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High-intensity frontier and cLFV

€ How to search for new physics beyond SM?
O High-intensity frontier:
» Provide indirect constrains with precision
measurement or search for forbidden processes.
O Advantages of cLFV with muon:
» Clear signals. cLFV is forbidden in SM, no irreducible
SM backgrounds.
» High statistics. High-intensity muon beam — large
samples within a short period.
» Well motivated. Scalable cLFV in new physics models
including SUSY, seesaw, ALP, U(1)z_, .

Significant cLFV signals — clear evidence for new physics;

Negative result — strong limit on new physics models.
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Muonium and muonium-to-antimuonium conversion

* Muonium (M) is a hydrogen-like exotic atom

consisting of an antimuon (1) and an

electron (e™).

» Entirely composed of point-like leptons, free

from hadronic uncertainties.

» The ideal system for testing QED and bound-

state theory.

» Lifetime practically equals to the muon

lifetime (t = 2.197 us).

Nucleus

Mass

Proton

938.3 MeV/c?

Antimuon

106.2 MeV/c?

Muonium

Muonium-to-antimuonium conversion® is a
spontaneous conversion from muonium to its

antiatom, antimuonium (M).
M(u*e™) » M(u~e™)
This process violates lepton flavor by 2 units.

Latest 90% C.L. bound on conversion probability
(MACS 1999):
Pyly <83 x 10711

Muonium-to-antimuonium conversion

experiment (MACE) aims to improve the limit by

Reduced mass 0.9995 m, 0.9952 m, _ _ more than two orders of magnitude!
Bohr radius 52.9 pm 53.2 pm Antimuonium _ _ _
(*The kinematics of M = M is similar to thatof K — K or B — B
1S energy 13.538 eV 13.540 eV oscillation. However, M — M oscillation period is constrained to O(1)
Lifetime Stable 2.197 ps second. Practically all muonium will decay before they oscillate. So, we
prefer mentioning it conversion instead of oscillation.)
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Muonium-to-antimuonium conversion

« M — M conversion is a coherent process, * The effective Hamiltonian can be
written by the combination of 5 dim-6
( IM(0)) ) (M B 1—)( IM()) ) effective operators,
IM(1)) IM(2)) 1
Lest = Lsm + Z — Z CiM QM
e The off-diagonal term induces the conversion, n>4 A i

' 1 L1 =75)e) (i (1 = ys)e),

M-<r) =—(M|H4M
( 2 )12 Zm( [er ) (1+y5)e)(ﬁy“(1+y5)e),
)

= (@
= (@r
<M|Heff|n>(n|Heﬁ|M> = (fr,(1 —ys)e) (ay (1 +ys)e),
= (&
(&

1
+ — _
2m Z m—FE +ie (1 +y5)e)(,u(1 +y5)e),
Time evolution of the state and conversion probability QgL i(1 = ys)e) (A1 = ys)e).
« Work out the time evolution: My_(t) < e 1E(Tt)?,
° : . -I't Details in e.g. R. Conlin, A. A. Petrov,
Normal muonium decay: FM—’f(t) x 1? _(;) Phys. Rev. D 102 (2020) 9, 095001
* Define the conversion probability: Py (t) = 1"M;f(t) o t?
M-f

» Insight: probability evolves quadratically over time = longer travel time of muonium in vacuum leads to
higher probability = search for muonium conversion in vacuum (instead of in material).
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Muonium-to-antimuonium conversion in EFT

* Muonium conversion can specifically probe uuee effective <+ The effective Hamiltonian can be

coupling (which cannot be directly constrained by u — ey, written by the combination of 5 dim-6
1 — eee and u — e conversion). effective operators,
] ) ] 1 (n) (1)
H ¢ o € Left = Lsm + Z An—4 Z C; ' Q;
et n>4 )
q q e’ ( 1= 7’5)3) (ﬁ]’a(l - J’s)e)s \

L — e conv. u - eee u—ey = (ar (1 +75)e) (r“(1 +75)e), upee
peqq contact peee contact pey dipole —vyo)e) (ay*( +yoe), contact
IM|? < Cfoqq IM|?  Cfece [M|? o< Cirey - (7. 5 )-( o*) operators

= (fa (1 + yS)e)(,u(l +75)e), P
e e~ et ( (1 —?’5)6) (ﬁ(l —3’5)3)- /

U e
u M M
+ R e
¢ ;;C:i\:— P— » M — M is the only low-
> +

ueee contact energy process that can
u — e conv. u— eee M- M ) il directly constrain uuee
ey dipole ey dipole ee contact . .
uey pey puee
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Muonium-to-antimuonium conversion in EFT

* Muonium conversion can specifically probe uuee effective

coupling (which cannot be directly constrained by u — ey,
1 — eee and u — e conversion).

