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Physics motivation of muon g-2/EDM measuremen?8

1. Muon anomalous magnetic moment (g-2)
— 50 tension b/w measurement(BNL & FNAL) & prediction from SM (WP).

— This may be contribution from physics beyond the SM.

* However, lattice QCD calculation on HVP contribution is not consistent with the
dispersive approach.

— From the experimentalist side, independent measurement from FNAL is desirable.

2. Muon electric dipole moment (EDM)
— EDM and g-2 can be induced by the same new physics.
— Upper limit given by BNL: 1.8 X 107 e+ cm (95% C.L.)
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How to measure muon g-2/EDM precisely 4

* Muon g-2/EDM can be measured from
spin precession of muon in a uniform B-field.

— time dependent spin information reconstructed from
decay positron energy/momentum.

S5 e - 1 EXE Nl - - E
a)a+a)n=—m—u aMB—(aM—yz_l) c +E IBXB‘F?
g-2 EDM
BNL/ FNAL experiment

* Magic gamma approach to cancel out 2" term.
— p=3.1GeV/c
— muonorbit: $=14matB=145T.

* Strong focusing by electric field.




How to measure muon g-2/EDM precisely

—

J-PARC experiment spin precession @a
o byg'z
* Measurement at £ =0. W& g,
— Muons will be stored by weak focusing B-field spin precession
— This requires low emittance muon beam by EDM
& dedicated beam injection scheme. 0 -0
Wy + @ : B ! a + 1 <ﬁ X B
w, +w, = —— |a,B —(a, — -
a my, | * C7 Y2 — 1) c /T2
g-2 EDM

* Measurement at lower muon momentum becomes possible.
— More compact storage region with better uniformity of B-field.

— p=0.3GeV/c, p=0.6bmatB=3T

e This leads to the

1. independent measurement of muon g-2
to validate BNL/FNAL result at different systematic uncertainty.

2. clear separation of g-2 and EDM signal.



How to measure muon g-2/EDM precisely 6

J-PARC experiment

« Measurement at E = 0.
— Storage by weak focusing B-field

— Utilize low emittance muon beam. 5 -0
Dot By = —— |4, B~ ( R RaR) MY (E B
Wg + Wy = —— la,b —(a, — + = X
n my, [ [ yz —1 c 2
g-2 EDM
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. Low emittance beam Injection D |“M_i - P

Experimental setup overview

i‘ixm' | ’ ”
i

High intensity muon beam from MLF Storage magnét @‘

by muon cooling & reacceleration.
Dedicated beam injection scheme.

Quite uniform B-field by MRI-like magnet
Compact detector

with high hit rate tolerances

Positron detector
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Expected sensitivity

Subsystem Efficiency Subsystem Efficiency
. H-line acceptance and transmission 0.16 DAW decay 0.96
* Total efficien cy of muon Mu emission 0.0034 DLS transmission 1.00
. -5 L ionizati 0.73 DLS d 0.99
Wi I I be 1 . 3 X 1 O . l\/;l:t?l 1:11:;13 > 0.78 Injectis;atzansmission 0.85
Initial acceleration transmission and decay 0.72 Injection decay 0.99
RFQ transmission 0.95 Kicker decay 0.93
RFQ decay 0.81 e’ energy window 0.12
IH transmission 0.99 Detector acceptance of e* 1.00
IH decay 0.99 Reconstruction efficiency 0.90
DAW transmission 1.00
Muon g-2
e Statistical uncertainty: 450 ppb (2 years of data taking)
— Uncertainty comparable to BNL can be reached
— Possibility of further improvement under discussion
e Systematic uncertainty: less than 70 ppb.
Anomalous spin precession (m,) Magnetic field (a,)
Source Estimation (ppb) Source Estimation (ppb)
Timing shift < 36 Absolute calibration 25
Pitch effect 13 Calibration of mapping probe 20
Electric field 10 Position of mapping probe 45
Delayed positrons 0.8 Field decay < 10
Diffential decay 1.5 Eddy current from kicker 0.1
Quadratic sum < 40 Quadratic sum 56
Muon EDM
* Statistical uncertainty: 1.5 X 107%! e-cm
— 2 orders of magnitude improvement from upper limit.
 Systematic uncertainty: 0.4 X 107%!e-cm

— mainly from detector mis-alignment
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2. R&D status of each technology towards real experiment
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Surface pu* beam at MLF

MLF H2 beam line.

— Surface p* beam: 4MeV with 25Hz rep.
— Beamrate : 1.2X10% muons/s is expected at the Mu production target.

— H2 area was constructed inside the existing MLF bldg.

