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- Symmetries of SM

SU(3)C0]0r ® SU(z)Leﬁ ® U(I)Hyper charge
{--LF.F8 — N y y
. by QCD WEAK @ QED
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AFlavor physics

u Within SM: weak and Yukawa interaction Lepton | Lepton family number (lepton flavor)
AFlavor parameters in the quark sector AUMBEL L

U Within SM: 9 masses of charged fermion - ¢ 3, 0 0
& 4 mixing parameters (3 angle + 1 CP pha &3 1 0 1 0
AFI.gvo_r universal (flavor blind) 0- &3 1 0 0 1
0 Within SM: QCD & QED
AFlavor diagonal Change the sign for all adé@ptons

u Within SM: Yukawa interactions

flavor physics
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AFlavor physics

U Within SM: weak and Yukawa interactions

AFlavor parameters in the quark sector
U Within SM: 9 masses of charged fermions

SU(3)Color
%’_J
QCD

(Strong Interaction)

-

SU(z)Left U(l)Hyper charge

WEAK © QED
Unification of
Weak and Electromagnetic

|

J

* Rephasing lepton and quark fields:

U(].)B X U(l)[_e X U(l)L“ X U(].)L

T

%Jd x U(1)g—r X U(L)L,—L, X U(1)L, 41, 2L, -

& 4 mixing parameters (3 angle + 1 CP phasg),.cn non-perturbatively, but unobservable. [ oo, PRL 76

AFlavor universal (flavor

blind)

i Within SM: QCD & QED

AFlavor diagonal

u Within SM: Yukawa interactions

* True accidental global symmetry:

U(l)g_L

XU, -, X U, 41,21, - )

Lepton flavor conservation!
Prediction of Standard Model.

cLF\offers a chance of new physics discovery
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cLE\G Snowmass2021 - Letter of Interest RF5RFQ126

Search for Muonium to Antimuonium Conversion

RF Topical Groups: (check all that apply CV/H)

~N N
‘ e Q I
[ (RF1) Weak decays of b and ¢ quarks
[J (RF2) Weak decays of strange and light quarks

1 O ‘Q O (RF3) Fundamental Physics in Small Experiments
U (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 ! ! ! ! ! ! O (RF7) Hadron Spectroscopy
U (Other) [ Please specify frontier/topical group(s)]

Contact Information:(authors listed after the text)

Name and Institution: Jian Tano/Sun Yat-sen University
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 (;z~e*) Conversion Ex-

periment (MACE) will serve as a complementary experiment to search for charged lepton flavor violation
M u Cap u J processes, compared with other on-going experiments like Mu3e (™ — eTe~e™), MEG-II (™ — ety)
and Mu2e/COMET (u~ N — e~ N'). MACE aims at a sensitivity of P(ute™ — p—et) ~ O(10713), about
three orders of magnitude better than the best limit published two decades ago. It is desirable to optimize
u H the slow and ultra-pure ;1 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
Zhao, Luping Zhou, Institute of High-Energy Physics. Beijing, China.
Chen Wu, Research Center of Nuclear Physics (RCNP), Osaka University, Japan.

Probing the doubly charged Higgs boson with a muonium to antimuonium
conversion experiment

g2 u J | :
Chengcheng Han,' Da Huang 23 Jian Tang M and Yu Zhang >6
'School of Physics, Sun Yat-Sen University, Guangzhou 510275, China
National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China
*School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study,
J University of Chinese Academy of Sciences, Hangzhou 310024, China
*International Center for Theoretical Physics Asia-Pacific, Beijing/Hangzhou 10010, China
*Institutes of Physical Science and Information Technology, Anhui University, Hefei 230601, China
8School of Physics and Materials Science, Anhui University, Hefei 230601, China

PHYSICAL REVIEW D 103, 055023 (2021) 17
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Snowmass2021 whitepaper
March 23, 2022 arXiv: 2203.11406

Muonium to antimuonium conversion:
Contributed paper for Snowmass 21

Ai-Yu Bai,! Yu Chen.,! Yukai Chen,? Rui-Rui Fan,? Zhilong Hou,? Han-Tao Jing,” Hai-Bo Li,>
Yang Li,? Han Miao,?? Huaxing Peng,%? Alexey A. Petrov (Coordindator),® Ying-Peng Song,?
Jian Tang (Coordinator),! Jing-Yu Tang,? Nikolaos Vassilopoulos,?2 Sampsa Vihonen,! Chen Wu,?
Tian-Yu Xing.? Yu Xu.! Ye Yuan.? Yao Zhang.? Guang Zhao.? Shi-Han Zhao,! and Luping Zhou?