L. _ ~RR _ LR __ LR __ ~RL
CLL = CBR — CLR — |, CLR = R
(excluded region has C.L. > 0.9)

(excluded region has C.L. > 0.9)

Gr =GR =, cf=c =1

* The effective Hamiltonian can be
written by the combination of 5 dim-6
effective operators,

Lest = Lsm + Z Aj—‘l Z CZ-(n)QEn)

n>4

188' 188_
_______________________ Py < 1071 “\\\ ~
i 0T MACE = (fars(1 — ys)e) (ay* A = ys)e), )
60 MACE 60 s e - a
- SON -5 ) P = (ar (1 +ys)e) (Ar®(1+rs)e), uuee
L 40 O 40 i PMMSIO’IS _
S e S P N = (ar,(1 = ys)e) (ar*(1 + rs)e), contact
101 S O PPPPP PP TS TITL L L 30 e N e
= [ #dt =100 b g 0 T N s ] — — operators
2 UTRISTAN 2 uTRISTp;.l;I‘ ......................... J Zdr =100 fo~ - ( (1 + ys)e) (ﬂ(l + }/5)6), p
5 20 (wre” = pet) 5 20 gt
‘w ‘A (ute” > pu~eh) _ —
- - = (B =79)e) (B0 = 1s)e). )
2 LHC /s = 14 TeV 2 LHC /s = 14 TeV
Z Z
191 10¢
8  8 ]
’ ! » MACE can probe TeV-scale new physics
5 e ottt 5| A (19 o and provide unique constrain.
4 4p M S 83H00
10 0.5 0.0 0.5 1.0 10 —05 0.0 0.5 1.0
CLR CR L C‘I;L , C{;R , C‘LjR
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MACE physics motivation

v’ Rich physics in muonium conversion -l (mvertea oraerng| - Tene orderne
[y S 101
» Stringent bound on maximally LFV 3 S
) 1074 L T (I e i i e
: : = =
ALP, doubly charged Higgs, bilepton, & g
and more. 100 10} C.C. Han et al,
PRD 103,
103 s 0= . s 055023 (2021
v/ Muonium conversion is unique. T ot R (2021)

MACE could probe doubly-charged Higgs beyond the reach of LHC

» Provide direct constrain to a set of 10" fom T g
.; 102 i P A
unique EFT operators; o 109 i P g
_ 1 1074 i 77 uTRISTAN) Bee™0
» The only low-energy observable in 10> [ | ﬂ
107 ST 100 g _— ! A
. I <3 L. Calibbi et al, !
certain flavor structure. uf oo 2 107 | PRD 110, | +
| 1078 | 115009 (2024) :
. . 101 et B 107°F ! — o | 7
» MACE is well-motivated and can g..=1010 0OR gy, | Koo i
10-13 L A. A Petroy, il Jo-1 7 -‘I. — e u* - ya(inv) | 4
complement other low-energy Aneivae0dd/ 98t PP | | ]
107 ) T T T T T 102 10 1 100 102 10°
experiments and future colliders. s [ m, [GeV]

MACE could constrain LFV ALP parameter space comparable to future ey collider
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MACE physics motivation

)
v’ Rich physics in muonium conversion.
0.100 EMT
» Stringent bound on maximally LFV
. . 5_:3 0.010} 2%
ALP, doubly charged Higgs, bilepton, =}
and more. ] _ ILC (500 GeV) eprtrt
— ILC (1 TeV) (ep — 77)
. . —cuc
v/ Muonium conversion is unique. s o 50 00 00 1000
mh.g.)(gl (GEV)
1 T T
» Provide direct constrain to a set of
. . 0.100 f ,tLT]L
unique EFT operators; (7 = )
> The only low-energy observable in & sooE
certain flavor structure. I "¢ ILc (500 Gev)
A e —ILC (1 TeV)
{\\
. . o&° _ CLIC pr
» MACE is well-motivated and can N (r o5 en)
my, (GeV)
complement other low-energy _ M — M is even the only low-energy
. ) MACE can probe bileptons observable in certain flavor structure
experiments and future colliders. comparable to future colliders (L. Calibbi et al, PRD 112, 075031 (2025))