A new extension building and beam Ime waiting for the budget approval.
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Future extensmn to accelerate up to 212 MeV
For muon g-2/EDM and transmission muon microscope
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Muon cooling

e Low emittance muon beam will be realized
by reacceleration of thermal muon.
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— Silica aerogel target : Surface muons stopped, and thermal muoniums emitted.
— Laser ablated aerogel to increase the efficiency. |iibibaatEiil ALY

Silica aerogel with

laser-ablated surface Muonium (H+e-)
surface muon thermal muon accelerated muon p- 30 meV
E 3.4 MeV 30 meV 212 MeV |~ Efficiency
p 27 MeV/c 2.3 keV/c 300 MeV/c g
& p/p 0-05 04 4)(10'4 muon beam
Mu
\ (p+?-)-_ __,l:l_ E—
_,,,; - =t g " P. Bakule et:., PTEP 103C0 (2013) A
u+ /"‘" R ]J:+- =TT ‘ G. Beer et al,, PTEP 091C01 (2014) F ot oo
/ | J. Beare et al., arXiv:2006.01947 (2020) (to be published in PTEP)
1 son oo Wooe
H-line Mu production_ | Electrodes(SOA LINAC N\ 0 eV 2 4 0eV
target \/ 3 ' 3 .
lonization Laser Ap,/p ~3 keV / 300 MeV op 355 nm 25 i|355 -
(122 nm, 355 nm) =1E-5
. . . . 244 nm
 Thermal muonium ionization by laser. 122,00 om
. . (Lyman-a)
— Two scheme under consideration. o
— 1S-2P excitation by 122nm BodlaoeV | | S0
) ] Muonium Mypnium
or 15-2S excitation by 244nm : K *
via 1S-2P via 15-2S



Muon acceleration

Muon reacceleration to 300MeV/c by muon LINAC.
— Series of 4 types of cavities depending on the muon B of each stage.

Low-S Middle-8 High-
p=0.01-0.73 p=03-0.7 p=0.7-0.94
RFQ IH-DTL DAW-CCL DLS
(Kinetic energy)
5.6 keV - 340 keV - 4.3 MeV - 40 MeV - 212 MeV
w.-. } [HH]]Q." I

Acceleration test Fabrication  prototype fabricated Prototype fabricated
with thermal p planned. completed. and tested and tested

High power
test on going

Currently, the cavity is located at J-PARC LINAC.
' %

Drift tube
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Muon acceleration test 14

Ultraslow muon production and
acceleration was tested in 2024 spring.
— held at MLF S2 line

— 244 nm lonization laser to utilize 1S-2S
(not 1S-2P) transition

— This test includes Mu ionization, ¥
SOA chamber, and acceleration up to 90keV. &

Cooling RF acceleration
30 meV 99 keV
Photodiode Soa lens eflectors RFQ

1973 mm

RF coupler
Laser 244nm



Demonstration of muon reacceleration 15

e Muon re-acceleration is demonstrated.
Time between and laser irradiation hits in MCP

Acc. u
On Target Pen. pu Laser (0-99 keV)
-5 v v v v

L R#Q OnE/ On-Resonance |
| T RfQ Ong / 0ff-Resonance Acc. p*
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* Reduction of emittance by muon cooling is demonstrated.
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T
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Before cooling 5ﬁfter re-acceleration

Entries 157

Std Dev x 5.12 =]
Std Dev y 1.657

y [mm]
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Reduction of O(10-3) from the surface muon beam

€x =170 t mm mrad
€y =130 T mm mrad



Key points

Three-dimensional spiral beam injection

>

K beam
from LINAC

1.

3.

Inject low emittance beam
with appropriate X-Y coupling
is injected into solenoid magnet.

— to compensate fringe field felt
by each muon

Apply appropriate radial Br-field
(Fringe Br-field + kicker coil Br-field).

—  to guide muons to the compact

region where the uniform
magnetic field is applied.

Store muon beam by weak focusing.
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Low emittance muon beam (300MeV, 0.3t mm-mrad) will be injected into

compact storage orbit (Bz=3.0T, R=33.3cm),
and stored without electric focusing with good injection efficiency.

Rotatable quadrupole
magnet x7

iron yoke tunnel

X-Y coupled L beam
injected with pitch angle

Fringe Br field by main solenoid

Pulsed Br field by kicker coil
B, o sin(2mt/T)
(for0 < t<Z,T =240ns)

Main B, =3 T
+ weak focus field Storage
(By = —n=2z,n = 1.5x107%) magnet



Three-dimensional spiral beam injection

* Design and prototyping of each devices is ongoing.

