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EDM of muon

* Muon: lepton, the second-generation. (106MeV, t=2.2us)
* Muon EDM: CP violation of the second generation charged lepton

» Less stringent experimental limit compared to other particles

e Short lifetime, no E-field enhancement, etc
History of direct limit of

Experimental limit: (BNL) EDM (arxiv: 2102.08838)
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Motivation: muon g-2 anomaly

* Muon g-2: 4.2 o discrepancy between the measured value and the
prediction by the SM.
v' EDM and g-2 are induced by the same dipole operator.
e g-2:real part < EDM: imaginary part
* We can naively expect large muon EDM unless the complex phase

A. Crivellin et al., PRD 98, 113002 (2018
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Experimental method of
muon EDM (and g-2) measurement

Store a polarized muon beam inside uniform B-field

Spin precession by EDM (and g-2 depending on the detail of the setup)
Measure the direction of muon spin from decay e*
Extract the precession frequency

momentum

7 e sgin
\ * In the rest frame of u*, decay e*

? is preferentially emitted in the
W @ direction of the u spin.

®8 /

(spin precession induced by g-2) \ q/




Experimental method of
muon EDM measurement

* B~1!1 5 Both B and E-field induce EDM (and g-2)

* Conventional u* beam has large emittance: Focusing E-field for storage
* Magic gamma (y~30) is used to simplify the formula.

v Our idea: low emittance pu* beam for storage without E-field.
» Clear separation of EDM and g-2 signal -> simultaneous measurement.

g-2 term and EDM term are orthogonal to each other

0= 0, + Wn Cancellation by magic gatfama approach (y~30)
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Our new approach:
Low emittance muon beam

e Conventional u* beam from decay of it has large emittance

» Cooling of muon

» Ultra-slow muon (USM): laser ionization of thermal Muonium from the target
» Drawback is decrease of spin polarization by spin change w/ e

» Re-acceleration of USM - Low emittance muon beam !!

Surface muon E =30 meV E=212MeV
E: 3.4 MeV target p=2.3 keV/c P = 300MeV/c
P =27 MeV/c Ap/p=0.4 Ap/p = 4 X 104
ho/o = 0,08 LINAC
Beam size: ~cm? - —— I I
‘ - '_': ) Storage region
|J+ = — — [ ]
Thermal SOA
Muonium

(bound st¥e of u*and e*) 6



Our new approach:
Low emittance muon beam

e Conventional u* beam from decay of it has large emittance
» Cooling of muon

» Ultra-slow muon (USM): laser ionization of thermal Muonium from the target
» Drawback is decrease of spin polarization by spin change w/ e

» Re-acceleration of US

New muon g-2/EDM experiment
@ J-PARC

Also featuring

pact storage magnet, full racking detect on
com

——IMuonium
(bound st¥e of u*and e ) 1



Muon g-2/EDM experiment

1. Surface at J_PARC
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J-PARC muon facility (MUSE)

 MUSE (MUon Science Establishment): Intense pulsed muon beam

Japan Proton Accefé&'ator ,

Tokai, Ibaraki E

3GeV proton from RCS
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First beam to H2 (g-2/EDM) in next FY

1. H-Line

High intensity surface muon beam
* From decay of m @ Graphite target
e 100% polarized, Ap/p ~ 5%
* Pulsed, 4MeV, 108 u*/s, 25Hz

Beam to H1 area from 15t Jan 2022.
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1. Extension building

* A new extension building will be constructed. (now there is parking lot)

T I

| [ Extension building

"

‘ E > Being designed

» Planning to start the
I ! construction from FY2024

i — i:w Muon LINAC
Ay (>212MeV)
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2. Muonium target

* Laser ablated aerogel target
» Surface muon stops inside the target
 Muonium (Mu) is formed, thermalize and diffuses.
* Finally, emitted to vacuum ( T=300K ~ 7mm/us )

> Efficiency: 3 X103/u

Production of thermal energy muon

Silica aerogel with

* Spin exchange between p* & e lser-ablated surface
. (Si0,, 30 mg/cc)
— spin pol. of u* becomes 50%

Expected emission profile at H-line —
—
(1.3us after muon beam) W
= 40{ p+ (4 MeV) \
£
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_30/ P. Bakule et al., PTEP 103C0 (2013) o
_40 A G. Beer et al., PTEP 091C01 (2014) O Timews "

J. Beare et al., arXiv:2006.01947 (2020) (to be published in PTEP)
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2. Laser ionization of muonium

* Two possible schemes for laser ionization
e 1S state - 2P state (122nm) = unbound state (355nm): Plan A
e 1S state - 2S state (244nm) - unbound state (244nm): Plan B

* Large Mu emission area - Development of strong VUV laser

» PlanA: Goal: E=100pJ, At=2ns, Av=80GHz @ 122nm
v' 5u) @ Mu region is under operation (world record!)