(T. Li and M. Schmidt, PRD 100, 115007 (2019))

2026/5/15 Shihan Zhao (Sun Yat-sen University) 10



Contents

O MACE conceptual design

Muonium-to-Antimuonium Conversion Experiment

2026/5/15

Shihan Zhao (Sun Yat-sen University)

11



How to detect muonium-to-antimuon conversion?

» (Anti)muonium decay kinematics:
e Muonium: a bound state, M = u*e~
* Muonium decay: M — e*(fast)e ™ (slow)

* Antimuonium decay: M — e~ (fast)e™ (slow)

» Roughly three steps:

_ Michel electron energy

o
(=]
@

Probability density
o
S

=)
2
<
P
9]
|

o
=3
S]

0 10 20 30 40 50
Energy (MeV) Vy

(a) e~ energy spectrum. (b) Leading-order M decay.

1. Produce muonium in vacuum as many as possible;

2. If there are muonium-mixing, some M will decay as anti-M;

3. FindaMeV e and aneV e’ in the detector to search for muonium conversion.

N\
N
N \
~
N P

Muonium

\ ﬂ \\
N\
~
~

\
\
\\5‘_.e+

Antimuonium

Probability density

___ Atomic positron kinetic energy

e
o
&

0.06 |
0.04 -
0.02

ooo[b
0 10 20 30 40

Kinetic energy (eV)

(c) eT energy spectrum.
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Conceptual design of MACE detector system

Michel electron Magnetic Spectrometer (MMS) Positron Detection System (PDS) More details in
( : \ r ) \ backup slides.
i imi indri i Electromagnetic
Iron yoke Tiled timing Cylindrical drift g

counter (TTC)  chamber (CDC) Iron yoke calorimeter (ECAL) MMS:

« CDC: e tracking

« TTC: Trigger, timing

PTS:

* Accelerate and
transport atomic e*

PDS:

« MCP: atomic e*
transverse position

« ECAL: e™ identification

Magnet
Transport

solenoid

e

Target

Electrostatic Collimator Microchannel Tl'ip|e COinCidence:

accelerator Beami bipe plate (MCP) > MIlIIS +\MCP: ECP;L
Positron Trans;')ort System (PTS) Michel e~ Atomic e

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

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

Single event sensitivity (SES)

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 101

Detector, component or analysis Efficiency type Efficiency value

Geometric efficiency (e51ys) 84.6%
Magnetic spectrometer (MMS)

Reconstruction efficiency (e)7318) ~ 80%
Positron transport system (PTS) Transmission efficiency (eptg) 65.8%
Microchannel plate (MCP) Detection efficiency (encp) 32.6%
Incident efficiency E%lc AL 63.4%
Electromagnetic calorimeter (ECAL) Geometric efficiency E%&‘fi 95.3%
Reconstruction efficiency eReseh 94.0%
Total detection efficiency 8.25%
Analysis Signal efficiency (ecyt) ~ 80%
Total signal efficiency 6.6%

0(10713) single event sensitivity is expected:

SES = ! ' =13x10"".

geom _reco Geom -~Recon

n In vac
EMMSEMMSEPTSEMCPEECALEECALEEC AL S Cut VN

g e I T — 1% 108
10 uOT/s
— 1
e PM = M) < (§F><_21 (1 — a;2(nobs + 1)) — b) x SES =3.8 x 10719 .
10 100 200 300 400 (90% C.L.)
Data taking days
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Abstract

The spontaneous conversion of muonium to antimuonium is an interesting charged lepton flavor violation phenomenon that
offers a sensitive probe for potential new physics and serves as a tool to constrain the parameter space beyond the Standard
Model. The Muonium-to-Antimuonium Conversion Experiment (MACE) was 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 O(107'3). This article presents an overview of the theoretical
framework and a detailed description of the experimental design for muonium-to-antimuonium conversion.