Rotatable QM prototype

Double bend achromat

W beam
from LINAC

Rotatable quadrupole
magnet x7

Beam profile monitor

iron yoke tunnel et
L‘—

X-Y coupled pu beam
injected with pitch angle

Fringe Br field by main sole"ioid

Pulsed Br field by kicker coil
B, « sin(2mt/T)
(for 0 < t<,T =240 ns)

Storage beam monitor

I MainB, =3 T
+ weak focus field

(By = —n2Zz,n = 1.5x107*)

Storage
magnet
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Kicker coil prototype

Storage beam monitor

TR
X
\(\G O
“\\d"
4}0 /
/
B
=
~Z 4
-
-~ = B
_ = ’/ read out by SiPMs. record
Z=£200mm //’ A waveforms by FADC.
Al
%OO.me fibers with 20mm interval

In total 21 fibers.

(many room for layout optimization



Demonstration of beam injection scheme 18

 Demonstration of beam injection scheme has been performed.

— It uses electron beam, Kicker coil inside
but on the same concept as real experiment. - solenoid magnet

Storage magnet

~ Tune (825x104T)
Tiifia injection angle
Generate XY-coupling ir
pulsed beam 19
Rotatable G )
Chopper Quadrupole magnet N
system (Q1,Q2, Q3) v
Measure
B beam
params.
,lgé,g;;@,; | Bending ‘ | Beam diagnostic
Bend beam il
b Length: ~2 m
* Signal from stored electron beam is successfully observed.
Timing spectrum from beam monitors Vertical distribution of stored beam (cumulative)
Prelimi — 25 7 ey
— B f JE SR A . % hary £ C I I : I I Ij:re“!n'“n!ary:
> P t signal fri - . T [ . . : : P
€ 450 \J iner:lFe)dstI)ger;iﬁ rgom SciFi (above storage region) S ool k2" il Tt MC (cécalé d)'
E | 5 r T ]
@ 0 S c I . measured
v ! Delayed signal from ) 2 15 x B et vt
E 150 ’ stored alectron SciFi (storage region) g i
Y 1- — 10}
— |/ Promptsignal from —~ qirj (below storage region) - I
< 400 -injected beam-—— = B -
= e 5F RN S— -
E 8 40 /‘\ i T r - x
St i e Sttt et s e s - = 1
C 3 o=l i ) ISP SN RIS SRS PSP PO . 5 YRR SR
04 08 2 6 20 230 20 -10 0 10 20 30 40 50 60 70
Z [mm]

Time from TRG (us)



Storage magnet

Highly uniform (0.1ppm) magnetic field will be achieved by shimming.

— Compact solenoid magnet based on Superconducting magnet

MRI magnet technology. _ for '\ﬂf‘SEU Experiment.

— B-field measurement
by a high precision NMR probe

Local uniformity of 1ppm is already
demonstrated by the MuSEUM
experiment magnet.

Field mapping system under design.
— B-field meas. in the muon storage region.

— Theta motion + z motion.

19




Positron tracker

20

e Silicon detector for momentum measurement of decay positrons.

— High hit rate capability (6 tracks/ns)
and stability over rate changes (1.4 MHz @0 kHz)

— Silicon strip sensor: Hamamatsu S13804, 190um pitch.

— High efficiency for positron in the analysis window (p=200-270 MeV/c).

’ Simulated tracks

T 250
E, 200
N 1504
1004
50

0

-50
-100 L -
150 o it Sy o -100 -
200 AL r

250~ q s 3901 200
300\ G : r
4,200 , 5

-300 -

200 -

100

0

HPK S13804
- silicon strip detector 4002
- size: 100 x 100mm?,

190um strip




Positron tracker

* Major components are in or completed the mass-productions.
* Assembly procedure is under R&D.

* A quarter-vane prototype is under its operation test.

" @ % Quarter-vane: submodule of detector
< B 4 — ; g —r = o = —

21




Sensor alignment for EDM measurement 22

i ) , spin precession @a B
Precise alignment between detector and B-field .5
is essential for muon EDM measurement. e 3,
— If rotated each other, “g-2 component” of spin :)i’l'g;’;:cess'on
precession comes into “EDM component”. L eg—2- 1N -
Wq + Wy = —— [—B + - fBXB
ml 2 2
g-2 EDM

Goal of sensor alignment is 10 prad (~ 1um) precision.
-> Sensor position/rotation/deformation should be monitored during DAQ.

— This will be achieved by a combination of several methods.

