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Searching for the Muon's Electric Dipole Moment

by A Compact FrozenSpin Trap
Tiangi Hu
June 10, 2025
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The Basics - CP violation in EM @) FEigaT

A non-zero particle EDM
violates P, T and,

Y, assuming CPT

conservation, also CP.

Baryon asymmetry
of the Universe

Ari ses nnatur
beyond SM theories

Strong CP violation
(—term)
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A not so brief history of EDM searches
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The Basics - General limits on muon EDM

AMFV:
|,QN | Ud p 1t A
AContribution only starts at ti&loop level*
Qv | T pm QAI
A'Y. Emaet al., PRI128 131801(2022
Q( (9 o pm QA
IQUE)Y ¢ pm QAI
AA relatively large limitation within SM, from the hadronic long
distance contributions
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Muon dipole moments T freezing the spin at PSI
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The Experiment - The Signal

Upper detector

i [y ina 133.1/ 147

! Prob 07877
P, =100%, N =5.0x10° A, 0.1666 = 0.0010
d =1.8x10"" ecm 0, 0.1896 = 0.0011

I -0.006392 = 0.004494
0.5}

Asymmetry A@)=(N, (0)-N_ ())/(N, (©}+N ()

-0.5+
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Lower detector

A Asymmetry precession due to EDM is too slow.
A The change of asymmetry with respect to time is relevant.
A The sensitivity isl opt i ofmerd)d
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The Experiment - The Muons

Ring Cyclotron | ~qgiss il | = Phase |

590 MeV - Former Injector 1 Area é p=28 MeV muons
* Existing solenoid at PSI, max5T
* Bore diameter 200 mm

* Length1lm
* Field measured in 2022 &
found suitable for injection

{ N
\ N Phase Il
\&E * p=125 MeV muons

* Larger bore (up to 900 mm diameter)
/ * Better spatial and temporal stability

Neutron
Generator

Cavity Test
Area

I

PK-1 ]
Proton Beam Line -
2.4mA =>1.4MW

PiM3.1

R |

‘Argonne 4T solenoid 2

PiM3.3
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The Experiment - Technical overview
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Vacuum cross
for services

Magnet lifter

Cryostat in
«zm Vacuum

4K cryo heakA

& ‘ ‘ %‘ |, Off-axis Injection

A Muons injected through a superconducting (SC)

channel

A Fast entrance scintillator triggers magnetic pulse

that stops the longitudinal #motion

A Weakly focusing field for storage
A Thin electrodes provide an electric field for the

frozen spin
A Scintillator detectors for decay e+ tracking
Top View s oo
Scintillating fibers
Correction

PSC solenoid _/ ®°"° Decay positron

Ground shell
/

Cryo shield
(50K)

| -

&\

- SC shield

B4
. /EF
4 \ ™~ i

Muon end Magnetic pulse\ Entrance trigger v .
detector  coil Muon monitor

HV electrode and start detector
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The Experiment - Layout

' Water cooled
Magnetic correcting coil
kicker
Trigger
detector Kicker-coils
CHeT (tracker)
I Frozenspin outer cylinders
Electrode

HV electrode | Weakly
focusing coil

Magnetic
steel tubes

CHeT (tracker)

Test prototype inner cylinders
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The Experiment - The Trigger detector

A Developed by Shanghai Jiao Tong University
ATrigger the kicker for storable muons

A~0.4% of the incoming are in the acceptance phase space

AThin gate scintillator with active aperture as veto
A Good performance in ti2024beam test

A Anti-coincidence efficiency: 9%, Propagation delay 5ns

5 mm-thick aperture scintillators
Insulator: PET 2mm

Conductor: Cu 100um

-

200A pulse of
35ns FWHM

trajectory
100 pm-thin gate To WaveDAQ
scintillators

SiPMs

10ns

(Aperture Scint) Discriminator i

On PCB inside vacuum (5 ns)

To WaveDAQ Total delay € 140 ns

(Gate Scint.) Pre-amp Discriminator <
Anti- Transmission line
coincidence i and coil
SiPMs S 5

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. XX, NO. XX, XXXX 2025 1

Development of Fast Front-End Electronics for the
Muon Trigger Detector in the PSI muEDM
Experiment

Tianqi Hu, Guan Ming Wong, Chavdar Dutsov, Siew Yan Hoh, Kim Siang Khaw, Diego Alejandro Sanz Becerra,
Philipp Schmidt-Wellenburg, Yuzhi Shang, and Yusuke Takeuchi

Check for
updates

Beam test performance of a prototype muon trigger detector for the
PSI muEDM experiment

Tiangi Hu"2@® - Jun Kai Ng"2( - Guan Ming Wong'2(: - Cheng Chen1 2 - Kim Siang Khaw'2(
Meng Lyu'3® - Angela Papa*>%( - Philipp Schmidt- Wellenburg Dawd StaegerS( Bastlano Vitali®7