Keywords Muonium - Lepton flavor violation - Muon beam - Drift chamber - Microchannel plate - Electromagnetic
calorimeter
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Proposal of MACE Phase-l

O Muon cLFV decay modes
v p*e” annihilation: e = yy 9(1075), 1959
v Neutrinoless decay: u* — 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(ut - efyw)  0(107%),E, > 45,E, > 40 MeV, 2016
v B(rt - ntv,)  0(107%), 2004

v Bt - etv,)/B(nt - ,u+vu) 0(10™%), 2015
EPJC 76 (2016) 3, 108 PIONEER CDR, 2022
Int.J.Mod.Phys.A 20 (2005) 472-481

PRL. 115 (2015) 7, 071801

arXiv:2203.01981

More details in
backup slides.

Calorimeter (ECAL)

Scintillating
Fiber (SciFi)
Tracker

Tiled Timing Counter
(TTC)

2026/5/15 Shihan Zhao (Sun Yat-sen University)
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MACE Phase-l sensitivitytoM — yy

MACE Preliminary

Signal: Double collinear 53 MeV gamma-rays.

f 35 —— gu=-2InA(n) | S f
% § Soi ----------- 90% C.L. (q,=1.64) ; E
« Non-response in tracker g o Limit=487 :
+— 2.5 -
3
M = ook E
» Double tracks reconstructed by ECAL
1.5 -
)4 1.0 ]
Background: Accidental coincidence of “pileup” positrons. 05 ]
.. O'O:_ \ | TR _:
- MACE ‘PF‘?"!“"“?FY‘ S 0 90 20 30 40 50 60 70
§ 10'12; * Signal Events ngg
2 10132 E
et o
35 10—14g = . .
g o :  Asimov dataset (signal & bkg)
D_ ; -_-- b " . . "
£ 107 E » Profile likelihood ratio test
M o 1017 ]
W oorel ] * 5% systematics error included
" _1; —— Pile up Michel e ™ ]
e 100 Signal BR 10712 E
10—20§ ______ . —~13 - . . _
R . Upper limit of BR: 5.2 x 1073 (90% C.L.)
10%0""95 00 105 110 115 120 125

Ecum (MeV) O(107°) in 1959 PRL, 1959, 3: 288-291
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MACE Phase-l sensitivity to u™ - etyy

MACE Preliminary

Event selection criteria: > 10
8 Sof e U = evvyy generated
5 10 —— [~ evvyy simulated
« Time coincidence 510" —— Signal BR 10722
E 107" —-- Signal BR 10713
. . . ] L 10—12_
« Single track in Tracker, Triple tracks in ECAL g s
i 10 '} -
« Energy-momentum conserved T " .
10°F I
10—17 ‘!‘

. 95 100 105 110 115
Signal: Background: Eecyy [MeV]
Triple coplanar tracks Double radiative muon decay -

+ . —

e” and two ys SciPost Phys. 9, 027 (2020) Sup = Eszl[l —a,2(ngp + 1] — b

1 Y _
el\ """" Y el\ ““““ Y Nops = b
""""""" Sup

BR(u* — eyy) =

gsignal(puT

iy Y Upper limit of BR: 3.5 x 10~13 (90% C.L.)

_11 .
More solid simulations and refined data analyses to be updated! 0(10777) in 1988 PRD 38 (1988) 2077
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MACE Phase-l sensitivity tou™ - e*a

