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Dark Ages
.~ . First Stars & 'Galaxies Form
Modern Universe

0.01s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs
Age Of the U niverse BICEP2 Collaboration/CERN/NASA
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Supercomputer Tianhe-I“

work node
[Cloud platform } / Cvmfsexe

Squid server
\ work node
5
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BEPL “RAI=S" SERTFYETIRARETS

Application of a supercomputer Tianhe-II in an electron-positron collider experiment BESIIT*

Step3
Jing-Kun Chen,! Bi-Ying Hu,? Xiao-Bin Ji.* Qiu-Mei Ma,> T Jian Tang,>* Ye bnbm"wbs
Yuan,>* Xiao-Mei Zhang,® Yao Zhang.> Wen-Wen Zhao,?> and Wei Zheng? Step2 Shurm
School of Computer Science and Engineer, Sun Yat-sen University, Guangzhou, 510006, China “h Q Metad.lm s
2School of Physics, Sun Yat-sen University, Guangzhou, 510275, China Login node Wik sadia
*Institute of High Energy Physics, Beijing, 100049, China ‘
*University of Chinese Academy of Sciences, Beijing, 100049, China :‘;§l© ’
Precision measurements and new physics searches require massive computation in high energy physics ex- VPN server Login node

periments. Supercomputer remains one of the most powerful computing resources in various areas. Taking | Limited Tianhe-II
the BESIII experiment as an illustration, we deploy the offline software BOSS into the top-tier supercomputer TH-net
"Tianhe-1I" with the help of Singularity. With very limited internet connection bandwidth and without root @ <
privilege, we synchronize and maintain the simulation software up to date through CVMEFES successfully, and an k
acceleration rate in a comparison of HPC and HTC is realized for the same large-scale task. We solve two prob- Internet
lems of the real-time internet connection and the conflict of loading locker by a deployment of a squid server and Cloud

using fuse in memory in each computing node. We provide a MPI python interface for high throughput (HT)
parallel computation in Tianhe-1l. Meanwhile, the program to deal with data output is also specially aligned so
that there is no queue issue in the input/output (I/0) task. The acceleration rate in simulation reaches 80%, as
we have done the simulation tests up to 15K processes in parallel.

Keywords: High Performance Computer, Collider experiment, 10 solutions

JINST 18 (2023) 03, TO3003

IHEP (Beijing) Tianhe-ll (Guangzhou) HPC system
P . 2k
_{ Tianhe-ll cloud ,)\ Functionalilty
IHEP server < » virtual machine: > node MysaL

( MySQL server }./ -Squid service
e . oute!

l \_)\_/, -MySQL rt T

— S - T
A _sossversion l /J/ P
( -BOSSv / % 2 & Job submission /
- seriptpath Y} By ST T viassH \y-—"’}\ Login node
—__. 7 - S -local disk(0S)
N’ -VPN -

Shared file
system

e e - - - - —_ — e s o w wm Shared file
Data transmission by SEEES
Optical fiber (planned)
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- Symmetries of SM

SU(3)C0]0r ® SU(z)Leﬁ ® U(I)Hyper charge
S —— N y

N -\ f: FF‘V

- o QCD WEAK @ QED
T % ‘5‘;‘3 +he . -
+ Ref V@) (Strong Interaction) Unification of
Weak and Electromagnetic
N~ J

SM , , |
Gy =8SU(3). x SU2), x U(1)y Lo = LM 4 pSM 4 pSM

Yukawa
Grocar = SU(3)e x U(1)pm T T i
QZL ~ (3,2)1/6 UE ~ (3,1)2/3, e simple and symmetric (g, g, gs)
D, ~ (3, 1) _1/3, Ly ~ (1, 2)-1/2 * BEWSB, 2 params |
¢~ (1,2), /2 s (gb0> =" ~ 174GeV e SM flavour dynamics, flavour parameters
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Symmetries of SM

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

tF U P rhe . .
RO (Strong Interaction) [ Unification of J

Weak and Electromagnetic
\ J

* Flavor physics

» Within SM: weak and Yukawa interactions Lepton Lepton family number (lepton flavor)
L b
* Flavor parameters in the quark sector TR L L,

e u

» Within SM: 9 masses of charged fermions .- ¢ v, 1 1 0 0
& 4 mlxm.g parameters (3 an.gle + 1 CP phase) L&, 1 0 1 0
* Flavor universal (flavor blind) &, 1 0 0 1
» Within SM: QCD & QED
e Flavor diagonal Change the sign for all anti-leptons

> Within SM: Yukawa interactions

22 ¥ 5% 75 fflavor physics B %
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* Flavor physics

> Within SM: weak and Yukawa interactions

* Flavor parameters in the quark sector
» Within SM: 9 masses of charged fermions

Symmetries of SM

-

SU(3)Color ® SU(z)Left @ U(l)Hyper charge
\ J L ~ /
QCD WEAK @ QED
(Strong Interaction) Unification of
Weak and Electromagnetic

* Rephasing lepton and quark fields:

U(1)g x U(1)L, ><U( L, < U(L)L

,'_

@Xiﬂ x U(1)g—L X U(l)L L, XU, 41, -2,

& 4 mixing parameters (3 angle + 1 CP phase) . Broken non-perturbatively, but unobservable. [t Hooft, PRL 76]