YSchool of Physics, Sun Yat-sen University, Guangzhou 510275, China
Institute of High Enerqy Physics, Beijing 100049, China
% University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
* Department of Physics and Astronomy Wayne State University, Detroit, Michigan 48201, USA
5 Research Center of Nuclear Physics (RCNP), Osaka University, Japan

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.

tangjian5@mail.sysu.edu.cn
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A NeW Charged LeptOI'l FlaVOl' Violation This effort is part of a global muon program under study within Snowmass

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

* AL=2 processes it N— e*N
Bertrand Echenard — Caltech -
with Robert Bernstein (FNAL) and Jaroslav Pasternak (ICL/RAL SCTF)

Muonium — antimuonium (MACE)

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

Potential Fermilab Muon Campus & Storage Ring Experiments Workshop Bertl’and MACE
May 2021

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

e Theoretical Letter of Intent

Physics of muonium and muonium oscillations

Alexey A. Petrov!

! Department of Physics and Astronomy
Wayne State University, Detroit, MI 48201, USA

Precision studies of a muonium, the bound state of a muon and an electron, provide access to physics
beyond the Standard Model. We propose that extensive theoretical and experimental studies of
atomic physics of a muanium, its decays and muonium-antimuenium oscillations could provide an
impact on indirect searches for new physics.

Search for Muonium to Antimuonium Conversion

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

L1 (RF1) Weak decays of band ¢ quarks

[1(RF2) Weak decays of strange and light quarks

[ (RF3) Fundamental Physics in Small Experiments

[ (RF4) Baryon and Lepton Number Violating Processes

B (RF5) Charged Lepton Flavor Viclation (electrons, muons and taus)

- 1 [ (RF6) Diark Sector Studies at High Intensities
Snowmass process and contributed papers o Experimental Letter of Intent 5 s sues

U1 (Other) [ Please specify fromtierftopical group(s)]

Frontier for Rare Processes and Precision Measurements Contact Tnformations(uuthors listed afie the text)
Name and Institution: Jian Tang/Sun Yat-sen University
Collaboration: MACE warking group

I Cantact Ernail: tangjians @mail sysu.edu.cn

Alexey A. Petrov
Wayne State University

Abstract: It is puzzling whether there is any charged lepton flavor violation phenomenon beyond stan-
dard model. The upcoming Muonium (bound state of ™ e”) to Antimuonium (j~e™) Conversion Ex-
periment (MACE) will serve as a complementary experiment o search for charged lepton flavor vialation
processes, compared with other on-going experiments like Mude (s —+ e*e"e ™), MEG-IL (ut - e*)
and Mu2e/COMET (5 N — e N). MACE aims ata sensitivity of P(a e~ — jr~ et} ~ ©(1019}, about
three orders of magnitude betier than the best limit published two decades ago. It is desirable 10 optimize
the slow and ultra-pure ji* beam, select high-efficiency muonium formation materials, develop Monte-Carlo
simulation tools and design  new magnetic spectrometer to increase S/B.

AL TR LT T R N T T T L e e T T T
Alexey A Petrov (WSU) 2 Muon Campus Experiments, 24-27 May 2021

10/26/2024 tangjian5@mail.sysu.edu.cn 19
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Detectors and concepts

MACE at EMuS

Jian Tang
(Snowmass 2021 RPP meeting)

for future CLFV experiments

EMuS — new muon facility in China

Bertrand Echenard MACE concept

Vertical beamline

Caltech P
—RREES  puestREs
Mcp
e - 5 po, N waws |
“ . Decay muons \ |
NuFact 2021 / v . | Y
" Surface muons { [ Y
Cagliari - September 2021 y P g
. o O rer
?I:I:\\;s]r Intensity ~ Polarizaton Spread energy Intensity Spread
[1E6/s] [%] [%) [MeVic] [1E6/s]  [%]
PSI 1.3 420 20 10 85-125 240 3 MU vacuum’
Mu
SIS 0.16 15 95 <15 201120 04 10 0y | tftt
¥ +
RIKEN/RAL  0.16 0.8 95 <15  65-120 1 10 @R =L f®
JPARC 1 100 95 15 33250 10 15 '8 3 ~ SEHe e{e,- 03K
TRIUMF 0075 14 20 7 20-100  0.0014 10 - & %
EMuS 83 50 10 50450 16 10 s .
s >
Baby EMuS  0.005 12 = 10 Silica powder — Super Fluid Helium
X5 CSNS-II upgrade |
On-going physics studies and detector R&D
Bertrand Echenard - Caltech p. 27
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Progress of Muonium-to-Antimuonium
Conversion Experiment (MACE)