22.09 nm
Lyman-a)

-13.6 eV
Muonium

e
\/ 0eV
2S 355 nm

44 nm

44 nm
1S -13.6 eV

Muonium

All solid-state VUV laser system for 122nm

Distributed

Yb fiber amplifier

feedback laser

8
All-solid-state amplifier (Nd:YGAG, Mag. ~10 )
|

* 1062.78 nm

Av =

1 GHz

50nJ@100kHz

Regen. amp. Intermid. ami Final amp.
A =

~2 mJ@25Hz ~100 mJ ~1J

Nonlinear frequency conversion

Coherent Lyman-a

100 mJ

2ndHG

4thHG H 5thHG

High efficiency Ultra slow muon
Lyman-a generation  generation
in Krypton gas cell i

unable Ti:S
laser

820.780 nm
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Demonstration of USM generatlon

* Laser ablated SiO, target + laser

* Succeeded to observe USM signal in 2022 1! _
v'1S->2P->unbound scheme: U-line
v'1S->2S->unbound scheme: S-line

* With Mu spectroscopy experimen
Schematic view of the experimental setup
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R&D for higher pulse energy

* Required pulse energy for high ionization efficiency

e 60mJ @244 nm for 1S=>2S—>unbound scheme improvement is required

Development of 122nm laser /I Development of 244nm Iasee
e Study of recently developed e Laser for spectroscopy by

crystals. (quality vs size) Okayama group
* Better FWM eff|C|ency  Development of high energy
NdYGAG NdYSAG NdYA Iaser fOr|S @KEK R

ool sl B
\_ /




3. Muon Linac

USM is extracted by E-field - Acceleration using Linac
* From 30meV to 200 MeV

Dedicated design for muon acceleration
* Mass, velocity

* 4 steps depending on B.
L =40m in total

thermal muons RFQ IH-DTL DAW-CCL DLS
—>Soa |ens (Radio Frequency Quadrupole) (Interdigital H-mode drift tube linac) (Disk and Washer CCL) (Disk Loaded TW structure)
324 MHz 1296 MHz

212 MeV

10 m (@ structure)



Current status of Linac
 RFQ: Use J-PARC RFQ-II originally designed to accelerate H-

e |H-DTL: High power test of proto-type (praB 25 (2022) 110101) =
Fabrication of production version is completed

 DAW: 15t tank is being fabricated.
e DLS: Design for 15t structure is finished—> Proto-type in FY2022

» Development of beam monitors & end-to-end simulation of LINAC

DLS:
15t tank of DAQ (14 tanks in total) Coupler and regular cell

P
L V. I’ 2
Currently, the cavity is located at J-PARC LINAC.

DAW tank (11 cell)




Demonstration of USM acceleration
* World first acceleration of pu* in Mu- using RFQ in 2017 by our group

» Demonstration of acceleration of USM using an RFQ in next FY

* 30meV - 80keV

RFQ

(/ Study of USM at MLF S-line now!\

 R&D before acceleration
e Collaboration with Mu spectroscopy
experiment

Pictures of last wee




4. Injection

 Compact storage region for better B-field uniformity
» Conventional 2D injection of beam to storage region is impossible
v’ Instead, p*is spirally injected to storage region (3D)

* Kicking the muon beam vertically by pulsed B-field for storage with
good injection efficiency

Muon beam
“""Storage magnet

* Design of beam transport -
* Design of the kicker -Ongoing

* Discussion of beam monitor.

Kick by pulsed B-field
19



Demonstration of
the injection scheme with e

* R&D with e beam in parallel with the design for muon injection.
* Proof of principle (E=80keV, B=80mT, R=0.12m)
e Study of the beam tuning and monitors dedicated to the scheme

Storage
Magnet + kicke

__Prelimin
Chopper BTy

M
i

Collimator Q-magnets

1l

= \f Prompt signal from
150E- | injected beam |~

SciFi (above storage region)

Delayed signal from ) -
SciFi (storage region)

PMT signal (mV)
o

1505 T storedelectron
. . m . g 5 Prompt signal from s i 2
* First signal of stored e is observed 40  injecteabeam " oM SoREEIESn
» R&D for better understanding of &g “ .
<3 o\ =

the stored beam (monitors EtC) 04 08 12 16 20
Time from TR(QQJS)



5. Storage magnet

v' A compact superconducting magnet based on MRI technology
* B=3T, d = 66cm: Good uniformity is expected (AB (local) < 0.2 ppm)

» Design and simulations to evaluate the expected uniformity for
production from FY2025

Uniform B-field (3T) and
Weak focusing magnetic field




NMR probes

* High precision water NMR probes are developed for B-field monitor
e Standard probe: for calibration of other probes
* Field mapping probes and their moving stage
* Fixed probe: time variation

Mapping probe and its moving stage
Standard probe:

JP-US cross calibration at 3T
(Nov, 2022)

—>Analysis

mm Prototype in 2022

W
S
2 N
0 ot
E- / ‘ f\:..