* Flavor universal (flavor blind)

» Within SM: QCD & QED
* Flavor diagonal

* True accidental global symmetry:

Ul)s-L ><fQ_(1)Lu—LT X UL, 4L, 2L i‘

> Within SM: Yukawa interactions

cLFV offers a chance of new physics discovery

8/23/2024

tangjian5@mail.sysu.edu.cn

Lepton flavor conservation!
Prediction of Standard Model.
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aﬂer' Ahdre deGouvea

+ WEHETRERIASLECLFV:

> Mu2e(ZEE) A arXiv:1303.4097 ________
uZe\s< = /’,f"
_ o |
> COMET( EIZIK) ‘Ll + Al e + Al (TeV) Ao /,,-’ Mu2e
> MEG(Hq+) ut - ety 10000 P
> Mu3e(}#-lﬁ___'_—_) M+ _ e+e_e+ 5000 B(uN-eN on Als6x10~17
* BTHRNBENE: 1907 CL
> B PSISCINE, MulanMIFASTERIGIEHN BT . MEG
> BEPSISSIE, MuCapIe il EnTFIRMEEE BHL 1000 T |
- B( ﬁey}>6x10_]3 N 1
> MuSUnSERFEH N EnF B BHEEER, ENARLT 500’-4\ K Txcded (NN on )|
RALNE | ‘
> INERTRIUMFYTWISTSL I AEHRM En T 58 m BRIKXE gy
T8 | MEGA
> XEHKERIH = e 2L W IEH N BT BIEF- oy o
PARC g-252545 . N A

> J-PARCAIMeuSEUMSLES K5 M EmuoniumiB 544 44 .
{RBECLFVILIEZE R, Shigh energy frontier B %p
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© FHETHREBEIRKLRCLFV:
> Mu2e(EEH)
> COMET(H )
> MEG(¥mt)
> Mu3e(¥%+)

* BTHRBEENE:
> B PSIRIE, MulanFIFASTSLIGRERR I BT Hin.
> FHEPSISEIE, MuCapSiie EuFFRIBEE .
> MuSunSER SN BuT RS EER, BNARLT

u-+Al-e” + Al

ut —-ety
ut s> ete e’

WRALE
> INERTRIVMFITWISTSLIS FEHN Eu T BRERXHE
S

> EERKER LR M2 LR B T REET-
PARC g-25R88 .

> J-PARCHYMeuSEUMSLLE?
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REF: Tong Li, Michael A. Schmidt. Phys.Rev.D 100 (2019) 11, 115007

SN EmuoniumiBAEMLE

o {KBECLFVELIELEER, Shigh energy frontier B %p
* cLFV5neutrino physics B #p
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S v ] /BEROR TE#HR

MEGII PSI (E5+) ut —ety FaEXELHIE

Mu2e FEALRE (XH) 4N - e N FraERE, BPRETT
COMET J-PARC (A ) uAl - e~ Al EfERE, ABETT

Mu3e PSI (Fmt) ut > ete et 1E AR

MACS PSI (L) ute™ - pu~e” 1999F 52, HORELER

© ERSTREBRBEEMCFVITE,
19994 PSI4G 45 ¥ 1R PR 5 7E8.3x 1071 |+ - ‘ N+
EHI205E, TCHTSCIGIR ””H

~ MEGIl, Mu3e
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2) HEB TP TIE=Yukawa couplings, cLFVEneutrino physicsT fh;
3) BTFcLFVEZ miIflavor physicsH#b;

4) {KHECLFVSLZEs, Shigh energy frontier H fb;

5) IERZTRELE, CE2FEEMmATR, VB

& K 5 R 5 Tt 1) 22 AL -
> FRIE B @i g2 2 I8, AR EESMN? 57 R MMACE




|EJJ'D'_',2 "/ E’z =
o -l-,l__l'-:l_,l- %ﬁ%ﬂ*ﬁﬁﬁwigﬁCLFV: Snowmass2021 - Letter of Interest RF5-RF0-126
> Mu2e ( % ) Search for Muonium to Antimuonium Conversion

‘Ll -I— Al —_ e -I— Al RF Topical Groups: (check all that apply CV/H)
> CO M ET( E K) O (RF1) Weak decays of b and ¢ quarks
[J (RF2) Weak decays of strange and light quarks
O (RF3) Fundamental Physics in Small Experiments

> M EG (I#lﬁ :t' ) ‘Ll + — e + y U (RF4) Baryon and Lepton Number Violating Processes

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

> M u 36(5% ___t) M + — e + e - e + O (RF7) Hadron Spectroscopy

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

Contact Information:(authors listed after the text)

= Name and Institution: Jian Tans/Sun Yat-sen University
[ ] ﬁa% *i S Be= "
—9 ﬁﬁ E{] ﬁ % ;I)-I\IJ .E. - Collaboration: MACE working group