-0

Workshop on a Future Muon Program at Fermilab ‘ ,E
‘l » g Fmvo&l/rom\;z:
2023-03-28 Muonium-to- &
. Anti i (.
Shihan Zhao Conversion
zhaoshh7@mail2.sysu.edu.cn Experiment

MACE working group: Ai-Yu Bai,! Yu Chen,! Yukai Chen,2 Rui-Rui Fan,2 Zhilong Hou,2
Han-Tao Jing,2 Hai-Bo Li, Yang Li,2 Han Miao,? Huaxing Peng,? Ying-Peng Song,?2
Jian Tang,! Jing-Yu Tang,? Nikolaos Vassilopoulos,2 Chen Wu,3 Tian-Yu Xing,? Yu Xu,’
Ye Yuan,2 Yao Zhang,2 Guang Zhao,2 Shihan Zhao,! and Luping Zhou?
1School of physics, Sun Yat-sen University, China
2[nstitude of High Energy Physics, Chinese Academy of Science, China
3Research Center of Nuclear Physics, Osaka University, Japan

Reference: Snowmass2021 Whitepaper: Muonium to antimuonium conversion, arXiv:2203.11406

A ICHEP

https://arxiv.org/abs/2309.05933

CLFV2023

A NuFact

10/26/2024 tangjian5@mail.sysu.edu.cn 21
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MACE : Muonium to Antimuonium Conversion Experiment.
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Conceptual Design of the Muonium-to-Antimuonium Conversion
8 26 CDR