Received: 30 December 2024 / Revised: 25 March 2025 / Accepted: 29 April 2025
© Institute of High Energy Physics, Chinese Academy of Sciences 2025

Bayesian optimization of beam injection and storage in the PSI muEDM Experiment*

Siew Yan Hoh,'! Yuzhi Shang,' Ritwika Chakraborty,” Tiangi Hu," Kim Siang Khaw,' f
Philipp Schmidt-Wellenburg,” Yusuke Takeuchi,' and Guan Ming Wong!
'Tsung-Dao Lee Institute and School of Physics and Astronomy,

Shanghai Jiao Tong University, Shanghai 201210, China
Paul Scherrer Institut, Forschungssxrasse 111, 5232 Villigen PSI, Switzerland
et oo b o ]
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A good muon (With LVTTL) A bad muon (Without LVTTL)
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The Experiment - Current status & plans & 4 %

ADec 2025 bearime: test (preliminary) components and

assembly

o Cryogenic injection

o Magnetic kick- can we store muons?

o Positron detection in thiéer detector prototype

o Characterization of muon trajectory with TPC

0 DAQ ,
A2026: Demonstration of the frozen spin techniques and firs *

A compact frozen-spin trap for the search for the electric dipole moment of the
muon

A. Adelmann,’'? A.R. Bainbridge,** I. Bailey,® A. Baldini,® S. Basnet,”® N. Berger,” C. Calzolaio,'°
L. Caminada,'* 2 G. Cavoto,'*!* F. Cei,® R. Chakraborty,'? C. Chavez Barajas,'®> M. Chiappini,®
A. Crivellin,’* C. Dutsov,'? A. Ebrahimi,'? M. Francesconi,® L. Galli,® G. Gallucci,® M. Giovannozzi,'®
H. Goyal,'? M. Grassi,® A. Gurgone,® M. Hildebrandt,'> M. Hoferichter,!” D. H6hl,'? T. Hu,”8
T. Hume,'? J.A. Jaeger,'? P. Juknevicius,'? H.C. Kistli,'? A. Keshavarzi,'® K.S. Khaw,”#

K. Kirch,'''? A. Kozlinskiy,” M. Lancaster,'® B. Mirkisch,'® L. Morvaj,'? A. Papa,®!? M. Paraliev,'®
D. Pasciuto,'* J. Price,'® F. Renga,'* M. Sakurai,?® D. Sanz-Becerra,'? P. Schmidt-Wellenburg,'? *
Y.Z. Shang,”® Y. Takeuchi,”® M. E. Tegano,® T. Teubner,'® F. Trillaud,?' D. Uglietti,** D. Vasilkova,'®
A. Venturini,® B. Vitali, C. Voena,'* J. Vossebeld,'® F. Wauters,” G. M. Wong,”»® and Y. Zeng™?
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Conclusion and outlook

A Searches of EDMs are sensitive to BSM and
complementary to HEP | T

AThe muon EDM search is the only search usmg
bare particle

AThe PSImUuEDM search demonstrates all essenti f‘:ﬁ
techniques in a stelpy-step approach e —

Aln the first phase we will demonstrate a sensitivits s
to amuEDMof betterthat  p m ‘QA |

APhase Il welcomes collaborators and aims for

a sensitivityofp p m A | L [ S
i 4 5L T
TSUNG-DAO LEE INSTITUTE
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The Basics - General limits

Fermilab / 3 PARC
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BMW?24 2018calculations

PSI

AMEV:

Qv | @ pm Al

AContribution only starts at ti&loop level*

Qv | 1T pm QAI

A'Y. Emaet al., PR1128 131801(2022

@ pm QAI
¢ pmt OAI

Q( (¢

Q (4 B)

AA relatively large limitation within SM, from
the hadronic longlistance contributions

Q| p&y pm QAI

ABennett et al., PRED, 052008(2009
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Muon dipole moments and frequencies () Ak d 4 2w
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The Experiment T Magnetic Kicker

e Magnetic pulse to stop the z-motion of muons and
store them in the centre of the solenoid

e Kicker coil:
» 4-quadrant anti-Helmholtz made of 100 pm Cu

* Kicker power supply under development

pulse start delay
FWHM
peak current amplitude

» With very strict requirements

v

current oscillations after

(omme/  TSUNG-DAO LEE INSTITUTE

< 70ns (ideally < 60ns)
33ns - 66ns

4 x 200A

< 10A (ideally < 1A)