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

> Ifﬁ ___': PSl 9( % é y M U La n %D FAST%E\_A‘Z*E Eﬁ /)I-l\[J E u% % Ilej o 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-
[N = = = N = w7 A rta g periment (MACE) will serve as a complementary experiment to search for charged lepton flavor violation
> Iffﬁ | PSI % —i\_\L é y M u Ca p % —i\_\L ;Ijl\lJ E l.l I 1% 3j€ El\] %I% El % éﬁ o processes, compared v—'ithr other ori—going experiments like Mu3e (u™ — e*e~e™), MEG-II (p* — ety)
and Mu2e/COMET (= N — e~ N'). MACE aims at a sensitivity of P(ute™ — p—et) ~ O(1013), about
> Jr=E :l_" = — three orders of magnitude better than the best limit published two decades ago. It is desirable to optimize
> M u S u n = X E SIS E_ [m] H\ the slow and ultra-pure ;1™ beam, select high-efficiency muonium formation materials, develop Monte-Carlo
S\ I ’
simulation tools and design a new magnetic spectrometer to increase S/B.

N = P , s . 5 . .
S _— Yu Chen, Yu-Zhe Mao, Jian Tang, School of Physics, Sun Yat-sen University, China.
wUNE,

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

©“ A NEE JNEL A——h—Eljéé%% Zhao, Luping Zhou, Institute of High-Energy Physics, Beijing, China.
> j]l:l -%l:la kTRl U M F E/\] TW I ST%E‘_‘L ﬁ Eﬁ ;IJ-I\IJ == u% 5% ﬁ ﬁ N Ch:?l \\}Llll,)ll{nfseargl?c:sr::r}loi ?\Iucllear PE:EL?S (R}Cs:;ls)), g)g:llga Uni]\rl‘]earsity. Japan.

%j o Probing the doubly charged Higgs boson with a muonium to antimuonium
e « S TA ST A N conversion experiment
> 7(%7[( %%Eﬂéé@g_z%gﬂ ﬁaﬁ;ﬂuzll%ﬁziﬁiﬂ:”_ Ch I 234 . Lt ; 5.6
engcheng Han, Da Huang Jian Tang®," and Yu Zhang
PARC g_zggg,‘_é\i o School of Physics, Sun Yat-Sen University, Guangzhou 510275, China

National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China
. Sz N = . +77 sz School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study,
> J' PA RC E/\] M eu S E U M %HLA‘L. B Eﬁ ;l)-I\IJ I==| muonium ;tg *ﬁ gHEI g:I: 1:/@ o . 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
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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 FlaVOI' Violation This effort is part of a global muon program under study within Snowmass

Program at Fermilab * Muon decays (MEG and Mu3e)

* AL=2 processes it N— e*N

* Muon conversion (Mu2e / COMET and Mu2e Il)

Bertrand Echenard — Caltech o

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 Bertra nd)I%MACE g'_:_jﬂ_eiyl] %_’ -F—ﬁﬁ% u*iﬁﬁ&%i%g;%ﬁ %

May 2021

e Theoretical Letter of Intent

Alexey A. Petrov!
! Department of Physics and Astronomy

impact on indirect searches for new physics.

Snowmass process and contributed papers * Experimental Letter of Intent

Frontier for Rare Processes and Precision Measurements

Alexey A. Petrov l

Wayne State University

S T LT
Alexey A Petrov (WSU) 2

8/23/2024 tangjian5@mail.sysu.edu.cn

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

Physics of muonium and muonium oscillations

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 muonium, its decays and muonium-antimuonium oscillations could provide an

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)
[ (RF6) Dark Sector Studies at High Intensities

[1{RF7) Hadron Spectroscopy

L1 (Other) [ Please specify frontier/iopical groupis)i

Contact Information :(suthors listed afler the texi)
Name and Institution: Jion Tang/Sun Yat-sen University
Collaboration: MACE warking group

Contact Ernail: tangfianS @rmail sysu edu.cn

Ahbstract: 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 (1 ~¢*) Conversion Ex-
periment (MACE) will serve as a complementary experiment to search for charged lepion flavor violation
processes, compared with other on-going experiments like Mude (5 — ¢*e~e ), MEGHI (u* - e¥9)
and Mu2e/COMET (5 N = e~ N). MACE aims at a sensitivity of P e~ — s e ) ~ ©(10~ "), about
three orders of magnitude better than the best limit published two decades ago. It is desirable to optimize
the slow and ultra-pure i* beam, select high-efficiency muonium formation materials, develop Monte-Carlo
simulation tools and design & new magnetic spectrometer to increase S/B.

Muon Campus Experiments, 24-27 May 2021
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for future CLFV experiments Jian Tang

EMuS — new muon facility in China (Snowmass 2021 RPP meeting)

Bertrand Echenard MACE concept

Vertical beamline

Caltech P
—RREES  puestREs
Mcp
Decay muons \ ‘
NuFact 2021 < ) ‘ il
Surface muons { [
Cagliari - September 2021 B
) 1 / e
?&:;3]' Intensity ~ Polarizaton Spread energy Intensity Spread
[1E6/s] [%] [%] [MeVic] [1E6/s]  [%]
PSI 1.3 420 90 10 85-125 240 3 Mu ‘vacuum’
Mu
Isis 0.16 15 95 <15 20120 04 10 o— bW t t 1
- ¥H +
RIKEN/RAL 0.16 0.8 95 <15 65-120 1 10 & e.]..‘f b&ﬁ_. Mu pxé'
JPARC 1 100 95 15 33250 10 15 < @, . (e 03K
TRIUMF 0075 14 90 7 20-100  0.0014 10 & | B X
Ref: Anna Soter's talk.
EMuS 83 50 10 50-450 16 10 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 S
; i ﬂlllllllllllllllllllllllllllll ||||||||||||||||||||||||||||||||||
conversion Experiment (MAYE) ™ i L