. 11 ' ' . . - . S
Background: normal muon decays 107 | | PANIRSNAE
Mu2e-X/COMET-X (fut.) e P
. . e L T T T ' _
Beam time of approximately 28 days 10 MEGI ALP (i) A g
10° E
Comparable to Mu3e and MEGII-fwd R TWiST M
>
[} RG
. . . . o 108 : o
Extending the running time to 120 days would provide = WD fadliag  SN19874,
e _ 107 a SN1987Ace
a clear sensitivity advantage ~0(107%) : Belle-1l -
. agn 106
MACE Phase-l is sensitive to ALPs! ‘ Wln%
105L L L ‘ 1 1 11l ‘ 1 L i | I il
10" g 10? 10 10 10° 10° 107 108 10°
: ‘MACE Phase-I (1 month]| |\| ACE Phase-I (4 ‘““”””| OV = (V) = 1 E | e | ‘
L PR =G IEIC =1
o w?@@@}ﬁﬁmﬁﬁﬁ mEzEEZZaas ) Gyl - -
107 F ne MEGII-fwd (F=100) %4%% 0% £ 5
s TR SR 5 g 9 S
: MEGII-fwd (F=1) X | § g g
10° . \:\ : 10" ey,
'%‘ F Star cooling Jodidio et al. l: | % :5
11 =
O 8 1‘| : o 10 : 5 OCD“»U E
3 | = C Lp < ‘REx o
=1 ‘; : = o MACE Phase-I17 2y 30 midil fdMuze X/COMETEX (fut) ||
i Bl 51 (507 | 10775 | MEGI-ALP (futy - 7
107 3 : 109_ ,8 WD cooling Jodidio et al. g
E } b —rays
Belle 11 / - - Eive0
f RG cooling uv
6 el L il | il L i ) ‘]. ! il IOSL | IIIII\I| L L 0l L I | 1 L L 1 (I J_U.UJ 1
10 o i o 0f o7 o " 107 10 1075 1074 103 1072 10" 1 10" 10> 10° 10* 10°
. eV
Ma [eV] " ©Y) " bRD 109, 035025 (2024)
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MACE offline software

» Experiment design stage: simulation-guided detector design optimization.
» Engineering stage: detector alignment and detector-response simulation.

» Data-taking stage: bridges experimental data to physics results.

Tasks:
« Event generation

« Simulation: detector, DAQ...

Experiment Trigger&DAQ https://qaithub.com/zhao-shihan/MACESW

' |
: '

eneration ' |
' . |
' 5 : !
I Definition | | I
' i d |
: '
| f I
| = |
I Y o e |
l k- o [
| SN 2 % § LAGE; |
' |
' |

‘ Detector

MACE offline software -

* Reconstruction & analysis

« Visualization: event, track,
detector geometry...

Software quality control:

« Framework and architecture

» Continuous integration

* Validation

2026/5/15 Shihan Zhao (Sun Yat-sen University)
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Software framework

® Mustard framework: e |
+ Applications :

> A modern, distributed, high-performance architecture | | enerator | | simuiation | | Reconstruction | | Analysis | i

® High-performance design: e .
i Libraries
» Distributed executor for simulation and analysis. i sD& Analysis Detector Reconstruction
digitizer algorithm geometry algorithm
» Follows zero-overhead abstraction principle. | )
' EM field Data model l Physics
® Key components: v v v
. Mustard .
» Distributed computing framework l
> Unified geometry interfaces . Extenallibraries ]
. . .| ROOT Geantd Eigen | EFM MPI | | v
» High-level data model abstractions and IO 5 ‘ ’ t ] | J L ’ [ J i l - ]
» Utilities for simulation, reconstruction, analysis... - [gmy | [ indicators | [ argparse | | MicrosoftiGSL | v
5 || GenFit2
. . backward- I- :
https://github.com/zhao-shihan/Mustard ) s (g Rz ;
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Summary

Rich new physics in muonium-to-antimuonium conversion!

« Next-generation muon cLFV experiment — MACE aims at two orders of magnitude improvement in M-to-M
conversion probability. MACE Phase-Il: Forerunner of MACE. A search for batches of muon(ium) cLFV decay,
also aiming at broader physics programs.

« 0(10713) sensitivities are expected. W@ELE A D SCIENCE &

J A XN\ TECHNIQUES

« Welcome to joining the high-intensity muon physics experiment MACE! ADVANCEDSEARCHFORMUON,UMANT,MUON,UMCONVERS,ON
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Muonium science and application

@a = 37
¢ BFR - ¢ EFEENNNFARIEEEME
HEST () BT (o) ERNET, B4 - ] .
MEXUSEF, EEESRIZESEEETT, > BFEREEHRIEMYIEEERNEERR

v IENE2FERER — BiRiEEFEmPhE

v SHRIERS2FFRFATE - SEEHiRERENETE

v MESFEREFN — tFRRMBRED SIS XAEY NS
> BFRERXFREBBNEESO

v ZFFEBIEEF — WRMHEREEE R

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

Electromagnetic

\
Tiled timing Cylindrical drift
calorimeter (ECAL)

counter (TTC) chamber (CDC)