1o, Current system tested in Jan 2025 s ol \ saipissaHEps >150ns
showed promising results — Coil total : repetition rate 2000/s
Y P Y B Coil per quadrant i %
l o recovery time < 20us
g " 0 18 0 20 X 0
E me /ns
(&
~109) Muon Input Signal Open End of Current
Rdamp=1og Detected at Generator Switch pulse <lA
| C=5nF to 1.5kV . .
—200+ / T T =
{ 1=0 t=20ns ¢ = 80ns ¢ = 130ns ¢ =230ns Riaety
0 200 400 600 800 1000
Time (ns) Latency < 60ns FWHM ~ 33 ns
Astronomy and Astrophysics Division
J Phy @3 e F 8
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The Experiment I Storage Parameters

Weakly-
Correction coils focusing coil Electrode HV

g 1000 mm

Injection
:‘\, ‘ ! ml[l|“,} nu lm n

tubes
|I llll”'

s N

PSC solenoid / e
bore Muon track Electrode

Ground

A Using Gibeamline and surrogate models, we optimized the storage efficiency of muonOupo ~

Astronomy and Astrophysics Division Q3 6 .
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The Experiment I Systematics

Summary of systematic effects for both phases of the experiment

RN SRAHEAFER

. . Phase-1 Phase-11
Systematic effect Constraints
Expected Syst. Expected Syst.
value (x10~2'e.cm) value (x10-2¢-cm)

Cone shaped electrodes Up-down asymmetry

Ag < 30 0.75 Ap <7 1.5
(longitudinal E-field) in the electrode shape K Hm K Hi
Electrode local smoothness Local longitudinal

op <3 0.75 or < 0.7 1.5
(longitudinal E-field) electrode smoothness R Hm R Hm

D ti f
Residual B-field from kick < > o © <50 ns <102 <50 ns 0.5
kicker field
Net CL].I'I‘BI:_II flowing ?Nl.rmg of elec.:t:ronlcs <10 mA < 10-2 <10 mA 0.3
muon orbit area inside the orbit
Early-to-late detection Shielding and cooling
efficiency change of detectors
Resonant geometrical Misalignment of Pitch < 1 mrad 2% 102 Pitch < 1 mrad 0.15
phase accumulation central axes Offset < 2 mm Offset < 2 mm '
TOTAL 1.1 2.2
Astronomy and Astrophysics Division Q3 6 .




The Experiment - DAQ
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CAEN A5202 board INFN

PISA

(

Extendible up to 8192 channels Uiriaace  DmaCamsr  Conmumcton  poegng g
mnun T
o SiPM bias and front end amplification included e .:-

S
>

synch

© synchronisation circuit developed by CAEN Dacy chain

20 -e-ED
o Time Over Threshold available m_m_m
Read out up > 100 kHz 3-SR
| .| 16x FERS ——

One board ordered for September test beam g

=3 e
: S -ED
EEA-FE-E

- -

Timing @200ps level

(

(

|
|
|
|
|
|
|
|
|
|
|

(

o refer to Giovanni Gallucci’s slide for preliminary tests

8192 ch

Pisa, 04-04-2024 3 L. Galli, INFN Pisa
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The Experiment T Injection Channel @) Fudsrw
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Cryo shield

= Bendable
vacuum tube
Vacuum
entrance

Flange for b a |
feedthroughs
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The Experiment i Super Conducting Channel

Bending theNbTi/Nb/Cu sheets

Sheets @PSI

Initial tests with steel sheets

Tested to shield up to ~3.1T @CERN
NbTVNb/Cu multilayer shield for the

superconducting shield (SuShi septum

D. Barna et al.
https://arxiv.org/abs/1809.04330

/ Holder design

Formed sheets

Astronomy and Astrophysics Division
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The Experiment - CHeT (tracker) cylinders prototype

p orhit

A Developed by INFN PISA
A Measure the direction and momentum of decay positrons
A Requirements

0 Momentum resolution: eew MeV

o Single hit resolution in transverse plarel mm

o Timing resolution<ins( 1 circl e in the transverse plane takes

Astronomy and Astrophysics Division Q3
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The Experiment - Sensitivity @) ruigiw
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500
Sensitivity at fixed orbit radius 1.6
” R=014m 14
1075 —— R=02lm E 400
= & 3
) ~ 1.2 _—
i 125 MeV/c o) %
- S I =
= M 1.0 r300" -
© X g
ey @ 2
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£ 1028 § g
Z ke -200 §
] _.: 0.6
210 MeV/c\r=0‘11m o
0.4
\\ 100
| 0.2
8

2 4 6
Magnetic field strength, T

Figure 4: Statistical sensitivity for muon EDM searches over 200 days of data taking, assuming a single-muon “on
request.” Sensitivity increases with magnetic field strength keeping the radius constant. Electric fields above 8 MV /m
are very difficult to obtain for large, stripped electrodes with extremely thin material thickness, required for positron
transmission. The region within the circle indicates the possible parameter space for a muon EDM search using
muons with momentum up to 210 MeV/c.
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The Experiment T Magnetic field
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