Workshop on a Future Muon Program at Fermilab

2023-03-28 Muonium-to-
. Anti [
Shihan Zhao Cgr:{:‘e”,;’{;':'“
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
ZBSMEERKLBERKS FENNS, LLikE FECR-
LW & https://arxiv.org/abs/2309.05933 SE S INEESER A SECLFV2023, ALSRE

8/23/2024 tangjian5@mail.sysu.edu.cn 29
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MACESELS: Muonium to Antimuonium Conversion Experiment.
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Conceptual Design of the Muonium-to-Antimuonium Conversion CONTENTS IX. Positron detection system (PDS) 62

i A. Microchannel plate (MCP 62
Experiment (MACE} L. Introduction 6 ‘ icrochannel plate ( )
B. Electromagnetic calorimeter (ECal) 68
Ai-Yu Bai,! Hanjie Cai,? Siyuan Chen,! Xurong Chen,?> Yu Chen.! Yukai Chen,? 1. Theory v 1. Overview 68
P 1 PTG 374 A 171 3 o2 )
Weibin Cheng,” Rui-Rui Fan,” Li Gong,” Yinyuan Huang,” Zhilong Hon,” Huan Jia, A. Phenomenology of muonium conversions 7 2. Conceptual design 69
T ot 4 Ha R ;2 23 o 1
Han-Tao Jing,” Xiaoshen Kang," Hai-Bo Li,;*” Jincheng Li,” Yang Li,* Guihao Lu, B. Muonium rare decays 10 3. Signal simulation 79
Han Miao,*® Yunsong Ning.! Jianwei Nin,> Huaxing Peng,*%% Alexey A. Petrov,”
Yuanshuai Qin,? Ying-Peng Song,* Mingchen Sun,’ Jian Tang,* Jing-Yu Tang,® Ye Tian,? III. M-to-M conversion signals and backgrounds 14 X. Background simulation 74
Chen Wu,»® Rong Wang,? Weizhi Xiong,® Tian-Yu Xing,*® Yu Xu,! Baojun Yan,*® A. Signal event signature 14 A. Physical backgrounds 74
Ye Yuan.*® Yao Zhang,® Zhilv Zhang,? Guang Zhao,* Shihan Zhao,! and Luping Zhou® B. Backgrounds 16 B. Accidental backgrounds 75
IV. Accelerator and muon beam 22 XI. Sensitivity 76
1School of Physics, Sun Yat-sen University, Guangzhou 510275, China A. Accelerator and proton beam 929
XIL Offline software 7
B. Muon production and transport 24 ; ”
2 : i ; hi y. i < “hi A. Introduction 77
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhouw 730000, China 1. Muon production target solution 24 4 i
B. Framework 78
2. Conceptual design of muon beamline 30 !
3Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China C. Parallel computing 80
V. Overview of the detector system 33 D. Event data model 81
1School of Physics, Liaoning University, Shenyang 110036, China E. Detector geometry and field 82
VI Design of muonium production target 35
F. Continuous integration (CI) 83
" University of Chinese Academy of Sciences, Beifing 100049, China VIL Michel electron magnetic spectrometer (MMS) 40 G. Event display 83
A. Magnetic field and magnet 41 IIL Pl | | desi <
. . . . . XIII. Phase-I conceptual desig 7
SState Key Laboratory of Particle Detection and Electronics, Beijing, 100049, China B. Cylindrical drift chamber (CDC) 9 1ase-1 conceptual design i
A. Overview 87
1. Objectives 42 B. O 7 <
T Department of Phusic: d Ast _ ) ) . Objectives
epartment of Physics an sironomy, 2. Wire configurations 46
University of South Carolina, Columbia, South Carolina 29208, USA B . . . L. Muon beam 88
C. Tiled timing counter (TTC) 47
2. Detector performance 59
1. Objectives 48 , .
# Research Center of Nuclear Physics (RCNP), Osaka University, Japan ~ C. Detector system design 89
2. Conceptual design 50 . i
1. Electromagnetic calorimeter 59
9 Institute of Frontier and Interdisciplinary Science, VIII. Positron transport system (PTS) 52 2. Fibre tracker system 91
Shandong University, Qingdao 266237, China A. Magnet and transport solenoid 53 .
XIV. Summary 94
B. Electrostatic accelerator 55
(Dated: August 23, 2024) C. Performance 58 Acknowledgments 95
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Muonium-to-Antimuonium Conversion Experiment