Iron yoke

Iron yoke

Transport
solenoid

BYETEE

v BFEAE - RHEFERMNNE

plate (MCP)

Target

Electrostatic
accelerator

Beam pipe

o > BFEEEAN SRR

Ly L

o —
Positron Transport System (PTS) v = 4463 MHz
IERBFREWL ’ —— ﬁ ﬁ ﬁ ﬁ
: -y S._S S_S S._S 8. s
e OC. IAX _CO Mu- o P o BB X 6O 0C. A3 _Mu
1) et =001~ Fe—Fe_, > Fe—Fe_ Fe Fe’ Fe Fe.
° & R MesPd \'CO MesP'd \'CO  MesP'd “yj N'CO  MegP'f N \'CO
: B “‘"’*“":ﬁi’;; ”””” (’;’;} ”””””””””””””””””” oC PMe; o=C. PMejs oC PMej OC (o PMes
; ) ¥ Mu
-1 — —_
: Ry S ] 4.7KG 75kG 8.2kG
7*3 T ~— . g
i & < < .-NO gravity ‘k‘:“‘\k‘k ] %?%EH;{;%%%EE1E{{$ME
9 @ -.-."--‘ |
1 Q -3
: = 5 “with gravity : H I I I :
; 1 7% 15 75RY Breit-Rabi BE
L
BFEFHNELR

2026/5/15 Shihan Zhao (Sun Yat-sen University) 27



From Hanjie Cai
Muon beam (MIP2026)

Timetable of the Linac %%

2027~2050

3 MW:

250 kW:
500MeV & 500pA —_—

« 3 MW Commissioning
- Normal operation with
MW:-level proton beam

2025 ~ 2026

25 kW:

500MeV & 50pA - Accelerator stability study
« Beam to the subcritical

reactor and other terminals
« Assembly . .
- Commissioning O Beam time of the linac

» 3 months for the subcritical reactor
» 8-9 months for other terminals, including the
muon source
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From Hanjie Cai
(MIP2026)

Muon beam

O Conceptual Layout:

> Each of the two tandem target feeds two
muon beamlines, approximately mirror-
symmetric to each other

» To deliver muon beams to 5 terminals, with
the intensity varies from 107/s~101%/s

O Plan with two phases:

2025~2029  (MuT-a) 108p/s L1: to

MIXE/uCF

|
Phase  Target Muon beamlines  Applications I
®300 R1: V
5 uSR/MACE | MuB L1
Phase I Tgta  upto _~30MeV/c Q‘ oo, ogo®
\—/ | ! ;r ¥ .,g\ = >

@0.5mA

90MeV/

Phase II
2029~2032

500
Tgt b up to
(MUT-b)  101/s@

SmA

R2: to

SO uSR/MACE

L2: fo Muography/MI
120MeV/c XE

> w;ju

MuB Lz o o=
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Signal and background

Signal: 1. Internal conv. (IC) decay 2. Final state scattering 3. Accidental bkg.
faste™ + slow et O - e et O Moet  e” O Scattering/conv. e-
~ — O Misreconstruction
@Q ) O Cosmic ray, etc.
AN 7] .
Ny i %] ,
lQC,O |J+ et et
¢ e’ <= i éM

(13.5eV avg.) M

O Coincidence of a fast e~ and a slow e*

O Common vertex (by selecting e*/e- track DCA) » Excellent vertex resolution

v + : :
Select pyy of e O et/e spatial resolution
v" Reject accidental e : . :
: O Precise e* transport in EM field

O Time coincidence (by selecting e* TOF) > Excellent time resolution
v Select p, of e*

O e*/e time resolution
v' Reject e* from IC decay or Bhabha scattering

O Charge identification (by e- track & e* annihilation)
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Muonium production target

* Intensity of in-vacuum muonium source: Iy =

Ibeamyu—>M

Y,-m can be improved by utilizing porous materials,

ideally perforated silica aerogel.

« Asimulation method is developed to accurately

simulate muonium production and diffusion.

Perforated silica N -
aerogel spacing\.