Slide stage

Ultrasonic motor

v 22



6. Positron tracking detector

» Positron tracking detector for decay et is required.
e Detection of e* (100MeV < E < 300MeV), reconstruction of decay
time and energy, and stability over rate change (1.4MHz ~ 14kHz)

» New Silicon strip detector is being developed
» Major components are in or completed the mass-productions.

Total 40-vanes.
One vane is consisted with four quarter vanes

Quarter-vane: submodule of detector
%E}] ;'7 .,“ e

23




Sensor alighnment

* Alignment between detector and B-field direction is essential for EDMM
* Tilt of the detectors—> g-2 signal becomes fake-EDM signal

 Goal: 1um precision

. . spin precession @at 3% -
* Assembly procedure is being by g2 kﬂ\ _
3 A 4
Wy

studied e v
* Assembly precision of ~2um is sl minaana

by EDM
already achieved
* Detector position monitor using an optical comb is being developed

Scanning Mirror

(Modulation)‘
| e |

s Fixed Half Mirror Moving Mirror
g’ I, (Reference)  (Measured)

mb —
Comb Laser A A ol ‘:« 1 <] ]
i . ' [
]

Detect the position of detectors
Photo Detector from the interferometer signal

24




Acceptance x Efficiency

Analysis and expected signal

g-2/EDM signal are extracted from e* energy and decay time -

* # of high energy e* event in laboratory frame depends on the
relative angle between spin and momentum

g-2: in-plane precession signal (0 « B)

EDM: out-of-plane precession (up-down asymmetry) (o L §)

Expected signal (simulation)
Higher energy e+ event vs time

Reconstruction efficiency

*- 0.06 tracks/ns
0.6 tracks/ns

+— B tracks/ns
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Up-down asymmetry
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EDM signal 95



Expected sensitivity

» Overall efficiency: 1.3 X 10 /u & Spin polarization is 50%

» 2.2 X107 sec data taking > Ad,=1.5X10?!ecm
v’ 100 times better sensitivity than the current direct limit

M efﬁCienCy B Transmission + decay loss

eh ma, 1
dmec AB P+/Ny
= (3.94x107*e-cm) -

Ad, =

Muon efficiency
o
(&)]

RFQ
IH-DTL

DAW-CCL
DLS

Surface u+
Transport
Thermal Mu i
Thermal u+
Mesh elec.
Soa lens
Injection
Kicker
E(et+) win.
Det. acc.
Recon.

P+/Ny

26

1



Systematic uncertainty

* Major systematic uncertainties are
* Misalignment of the detector: assumed rotation angle is <3.6 prad

* Residual axial E-field: should be less than < 1V/cm
* High sensitivity E-field monitor is required for evaluation of E,.

e Radial B field: Very small at the storage plane

Uncertainty source EDM 102! [e-cm] Remarks on this experiment

Detector misalignment 0.36 Estimate based on laser alignment monitor sys-
tem. Corresponds to ¢-axis rotation of 3.6 urad.

Axial E field 0.001 E, =1 mV/cm is assumed.

Radial B field 0.00001 E, =1 mV/cm causes a shift of z position and

it becomes B, ~ 3.5 x 10710 T,

Total 0.36

» Spin of u* in Mu can be flipped easily = Spin reversed p* beam
— powerful tool for systematic uncertainty test 27



SC h Ed U Ie Milestones in FY2023:

e 80keV acceleration test

. * Final design of Bldg.
* Data ta klng from FY2028 « Completion of electron injection

JEY | 2022 20 \ow 11 2025 2026 Andsoon.
ow beyond |

KEK =

Hucaet ——

Surface v/ Beam at H1 area. Beam at H2 are3 %ﬂ gﬁ

muon E e
o) o

Bldg. and * Final design Completion s (4]

facility E ;

Muon V lonization test|@S2 g ?6

source (o] (]

|210 MeV
LINAC % 80keV acceleration@S2 : bte

Injection and

* Completion of l | muon injection

storage electron injection|test

Storage * B-field probe :
magnet ready ing done
Detector * Installation

% Quoter vane prototype

DAQ and * grid service op
: % comm
computing resource ussge start. I -

- |
Analysis

8 ready

I x
Analysis software ready
— 28




Collaboration

110 members from Canada, China, Czech France, India,
Japan, Korea, Netherlands, Russia, USA