8 € e ju
- w e ' N 5
High-efficienc [ = PSR s - . . . )
mSonium roguctiono M 1 M M 7t m M High signal/noise ratio
P = (o e u put L ~ et
e > - )\( . - et i
M L Mo e &
P v N _ 30f  [Meany 002169
i ——— % :
20—
Silica aerogel - % .;_;,J:;‘, —10f
target €D eReE N ) a:« M «E oF
LT3 29999 g
VD 9 D RN _10[-
B
’u,“u“u‘.J‘J.O....‘ 1 . 4 an
PR R AR e G2 —30)-
—40F
PN ST T PR T | 3 U IV P
-20 -15 -10 -5 0 5 10 15 20
atomic e TOF - TOFg, o 1eq [NS]
Muonium /( \\\ > =135V
with thermal A
- Track of electron

5 /
\ / Projection:
(xLylal)—>
(xlylal’ )
Shield

t1’ =tl 410+ 1{z)

B-Selector

Accelerator

Smlic_c of MCP
Solenoid / Magnet ’

/ AR A[
¢

Positron hit signal

(x2.y2.2)

High-resolution Calorimeter

spectrometer Collimator

Target
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Multiple coincidence?
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ut (~1MeV) scattering MC simulation for muonium transport
y has been developed under the ut
Electron capf ure (~1kev) MACE offline software framework. M
Muonium (~100eV) \ D Geant4 low-energy EM process.
Epithermal scattering
I 2 Geant4 AtRest process, modeled phenomenologically.
Random walk (room temp.)
! _— ® Random walk approach to thermal muonium tracking.

Emission to vacuum

A=A R
BYERTE
FIR A

—

Muonium
with thermal
energy
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Shihan Zhao and Jian Tang, Optimization of muonium yield in perforated
silica aerogel, Phys. Rev. D 109, 072012. arXiv 2401.00222

* Intensity of in-vacuum muonium source: Iyf'“ = IyeamYym

* Y,_M can be improved by utilizing porous materials, ideally perforated

silica aerogel.

* An simulation method is developed to accurately simulate muonium

production and diffusion.

* The simulation is validated by muonium yield data measured in TRIUMF

and J-PARC.

- 40 I Experiment (J. Beare et al. PTEP, 2020(12):123C01, 2020)

% g ¢ Simulation (this work)

“ g 30

Ee ot

g > -* * ¢ L d * 3

2 o 20 * -

=5 *> .

oS -
== L

=310 H .0t

— 0 1 1 1 1 1 1 1 1 1 1 1 1
= 100F "

DG | - - - - - - - - - -
57100 C 1 1 1 1 1 1 1 1 1 1 1 1
o 20
> = =

= 0r = =
= x =

E —20 i 1 1 I ¥ = i 1 . 1 L 1
a4 SO01 S04 S05 S09 S10 SI11 S12  S13  S18 S19  S20 S23

Silica aerogel samples (with laser-ablated holes)
8/23/2024
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GEANT4

Event initialization

Muon generation

Normal muon
tracking
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target?
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Normal tracking
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Muonium tracking
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Sample free path
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Update (x, y, z, t)

400f
} ----- Background
350t Experiment
300 4~ Sim.+BG (293 K)
S0t "
o
] =
00 4 £
-
LSUS‘\J
100} ",
sof
s
0 2
Decay time (ps)
(a) Flat target, region 1
2500
2000}
15001 g
E
&
1000}«
*
500+ I
.

012

Decay time (us)

(d) Perforated target, region 1

————— Background
Experiment
,l—’—\4 +— Sim.+BG (293 K)
“‘L
2 4 12
Decay time (fts)
(b) Flat target, region 2
by, Background
Experiment
—— Sim.+BG (293 K)
+ —4— Sim.+BG (322K)
s

3 RV I
Decay time (uts)

(e) Perforated target, region 2

Step back according to
time constraint

Entries

Yi .
s Decay time
reached?
W No
In target i
bounding box?

No

rrrrr Background
40 ) 1 Experiment

—— Sim.+BG (293 K)
Hly —4+— Sim+BG(322K)

20p, |
¥
Y
10} e
a TR
0 2 4 6 8 [TRE
Decay time (is)
(c) Flat target, region 3
400/ == Background
Experiment
b —— sim. +BC <
300t 1 I_'h’ —4— Sim.+BG (322
re
v
200 H :
1 T rozk=10
100+
* ¥
E H
uﬁ" o,
v 2 4 6 & 10 12

Decay time (us)

(f) Perforated target, region 3

35



Contents lists available at ScienceDirect

SiO, SFIMI S F=T=aiie

i

Nuclear Inst. and Methods in Physics Research, A

& )
b ]
& ek
journal homepage: www.elsevier.com/locate/nima

* A novel multi-layer design is expected considerably increase muonium

Modeling the diffusion of muonium in silica aerogel and its application to a

novel design of multi-layer target for thermal muon generation
4 §. Kamioka®, T. Mibe ®, A. Olin®', N. Saito*,
B 25 mm

yields in a vacuum (Ce Zhang et al.).
C. Zhang*", T. Hiraki ", K. Ishida“, S. Kamal( )

K. Suzuki™, S. Uetake", Y. Mao

* The simulation result achieves

Laser

v Y, oM = Ny /NPR = 4.08%
v' Nearly an order of magnitude improvement on Nl\‘ﬁaC/Nﬁ"tal. L

» Still room for further optimization.