[ ® — ‘ - - B

y dia;nfeter:" i
o WY 9D
'U'-r\.:‘\)gaa"
NEEEARRSN

(IJU\N@“"..

Muonium with thermal energy

Zhao, Shihan, and Jian Tang. "Optimization of muonium yield in
perforated silica aerogel." Physical Review D 109.7 (2024): 072012.

* The simulation is validated by muonium yield data

measured in TRIUMF. J. Beare et al., PTEP. 2020, 123C01 (2020)

« Optimize Y, in perforated bulk target by scanning

parameters, it can achieve

v Max Y,y = Ny2¢/Netl = 1.134%, with 2mm hole

depth, ppeam = 28 MeV/c and TPbeam — 7 5oy

Pbeam

2 times larger than the yield in 1999

03P |

vac bea
M /Nﬂ vac tota
Ny©/ Ny

I
@
S
I
2
(=

e
)
33
o
o
G

I
)
(=]

e
o

Ablation hole diameter ¢ (mm)
2
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e

i - - Z 0.

.....
----

: %
:-__'0‘009....
0.02 004 006 0.8

....
i

0,036
0.02 0.04 0.06 0.08 0.10
Ablation hole spacing s (mm) Ablation hole spacing s (mm)
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Tiled timing counter (TTC)

« Tilt design, signal track hits 2-3 scintillator tiles.

d/‘ e_ ) MACE CDR
« Azimuth spacing ¢ = 2.951°, tilt angle a = 46°. § oo
P g P g I E 08 .__J"'-”-P‘—-—
« Full simulation result: “ N &3 "
06—
. | 05f-
* Geometry efficiency: egeom = 83.7% b & (241e comaence)
T F
. .. / 3
» Detection efficiency (amp. > 3 p.e.): gy = 99.6% : s sz e (2t comcidence)
¢
:’ GO:I‘”.IWIOII‘IZIO‘IIIS‘OII‘I4|OI‘IIS‘CPI
Momentum (MeV/c)

Test with cosmic-ray muons:

MACE preliminary

. . . g 4000:— ¥ Dat
* Fitted time resolution: 3 a0 i ~ Gauss
2 E 1 =7599 +399.03 ps
* Double-tile: o, = (513 +17) ps 3 Moyt
« Single-tile: o, = (362 + 12) ps 2000;—
7 10005—
1 500?—
time (ns)
Credit: Hao Jiang
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Positron transport system

- The component of positron transport system (PTS) S g;b:;\‘ e

|. Electrostatic accelerator
ll. Solenoid system

1. MMS solenoid

2. TS solenoid

3. ECAL solenoid

- o

1 1y T ~ o~ S
Colhmator

NN |

/
g
s

/ 20
/
/
/
/
/
;
Lz,
c

agHetIC

¥ Ty Ms)

Peoty, Ometep

/

PTS performance Transport solenoid 3 / ":
(T3) ,' §
|. Transmission efficiency: 65.8%. Bending solenoid 2 ," s
AW ~ (B2) 4
. . . ‘;._".--" ' Beam tube |\ TT=o_ i
Il Flighttime: 322ns. T Tismsponsolsil Thseapleniin ~—
] ) . (TDH Bending solenoid 1 (T2)
lll. Flight time FWHM: 6.9 ns. (B1)
Accelerator _7
IV. Spatial resolution: 0.088 mm x 0.102 mm Suppress the IC decay bkg. by a level of 10

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

iy 75.2 78.0 | chiix 28.6 101.9
= 78.0 I &= 1019

o PTS Validation &% 250 1% 26.4 )
Testing with TS solenoids and accelerator ﬂ ’

Credit: Guihao Lu

( |
module g -y .. <« M
[1sR]
% f nnllmta\|
‘::::c::::g?ﬁwf
v —g Detector Chamber
Tonization Vacuum Gauge Venting Valve % Validation
— ® prototype
Particle Source H Roughing Valve
» Accelerator module prototype / : "
High Vacuum
Thermocouple Drv Mechanical
Multi-layer PCB . ry viechanica
Y Vacuum Gauge Gate Valve Foreline b
High voltage > 2 kV Molecular Pump Valve ump
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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!