110 members from Canada, China, Czech, France, India, Japan, Korea, Netherlands, Russia, USA
Collaboration board (CB)

= Chair: Seonho Choi -
.\ Executive board (EB)

Spokesperson: T. Mibe

o ‘@
N

Subgroups Interface coordinators Committees

[1_|Speakers committee

Surface muon beam
leader: T. Yamazaki, N. Kawamura

chair: K.Ishida

Publication committee| \Welcome University of Groningen

|K. Ishida chair: B. Shwartz
Ultra-slow muon @ w " v
leader: K. Ishida, G. Marshall Domestic institutes -
‘ om Kyushu, Nagoya, Tohoku, Niigata, Tokyo,

- [LiNAc S Ibaraki, RIKEN, JAEA, etc.
leader: Y. Kondo, M. Otani

! KEK: IPNS, IMSS, ACC, CRY, MEC, CRC

m“

|—!Injection and storage T

leader: H. linuma
I
]H. linuma

Storage magnet, field

measurements
l

J
| |petector ]

leader: T. Yoshioka ]

DAQ and computing
leader: Y. Sato, (K. Hayasaka)
[

Analysis
leader: T. Yamanaka

= i TN
The 24 J-PARC muon g-2/EDM collaboration meeting, June 8-10, 2022




Summary

* J-PARC muon g-2/EDM experiment intends to measure
the muon g-2 and EDM with a new experimental
approach.

» New experimental approach

* Low emittance muon beam with no strong focusing by E-field
* MRI-type storage ring with high uniform B-field
* Full-tracking silicon strip detector

* The development and construction is in progress to start
data taking in FY2028.

v Intend to reach Ad =1.5X10%' e cm
100 times better sensitivity



1E > < H > .38



CMD-3 result

* In case there is someone who is also interested in g-2...
 CMD3 result agrees with lattice calculation, disagrees with previous results

* We need more input from the experiments.
* Belle Il result in the future (?)

e  before CMD2
—=—  KLOEcomb
5 . BABAR.

ans R . BES
[ T By g
| -  SND2k
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360 365 370 375 380 385 390 arXiv:2302.08834 >
a™™ (0.6 <Vs <0.88GeV), 107




Japan Proton Accelerator Research
Complex (J-PARC)

Japan Rroton Accelerator g |

- Research Comalex (J PARC) 5

- Rapld Cycle
Synchrotron

Material and Lnfe Science: a:a "_:"ﬂ
Facility (MLF) a5 ¥ i
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End-to-end simulation

e End-to-end simulation is underway
* For realistic simulation samples and for further analysis study
Simulation flow 3 Recent activities

- Surface muon * Error study of LINAC to identify the possible sources
of increase of emittance (GPT-spin)

* Development of software framework to handle

- Thermal muon

m—_— detector simulation and track reconstruction (g2esoft)
3 :i | Pre//n;n'nary ]
‘; lechiol . “ E.g., evaluation of emittance increase
E due to various error source
| Storage
Detection

1 2 3 4 5 6
Error

» Aiming to prepare 20M samples in FY2023 and study
their properties 34

" Reconstruction



ldeas for higher sensitivity

* You can find that thermal Mu part has relatively low efficiency.
* Room for higher sensitivity

» Proposal to increase the thermal Mu efficiency with a multi-
layered target. > X 3.5 time more Mu emission from the target

(A) l':!esl: Mesh
gefflaency m Transmission + decay loss %
1. TSt }
0.75 : 7
. - X
3 \l_z
c
(]
©
& 05 (B)
c
o
s
025
. 1 %@
t £ 2+t 6 20 dJd9aEF g ¢
2222255828838 8
8 2 88 . O | o X T 5 &2
s st Eg g8 TZFT =25 =4 .
"gl—ggi 3 i xl
2 FF z
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Demonstration of USM
generation

 Demonstration of USM generation with aerogel target in FY2022.
v' 1S>2P->unbound scheme: MLF U-line
v' 1S>2S->unbound scheme: MLF S-line

* collaboration with Mu spectroscopy experiment

USM is extracted by E-field - detected by a MCP
1S->2P->unbound scheme
/ / 1S->2S->unbound scheme \