Multi-layer target + intensive muon beam - intensive in-vacuum muonium source

v Jvac _— — 6 : — 8
Iy IyeamYu—m = 4 X 10°/s, assuming Iyeam = 10°/s For each aerogel layar
3mm thickness
2mm spacing

> For comparsion, MACS 1990s: Iy2¢ = 4 x 10*/s

» Expected two orders of magnitude improvements in in-vacuum muonium

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.
faste™ + slow et O ut->o e et O Moet e~ O Scattering/conv. e
~ — O Misreconstruction
A«zﬁo’ O Cosmic ray, etc.
RS %]
& ,
é ot <> =g ©
" (43.5eV avg.) M
y
* Coincidence of a fast e~ and a slow e*
« Common vertex (by selecting e*/e" track DCA) » A'clean” data taking duration
v Select pyy of e* O Pulsed muon beam
v' Reject accidental e S > Excellent vertex resolution
» Time coincidence (by selecting e* TOF) O e*/e spatial resolution
v’ Select p, of e* ~ O Precise e* transport in EM field
v" Reject e* from IC decay or Bhabha scattering > Excellent time resolution
* Charge identification (by e track & e* annihilation) O e*/e time resolution
8/23/2024 tangjian5@mail.sysu.edu.cn
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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)

Iron yoke

Transport
solenoid SCEE e

ST O

\o—

Magnet

Target

_ Microchannel
Collimator plate (MCP)

Electrostatic
accelerator

Beam pipe
V. MCP detects e* position

VI e™ annihilates on MCP

. Surface muon stop in target — muonium ' o
P get— VIl. ECal detects 2 back-to-back annihilation y

1 M diffuse into vacuum & convert to M

Ill.  Decay in a vacuum: M-ete Triple coincidence:
V. CDC detects Michel e~ track » MMS + MCP + ECal
V.  Transport atomic e* to MCP (conserving transverse position) i h v g
Michel e~ Atomic e™ 38
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'.\"U"St‘_:_“mtargetil I For sach aerogel layer. Microchannel plate (MCP) specifications:
llica aerogel with pertoration : + Signal (e* 500 eV) efficiency > 0.7

surface. At < 200 ps, Ax < 100 pm.
* Multilayer design, 4% /
muonium yield in a vacuum. Beam degrader J "«wﬂ )
1.15
. ol

&)

y 4

TTC geometry:

= Positron transport system:
* 500V electrostatic accelerator & 0.1 T
transport solenoid & brass foil collimator.

*  &signal = 0.6, €u—eeevv bkg. = 0.02.

Magnetic spectrometer: « Signal e* position error 100 pm.

* 0.1 T axial magnetic field. Electromagnetic calorimeter:

« CDC: He(C,Hyp) gas, 21 layers, 3540 cells. «  Geometry: Class-1 GP(4,0) Goldberg polyhedron.

89% geometry acceptance, Ap ~ 500 keV. « 622 CsI(TI) crystals with 10 cm length, PMT readout.

« TTC: 756 fast scintillators with SiPM «  97% geoemtry acceptance, AE/E = 7.5% (signal 2y event),
readout, slant +15 deg, At < 100 ps. 67.5% signal efficiency.

8/23/2024
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P P ; GDML  ------ ROOT file

' Applications : '

Event ; Mustard::Detector ¢ E ;I;

i Simulation ‘ ‘ Reconstruction ‘ [ Analysis ‘ display 5

Detector Detector Geant4 Y, ROOT

________________________________________ ; description definition geometry TGeo

Libraries A

! SD & Analysis Detector Reconstruction Y

' digitizer algorithm geometry algorithm ' Detector Y

parameters | Simulation | | Reconstruction | I Visualization

I : (YAML)

| EM field Data model Physics ;

! ; 128

i v v v g .

: Mustard ; 64 R

5 : y=0.9999 x1077 .-

l ______________________________________ 32 .

_____________________________________________________________ I________ - ____.: D— -.‘-'..

! External libraries | : 2 1 T4

! i H (V] .t

: i H Q

. | ROOT | | Geantd [ MPI | | yamlcpp | v : & 8 .

! i | PMP 5 .

! ! ; 4 .

| {fmt} J ‘ Eigen ’ [argparse ’ ‘ Microsoft/GSL | ! E

: Y 2 °

i { | GenFit2

E backward-cpp ‘ {envparse} { muc I ‘ EFM | 1 e

E H 1 2 4 8 16 32 64 128

.................................................................................

Number of nodes

8/23/2024 tangjian5@mail.sysu.edu.cn 40
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Signal distribution

Track of electron S0F .
------- 40 [Enties 90029 ’
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FOM (arb. unit)

05k

04t

03t

(LN S

00k

u*t —e*te e*v,v, simulation:

* Event selection:
* 30 signal region cut
* Dxy>7MeV/c

. = 0.926

€pxy cut
* &llcut = 0.914

*  Npig = 0.287 £ 0.020
(in 108 y/s x 365 d)

T T T T 30,35

—— FOM=¢,/(b+1.5) qL0
==+ Background count lo30
== Signal efficiency of thiscut |
H0.8
40.25
{020 2 {06
?
]
Jous §
2 Joa
E
0010
H0.2
% J0.05
Y
P,
Fy,
R - 0.00 H0.0
L 1 1 1 1