Experiment (MACE) https://indico.impcas.ac.cn/event/63/overview

Ai-Yu Bai,' Hanjie Cai,>® Chang-Lin Chen,* Siyuan Chen,' Xurong Chen,**°

Yu Chen," Weibin Cheng,® Ling-Yun Dai,* " Rui-Rui Fan,® % Li Gong,® Zihao Guo,"! CONTENTS VILL. Positron transport system 62
Yuan He,>?* Zhilong Hou,® Yinyuan Huang,! Huan Jia,>* Hao Jiang,'! Han-Tao Jing ® A. Magnet and transport solenoid 63
Xiaoshen Kang,® Hai-Bo Li,*# Jincheng Li,»* Yang Li,® Shulin Liu,®*!? Guihao Lu,} L. Introduction 6 B. Electrostatic accelerator 66
o Han Miao,** Yunsong Ning,! Jianwei Niu,>"? Huaxing Peng,®*1? Alexey A. Petrov,! . . C. Performance 68
) ) ) . II. Overview of theoretical framework 7
o Yuanshuai Qin,?2 Mingchen Sun,! Jian Tang,'** Jing-Yu Tang,'® Ye Tian,? Rong Wang,? : i i
= - N . P A. Phenomenology of muonium conversion 8 IX. Positron detection system 72
Q Xiaodong Wang,'®17 Zhichao Wang,! Chen Wu,*? Tian-Yu Xing,'® ¥ Weizhi Xiong,* .
S Yu Xu?' Baojun Yan®'? De-Liang Yao. %7 Tao Yu,! Ye Yuan®® Yi Yuan,’ B. Muonium conversion and new physics beyond the Standard Model 10 A. Microchannel plate 72
3 S B. Electromagnetic calorimeter 7
o Yao Zhang,® Yongchao Zhang,'' Zhilv Zhang,” Guang Zhao,* and Shihan Zhao' C. Muoniym rare decays 18 <
i~ 1. Overview 77
ﬂé- School of Physics, Sun Yat-sen University, Guangzhou 510275, China II1. M-to-M conversion signals and backgrounds 29 2 Conceptual desien 75
'—g Institute of Modern Physics, Chinese Academy of Seiences, Lanzhou 730000, China A. Signal event signature 93 3. Simulation 80
3 siti hinese Acad, 1 s, Bet 10 , Chi;
| University of Chinese Academy of Sciences, Betjing 100049, China B. Backgrounds o4 C. Pexformance 8
'; 4School of Physics and Electronics,
: Hunan University, Changsha 410082, China IV. Beamline 30 X. Offline software 83
% 2Southern Center for Nuclear Science Theory (SCNT), A. Accelerator and proton heam 30 A. Introduction 83
= Institute of Modern Physics, Chinese Academy of Sciences, B. Muon production and transport 39 B. Framework 84
e Huizhou 516000, Guangdong Province, China . T i
<t ' geong 1. Muon production target 32 C. Parallel computing 85
o SSchool of Physics, Liaoning University, Shenyang 110036, China D. Event data model 87
> 2. Muon beamline conceptual design 33 T )
'>2' "Hunan Provincial Key Laboratory of High-Energy Scale Physics and Applications, E. Detector geometry and field 38
— Tiversi : . . .
= Hunan University, Changsha 410082, China V. Muonium production target 36 F. Continuous integration 89
Institute of High Energy Physics, Chinese Academy of Seiences, Bexjing 100049, China A, Introduction 36 G. Event display 89
Chi llation Neut . D 3803, Ch . L .
China Spallation Neutron Source, Dongquan 523803, China B. Design and optimization of the single-layer target 38
WState Key Laboratory of Particle Detection and Electronics, Beijing. 100049, China . . XI. Background estimation 9%
C. A multi-layer target design 42 . .
" Schaol of Physics, Southeast University, Nanjing 211189, China A. Physical backgrounds 93
2State Key Laboratory of Particle Detection and Electronics, Beijing 100049, China VI. Overview of detector system 45 B. Accidental backgrounds 93
University of South Carolina, Columbia, South Carolina 29208, USA XIL Sensitivi 4
158chool of Nuclear Science and Technology, JII. Michel electron magnetic spectrometer 47 - Sensitivity 8
University of Seience and Technology of China, Hefei 230026, China A. Magnetic field and magnet 48 XIIL Phase-I Experimental Concept 95
16 @] . i "
School of Nuclear Science and Technology, B. Cylindrical drift chamber 49 A. Overview 95
University of South China, Hengyang 421001, China o )
Y"Key Laboratory of Advanced Nuclear Energy Design and Safety (MOE), 1. Objectives 49 B. Muon beam 97
University of South China, Hengyang 421001, China 2. Wire configurations 50 C. Detector system design 98
'SINFN Sezione di Milano, Milano 20133, IHaly (.. Tiled timing counter 54 1. Electromagnetic calorimeter 98
W sita degli Studi di Milano, Mil 20122, Ital ..
0oy I bm{:m af ;y; lu Iih ' . mn: P ;mzﬂ P ¢ y(MOE) 1. Objectives 55 2. Tracker 98
ey Laboratory of Particle Physics and Particle Irradiation . TR
; ) - ) 2. Conceptual design 58 D. Sensitivity estimation 101
mstitute of Frontier and Interdisciplinary Science,
Shandong University, Qingdao 266237, China D. Performance 59 XIV. Summary 102

2 Advanced energy science and technology Guangdong laboratory, Huizhou 516007, China
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MACEH H» a0 M

Muonium-to-Antimuonium Conversion Experiment
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*  (~1MeV) scattering MC simulation for muonium transport

\ has been developed under the
Electron capf ure (~1kev) MACE offline software framework.
Muonium (~100eV) \ w  Geant4 low-energy EM process.

Epithermal scattering A

I Y Geant4 AtRest process, modeled phenomenologically.
Random walk (room temp.)

I — ¥y Random walk approach to thermal muonium tracking.

Emission to vacuum

Silica aerogel
target

Muonium
with thermal
energy
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A Intensity of invacuum muonium sourcé® ‘O

A &o

silica aerogel.

A An simulation method is developed to accurately simulate muonium

production and diffusion.

A The simulation is validated by muonium yield data measured in TRIU

and JPARC.