Hit rate vs laser shooting time o . : .
5 oo & Timing spectrum (hit vs time after trigger)
g 0 Slower Mu velocity R R _
§ 605—- }20 OK ta rget e QJ§ :g p‘h u ” é/ﬁ 1LD;\ ?- g:.::. .“.. Laser resonance freq_
y -_ } * ﬂ{ H' S K an d a _,(__,UE - : : Laser off-resonance
r “~ 20
oE Vﬂj s 300K target =
s0f t i : % N é_: 10
E } % ., U 3 4 n n e v i ;
20.% *; %ﬂé :* 2 &0 n o m .Ji - '. Larms 1911 nn ...l ... o Lo o 0 _n [500
. - . ﬁﬁ . aar . ns
? o s, o Time from DAQ trigger

. = aser Delay (us) . .
Laser delay timing ignal by a muon penetrating the target 50




Comparison of experiments

Prog. Theor. Exp. Phys. 2019, 053C02 (2019)

BNL-E821 Fermilab-E989 Our experiment
Muon momentum 3.09 GeV/c 300 MeV/c
Lorentz y 29.3 3
Polarization 100% 50%
Storage field B=145T B=30T
Focusing field Electric quadrupole Very weak magnetic
Cyclotron period 149 ns 7.4 ns
Spin precession period 4.37 us 2.11 pus
Number of detected e™ 5.0x10° 1.6x 10" 5.7 x 10"
Number of detected e~ 3.6x10° — —
a, precision (stat.) 460 ppb 100 ppb 450 ppb
(syst.) 280 ppb 100 ppb <70 ppb
EDM precision (stat.) 0.2 x 107" e . cm — 1.5x 10 e - cm
(syst.) 09x 107" e-cm - 0.36 x 1072 e - cm
Completed Running In preparation

Full approval by the lab
(March, 2019)



Muon EDM @ PSI

* Experiment using “frozen spin” technic focusing on EDM

e g-2 term is completely canceled by E-field

e -
—~ | =
m| Poy2 -1

Demonstration of frozen spin technique
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Experimental method of
muon EDM measurement

Store a polarized muon beam inside uniform B-field

Spin precession by EDM (and g-2 depending on the detail of the setup)
Measure the direction of muon spin from decay e*
Measure precession frequency

momentum

7> S sin
' x B = g + By EDM term

(spin precession induced by g-2) 39



Spin re-polarization

* Optical pumping of u* in muonium is theoretically possible
* We need intense, circular polarization 122nm pulse train.

%p,, 74MHz] 5[ /

10.92 GHz |/
1

/N me= ‘.‘"’
2p,, 187 MHz ’ o

me=0// mg=
18, {‘ 4.46 GHz
me=0

/
1

(a)

’/|9>1 . |8> [11>4
|7>
(6>, ——110>,
10>y, (b)

spin—polarization

10* 10° 10° 10
intensity (W/cm2)
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Alignment monitor

e Sensor position monitor which can be used under strong
magnetic field.

e Comb + fiber +Interferometer

e Required sensitivity: O(1) um

1m/\yF

99% & Sta—F *7AIL—%
=0 NyFir—J)L =~
ica — / . Y Optical comb pulse laser
ptical amp. [~ 2 NS = 60+0.5 MHz,
(10 mW fixed) [ o V""’,- =300 mA) i iti
12 GHzo 71/ T40> LD Mirror ppsntlon
+HREHIEIEPTCIM A S L monitor
2 X 2coupler L‘ -
l . | L F810FC/PC Scanning mirror
Sca nnlng M Clrculatorl: i (f=37.13 mm, 7.8 mmy) 9
O P D/ 2 Terminator
H M g 5 3

Photo detector

Retroreflector
as a reflector

¢~ BL1
v - E:I - ﬁ fas a collimator
» 0 L3 D ()] :
— > o]0]
i - 1 ©
=i i (=
. <+

(mlrrorg)
N +Amp. N A 0 =T H AR
, |HP5529A] @ i O Di| carage
R™ o ;
Oscilloscope
Reference

pos0=0 mm~pos8=500 m'mO)IEIEl:'c
interferometer  #962.5 mmiERTHEL, IR TAE
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Previous muon EDM experiment



* Development of

Electronics for DAQ

 Timing Control Board v Distribution test of clock and signal
+ Backend board (AMANEQ) -, e Sutc,ceed]ft‘?" R
valuation of timing stability is
- FPGA-based Readout Board (FRBS) & Y
— underway

@off-detector

Computer

Network
switch

Oooo0OoO00 D000 O
D000 0000 0000 O

Clock generator Accelerator

Timing control

board
x1

—

g2 -

B Accurate clock is generated
. (synchronized GPS system)

1 AMANEQ is
connected with
16 FRBS.

Quarter vane

%iy FRBS

Data, Slow control
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