0] 20 30 40 50
Py cut value (MeVic)

Signal efficiency of this cut
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* Summary of current full simulation results:

Detector, component or analysis Efficiency type Efficiency value
Bac kg round count / (108 l.IIS X365 d) Geometric acceptance (s§yy1c) 88.2%
Magnetic spectrometer (MMS) ) — .
[,l,+ N e+e_e+17 - 0.287 + 0.020 Reconstruction efficiency ({{j2) ~ 80%
n-e : - Positron transport system (PTS) Transmission efficiency (sprs) 65.8%
Beam pOSitron < 0.07 Microchannel plate (MCP) Detection efficiency (sycp) 32.6%
Accidental ) Electromagnetic calorimeter (ECal)  Detection efficiency (ggoq) B7.5%
Cosmic ray (w/ veto) < 0.1
Total detection efficiency 10.2%
TOtaI <1 Analysis Signal efficiency (gcu) ~ B0%
Total signal efficiency 8.2%
v' 0(104) single event sensitivity is expected:
1 —-14
SES = =9.5x10
EGeom EMMSEMCPEECal EcutYM N i+
* More background simulations and refined data analyses to be updated!
44
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Timeline

Phase-| Phase-| Phase-I Phase-ll
Conceptual : : ) : ) MACE
: technical installation & physical technical
design ) ) Phase-ll
design test run run design
>
2024 2025 2026 2027 2028 2028+
» Phase-l: 0(1011) sensitivity for rare muonium decay (e.g. M—>ee) » Phase-Il: 0(101%) sensitivity for muonium conversion
* Data taking duration: 1 year * Data taking duration: 1 year
* Beam specifications: * Beam specifications:
O Surface muon, 10°~ 107 p*/s O Surface muon, 108 u*/s
O Pulsed or CW beam O Pulsed beam, repetition rate 20 ~ 50 kHz
O Momentum spreading: Ap/p < 5% O Momentum spreading: Ap/p < 3%

« Domestic muon beams in the near future: Melody, CIADS, HIAF, SHINE

45
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* Coincident method—> oscilloscope to monitor PMT waveforms  stus, s«=piss,  yymisins) 1%,

- NIM electronics to count rates and angular distributions G2 HY, 202142 /7
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HFRFESFEHRNIEV3: FopillE
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https://arxiv.org/abs/2308.15253

COMETEIEEZF R

CSNS proton beam time: 2022/7/20
Beam window:
* lcmxlcm
* Energy: 30 MeV, 35 MeV, 40 MeV,
45 MeV, 50 MeV, 55 MeV, 60 MeV
* Time: 90s per point
* Beam rate: 1.7x107 protons/s/cm?

e ——

2. CSNSJFF 7 FEF I E 1BEiE

8/23/2024

on RSl

0
0

300

350

400




COMET IG5 3Rt o R ZS T 1

o

¥ oOE T f 1 =
; = 4 — —— Hit Rate on X Layer |
///\\\— === =3 STAIDIESS Steel Box 4;_-'; - | { | { | JA AI'—" 30: e ;14%
N siwonl B TR UNTU AT o
\ i st i Plastic S.cmtlllatlon % i& HH m } | M d | h‘ (\ { MH‘ WM } EE 25— 0 £
————— > Resin Components 2'5;_ i 20:_ —:10
Electronics 2 2_ - { 8
G Protection Box 1.5 15; ]
E - —6
--------- ;. E |
_______ Aluminum Plate 0'5;_ :..T...m‘.‘.|....|.‘..|....|‘.‘.|.__4
0 T T T e 1500 2000 2500 3000 3500 4000 4500
> Time Logic Unit 0 20 40 60 80 100 120 140 160 180 e Run Nu";:’er
Time [min] S
> 25|
g oo
< so00 r
2000 [
ao00 [— || | !
| || -
2000 — || [ . | I h _ [ o f
1 | I I If |': [ " | I
1000 = 1} _|: nllh :|; T j: i :. I |: o .;', . _I
e NS, P T VO . OO WO o VOO OO i Y I ST O WO O O RO NP . WO VOO B VOO O AL WP S
ﬂu...é...‘i...é...é...].u...m...H_.nn;e[.Pst
;g 2500 ; Peak 1: chi2indof = 220.05/149 = 1.48
= WIE'III::IZ:H-“ Peak 3:
el B =
1500 ; s | Sigma: 51.39
1000 i— PR v
) oo
E

M|
1600

L | L L n 1 n n L | " L 1 n L 1 | " n L 1 n " L | L
200 400 600 800 1000 1200 1400 .
Time [ns

8/23/2024




Muon Spin Relaxation, Rotation and Resonance (USRI {{)( &

Positron

EHHE
o wik | SFHF
N gy
urgEzx
w AR )

\p sae
S

The uSR spectrometer

=V
DNA

00|234ss?stuw

Nature Materials 16, 467-473 (2017)
ime 5]

FEGESRA. SR (ZF-pSR) TIEERBES(TF-uSR) MM (LF-uSR). H R (uSE)-
B ig34R(RF- uSR)~ Level Crossing3t#E(nACLR)
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HSRIG{XEREITFITRIY