3

Wo

w0F ¢

Experiment (J. Beare et al. PTEP, 2020(12):123C01, 2020)
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Silica aerogel samples (with laser-ablated holes)
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P

can be improved by utilizing porous materials, ideally perforatec

dAF

Y X

Shihan Zhao and Jian Tang, Optimization of muonium yield in perforated
silica aerogel, Phys. Rev. D 109, 072012. arXiv 2401.00222
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Decay time (us)

(e) Perforated target, region 2

Decay time (us)
(f) Perforated target, region 3
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A A novel multilayer design is expected considerably increase muonium ' swriscmosnmsonsans | =
el journal homepaga: www.elsevier.com/locate/ima =

Modeling the diffusion of muonium in silica aerogel and its application to a
novel design of multi-layer target for thermal muon generation

yields in a vacuunOe Zhang et al.
C. Zhang ", T. Hiraki", K. Ishida“, S. Kamal ¢, §. Kamioka®, T. Mibe*, A. Olin®', N. Saito*,
K. Suzuki™, . Uetake ", Y. Mao (B) o mm
@ Ilﬂesf:‘ ':4:5'1
® an "

A The simulation result achieves

Y h

V Qo 0 JoU
V Nearly an order of magnitude improvement on | 0

U Still room for further optimization.

AMulti-f @SN GF NBST b AYiSy &ad@8n madakiy soar&t

For each aerogel layer:

VO 0O o T p 1i7Q assumingO p O
} 3mm thickness
U Forcomparsion MACS 1990s0 T p 1wfO 2mm spacing

U Expected two orders of magnitude improvements isvacuum muonium

28

source intensity!

Shihan Zhao and Jian Tang, Optimization of muonium yield in

perforated silica aerogel, Phys. Rev. D 109, 072012
tangjian5@mail.sysu.edu.cn
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Signal: 1. Internal conv. (IC) decay 2. Final state scattering 3. Accidental bkg.
fast'Q + slow Q A+ 00Q0Q A - 00 Q A Scattering/conv. e-
~ e A Misreconstruction
> , A Cosmic ray, etc.
AN < ,
¥ <
S
Y et ‘ e’ { et
% et e’

(13.5eV avg.) M

o
.
o

A Coincidence ofifastyg anda slowgg

A Common vertex (by selecting'e- track DCA) U A'clean” data taking duration
V Select] of e* A Pulsed muon beam

V Reject accidental-e U Excellent vertex resolution

A Time coincidence (by selecting €OF) A et/e spatial resolution

V Select) of e* - A Precise e* transport in EM field

V Reject eéfrom IC decay or Bhabha scattering i Excellent time resolution

A Charge identification (by @rack & € annihilation) A e*/e-time resolution
10/26/2024 tangjian5@mail.sysu.edu.cn 29
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Michel electron magnetic spectrometer (MMS) Electromagnetic calorimeter (ECal)

Iron yoke T T — T~
Tiled timing  Cylindrical drift Csl (TI) PMT
counter (TTC) chamber (CDC)

Magnet

Iron yoke

Transport
solenoid

22,
2
22,

Target

_ Microchannel
Collimator plate (MCP)

Electrostatic
accelerator

Beam pipe
V. MCP detects Q position

VI ‘Q annihilates on MCP

l. Surface muon stopint ar et Y muoni um ' e
P g VIl. ECal detects 2 back-to-back annihilation [

I - diffuse into vacuum & convert to -

Ill.  Decay inavacuum:- © 'QQ Triple coincidence:
V. CDC detects Michel Q track u MMS + MCP + ECal
V.  Transport atomic Q to MCP (conserving transverse position) i h v g
Michel Q Atomic 'Q 30
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Muonium target:
A Silica aerogel with perforation

surface.

A Multilayer design, 4%
muonium yield in a vacuum.

TTC geometry:

10/26/2024

For each aerogel layer:

3mm thickness, 2mm spacing

Beam degrader

Magnetic spectrometer:

A 0.1 T axial magnetic field.

A CDC: He(C,H,,) gas, 21 layers, 3540 cells.
89% geometry acceptance, Y] 500 keV.

A TTC: 756 fast scintillators with SiPM
readout, slant 15 deg, Yo 100 ps.

= Positron transport system:

(1 4 '™ 3
H vl
Microchannel plate (MCP) specifications:

A Signal (e* 500 eV) efficiency > 0.7
A Yo 200ps,Yo 100 & m.

)

0.2mm 1.15mm

A 500V electrostatic accelerator & 0.1 T
transport solenoid & brass foil collimator.

A - 0.6,- o g 0.02.
A Signaletposi tion error

00 e m.

Electromagnetic calorimeter:

A Geometry: Class-1 GP(4,0) Goldberg polyhedron.

A 622 CsI(TI) crystals with 10 cm length, PMT readout.

A 97% geoemtry acceptance, YOFO 7.5% (signal 2" event),
67.5% signal efficiency.
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