Event display

&,V
SciFi baseline design:

« Crossing fiber arrangement
« 2360 channels

« Single-end readout by SiPM
* Angular resolution ~5°

« Timing resolution ~1 ns

* ERecon ~ 90%

* & =97%

. ey=2%
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Tracking System _  wcesame

21000 § Data
N — Total
* Tiled timing counter (TTC) Credit: Hao Jiang i oo

f(x) = n, Landau(,c) * N(0,5,) + nzl[1 +exp(’;.;?)]

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

» 108 tiles of plastic scintillator in total

» Double-end readout by SiPM arrays

200

« Good timing resolution, ~0(100) ps

- Providing timing information to ECAL, e/y discrimination ; _igup_l 'H}H W@% {fﬂ Eﬁ M{{H W#ﬂk

Number of Optlcal Photons (p e)

Prototype readout by single SiPM each end reaches 230 ps.

e 4 —4-Data
<
S o — Gauss Fit
% 500 It = -534.69 * 2.97 ps|
Q c=324.81 +2.10 ps
“oF yA2indof =1.58

400 G, = 229.68 + 1.48 ps

300

200

100 F

0

At (ns)
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-' o
P

Electromagnetlc Calorlmeter

Design scheme:

High acceptance and granularity

« Symmetrical structure e S

. B PEN detector
Class-I GP(8,0) Goldberg polyhedron oCsl + PMT

» Crystal scintillators coupled with SiPM arrays

LYSO BGO Pure Csl v Baseline design

30000 ph/MeV 8000 ph/MeV 3500 ph/MeV

40 ns « 300 ns « 40 ns

Radiation hard Not hygroscopic * Slight hygroscopic
Not hygroscopic * Emits at 480 nm * Emits at 310 nm

Emits at 420 nm « CNY ¥ 100/cm3 Adopted by Mu2e and PIBETA
CNY ¥300/cm3 « CNY ¥30/cm3

\

Intensity (arb. units)

MACE ECAL
pCsl + SiPM

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

o o =
) ) =]

S
] »

Undoped Csl 20% .

250 350 450 550 650 750
Wavelength (nm)

0.0
20

o

300

400 500 600 700 800
Wavelength (nm)

NUV SiPM readout

Sensors 19 (2019) 2, 308
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Phase-| ECAL performance

Events

 Baseline requirement based on full simulation: Energy-weighted

« Full optical physics: scintillation, transportation, collection clustering i
Flrst Neighbor

« Coincidence timing resolution better than 200 ps

» Energy resolution better than 5% @ 53 MeV

« Angular resolution better than 5° Credit: Siyuan Chen
y beam |/
MACF Preliminary S MACE Preliminary MACE Preliminary
- —— Fit ] F -
1200 . . — Fit H r — Fit
-} Simualtion . .| 4 q200
012+ } Simulation L § Simulation
1000 L
N =09993 8 > b 2 d 1000 —
r p=057 - o a 1 B
800 ) B ] -
. 53,007 Me 0'10: E- j <\/_E> + <E> +c? 1 800/~ 5-3.32 +0.02deg
600  ©o=1961 MeV I ] - x¥ndof = 1.0255
i x*/ndof=1.58 0.08- _ 600 —
4001 i ] -
L 400 —
200} 0.06 — E
L 200 —
0f . I : i
) 10 20 30 40 50 60 70 004 o s i 0 botsessiesbrlstimsusitselozasss
0 0 20 40 60 80 100 0.97 0.975 0.98 0.985 0.99 0.995 1
: Energy (MeV) E MeV cos(©)
Calibrated ADC spectrum nergy (MeV) .
fitted by Crystal Ball function Energy resolution _ Apgular re§olut|on
0(50) p.e. electronic noise considered 1.5% nonlinear correction considered Events isotopically emitted from the target
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Continuous Integration

® Challenges in Parallel Development ® CI/CD

O Merge conflicts « Configure pipeline via config file.

O Tedious code review

O Hidden risks * Regression tests.
® Practice of Continuous Integraton ... Py
’ > sasm

* Frequently integrate code into main. \

|

\

. > = = & 5 = i I

« Automated builds and tests. RARER | SaLUR  gERRE  SnLnR
‘ \

M) o (D

)7 7

' @R QD

Credit: Zhichao Wang N\ NN

* Runners execute automated test scripts.

NN

77 77
D2

BHEEDX

77 °
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