« Two detector rings, degraders, a cryostat and a beam plpe

ROOT Object Browser

Sample

hdet_time20_6
Entries 442255
Mean 2.063
Std Dev 1.956

3000; !
Scintillator F

2500~

2000 i

1500~

Degrader Beam window(Mylar)

FEEEREEER

Credits. JZ1£7T
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Credit: AR, K% Tk HEHSF
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Counts / 60 ps
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Toy Lagrangian
(d)
~ v Cp
L= Lot Y)Y ol
d>4 n

m i i _
ZLoLpy = Tg fro, e I 4 F”LyﬂeL(”Ly#”L +dir,dy)

“Loops” “Contact Terms”

e 4 e

mass scale 4

N N N N

REF: By A. DeGouvea and P. Vogel, arXiv:1303.4097. EFT treatment by S. Davidson and B. Echenard. arXiv: 2010.00317
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Muonium to antimuonium conversion

et

complex neutral scalar

€ €
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REF: Tong Li, Michael A. Schmidt. Phys.Rev.D 100 (2019) 11, 115007
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Collimator design

£

Collimator selects pyy, of transported particles.

» Narrowly spaced copper sheets, parallel to z-axis.

» Sheet thickness: 0.2 mm, optimize pitch accordingly.

Background level is simulated by McMule LO u — eeevv, MACE

detector & simple signal region cut applied.
Optimize pitch by maximize /(b + 1.5).

Optimization result:
v’ Optimal pitch: .15 mm - pg®* = 14 keV/c
v Signal et efficiency: 68%

v’ Reject 98% of 4 — eeevv background

| il \W\ i |"HH

iy b
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The value of the potential[V]

See Guihao Lu (&1:%)'s poster (MIP2024)
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» Specification:

* Geometry:

* Advantages:

Excellent energy resolution for background discrimination

High signal efficiency

Class | GP(4,0) Goldberg polyhedron

154 inorganic scintillators with PMTs (preliminarily Csl:Tl)
97.5% solid angle coverage

Inner diameter: 30 cm

Crystal length: 15 cm

Large solid angle coverage
Symmetry for precise reconstruction

Self-supporting structure
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Design of calorimeter

* Signal and Background See Siyuan Chen ([ /it )'s poster (MIP2024)

* Energy resolution: 8.4% at 0.511 MeV, 6% at 1.022 MeV

* 68.1% signal efficiency (30 region)
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60t =
= » 6000F
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5 2000
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78



https://indi.to/SWLw8

Design of cylindrical drift chamber

* Design goal:
v’ Large acceptance
v’ High rate capability
v’ Excellent vertex resolution (O(1) mm)

v" Good momentum resolution (O(1) MeV in 0.1 T field)

e Specifications:
v" Near-square drift cell, minimum deformation

v’ Alternated axial / stereo layer

* Preliminary design:

» 7 (super) X 3 (sense) = 21 layers
12 stereo layers, 9 axial layers
Cell width: 8 mm ~ 12 mm
Length: 1.2 m (inner) / 1.6 m (outer)
Radius: 150 mm (inner) / 417 mm (outer)
Acceptance: 89% ~ 97%

Stereo layer angle: 6 deg at minimum

vV V. V V ¥V V V

Gas: He:C,H,, = 85:15 | S 79



Design of cylindrical drift chamber

* We have developed an parameterized drift chamber geometry, allowing us to continue to optimize the geometry design of

drift chamber.

» Figure: generated drift chamber preliminary design. Wires are scaled to be clearly visible (blue: field wire, red: sense wire).
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* Design goal:
v'High rate capability
v Excellent time resolution (<100 ps)

v Good spatial resolution (10 cm)

* Specifications:
v'Two tile coincidence

v'Overall efficiency same for e*/ e

* Preliminary design:
» Plastic scintillator array
»18 () X 42 (z) = 756 tiles
» Center radius: 480 mm
»Slant angle: +15 deg




Simulation of magnetic spectrometer

Energy truth

Fit energy at decay vertex
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Design of MACE Phase-I

» We planned to construct the ECal first for the Phase-I experiment.

* Physics goal: search for rare muonium decay (e.g. M—ee) with

O(101) sensitivity.

« Operates at 10°% ~ 107 p*/s surface muon beam.

» Challeges: (i) event pile up and (ii) efficiency loss due to different

ECal energy range between Phase-l and Phase-II.

Detection scheme:
. Surface muon stop in target — muonium

II.  Muonium rare decay: M —» ete~

SciFi tracker Electromagnetic

/\ Calorimeter (ECal)

Inner transverse Outer axial layer /\

layer
4 PMT  Csl (TI)
crystal

IIl.  SciFi Tracker detects back-to-back e*e ™~ pair coincidence with ECal.
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Phase-I SciFi Tracker

S

Conceptual design:

* Dual layer geometry:

* Axial layer: 1536 axial fibres arrange in 8 modules with 3 sublayers each.

* Transverse layer: 320 fibres arrange in 3 cylindrical sublayers, layer radius 82 mm.

« 1856 fibres in total. """"
* Kuraray multi-cladding fibre, ® 500 um.
* Readout: Hamamatsu S13552 MPPC.

Specifications:

e Spatial resolution ~250um.

* Detection efficiency >99% S ——
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