase-l TTC performance

* Full simulation result to investigate TTC efficiency curve and QDC threshold

vV g, =99% ¢, = 5%

MACE preliminary

0.034 MACE preliminary
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Electromagnetic Calorimeter (ECAL)

Design scheme:

* High acceptance and granularity

* Symmetrical structure

* Class-I GP(8,0) Goldberg polyhedron PEN detector MACE ECAL
o , . pCsl + PMT pCsl + SiPM
* Crystal scintillators coupled with SiPM arrays

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

LYSO BGO Pure Csl v Baseline design 50%

* 30000 ph/MeV  + 8000 ph/MeV e 3500 ph/MeV
o 40 ns d 300 ns ° 40 ns e Undoped Csl 20%

10% L
250 350 450 550 650 750
Wavelength (nm)

o
-]

o
o

« Radiationhard  * Nothygroscopic * Slight hygroscopic

=
»

Intensity (arb. units)

(=} (=]
o (]

« Not hygroscopic * Emitsat480nm * Emitsat310nm

e Emitsat420nm °+ CNY ¥ 100/cm3 * Adopted by Mu2e and PIBETA wavelength ()
e CNY ¥300/cm? e CNY ¥30/cm? NUYV SiPM readout

Sensors 19 (2019) 2, 308

N
(=]
o
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Phase-1 ECAL performance

* Baseline requirement based on full simulation:
* Optical physics, scintillation, collection

* 0(50) p.e. electronic noise, nonlinear correction
* Coincidence timing resolution better than 200 ps

* Energy resolution better than 6% @ 53 MeV
 Angular resolution better than 10°

Energy-weighted
clustering

Second Neighbor
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