Track-based alignment Laser-based alighment monitor ' Precise detector assembly
* Sensor position * Interferometer with optical * Sensor position measurement
reconstructed by comb laser. by CMM & laser tracker.
minimization of positron * Monitor distance between * Position alignment by dedicated jig.
track fitting in physic data. fixed points.
v' 3D-length measurement grid of
absqlutg distance inferferometers for
monitoring deformation of the detector - __/_

Minimize y? in the positron track fitting.

ror scan
N E

Circulator Beam
Collimator

— x.)2
)(2 _ z : z : (Xmeas xflt) Q O Optical fibers
= ~100
track point o? B —
m

splitter/

II] switcher

v v
Detector
Sensitive components in a Measurement optics in a
safe & mild environment severe environment
J

Y
¥ Operate in a severe environment for long period stably




Sensor alignment for EDM measurement

Temperature control room

Silicon sensors are glued on GFRP frame. ‘ =
Gluing procedure with an alignment of
O(1) um precision is under development.

CMM (3D coordinate measuring machine)
in temperature control room

— sensor position & shape measurement by 1um precision

— temperature is kept to 20 = 1 deg., to avoid thermal expansion.
Sensor positioning by a dedicated jig.

— Horizontal shift (1um step) & Vertical shift (~10 um step)

— Gluing by a UV curing adhesive.

Sensor alignment (side view)  horizontal shift : 1um precision Sensor alignment jig
—

Sensor holding

: t vertical shift
: ~¥10um precision

iig

UV curing

\ Sensor

adhesive- -

frame frame
iig

23




* We plan to assemble positron tracker in Japan
from 2026.

— at Kyushu Univ, KEK, (likely) J-PARC.

 We are preparing a lab for this.

— Assembly of silicon tracker still seems rather complicated,
and we are welcome for collaborations.

Assembly jig
for precise sensor alignment
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3. Possible ideas for sensitivity improvement

e Statistical uncertainty is comparable to BNL (450ppb).
Can we improve it to FNAL level (100ppb) ?

25



Muon efficiency

Ver, .
Possible idea for improvement No.1" “/mi., 26

* 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

(&) Meah “'“."I:

u efficiency  Lrransmission + decay loss

075

(B)

=
n

025

RFQ
IHDTL
DAW-CCL
DLS
Kicker

Ele+) win.
Recan.

Transport
Mesh elec.
Soa lens
Injection
Det. ace.

Thermal Mu =
Thermal u+

Surface u+



. (] [ Ver ral:
Possible idea for improvement No.2""/mi, 27

Since we are using tracker instead of calorimeter for positron detection,
reconstruction of positron emission angle at muon rest frame may be possible.
This enables us to include low momentum positrons for g-2/EDM analysis.

— Factor ~2 improvement is expected for g-2/EDM statistical uncertainty.

To realize this, we need
1. Detection of low momentum positrons.
* Increase number of silicon sensors
2. Better performance of positron track-back.

* Reduced and/or well understanding of p05if§_@ﬂ» t
detector material budget. 1

3. Further precise muon beam injection

* touniquely identify muon decay vertex from
positron track and stored muon orbit.

* This seems to be an interesting possibility, Miioh orkie
but there is still a long way to go for its realization. Decay position



° ° ° Vef' r 5
Possible idea for improvement No.3" /mi.,, 28

* |Increasing muon momentum, storage magnetic field will reduce statistical
uncertainty.

dwg 1 2 qB
Wq wWa VY To \JNA m

— If we modify our design as 300MeV->600MeV, 3T -> 6T,
then statistical uncertainty will be ~100 ppm.

e This option could be realized, but it needs R&D to judge it.

— Acceleration to 600MeV
: Can be possible, but R&D needed to keep it inside the original building design.

— B field to 6T
: Can be possible, butiron return yoke may become too heavy.

— Beam injection
: Injection becomes easier by reduced geometrical beam emittance, but it becomes
more difficult by larger fringe field, and relatively less pulsed field.
It is hard to judge which affects a lot.



Summary 29

Muon g-2/EDM experiment at J-PARC aims to perform an an independent
measurement of muon g-2/EDM.

This will be realized by utilizing low emittance muon beam stored in a compact
region with a uniform B-field only by weak focusing magnetic field.

We aim to start commissioning from JFY 20209.
After 2 years of data taking,

— muon g-2 measurement at 450ppb (stat.) and 70ppb (syst.)
: statistics comparable to BNL, completely different source of systematics

— muon EDM sensitivity at 1.5 X 107?! e - cm (stat.)
: 2 orders of magnitude improvement.

All the key technology of this experiment (surface muon, muon cooling, reacceleration,
injection, uniform B-field, positron tracker) are getting ready for realization.

Possible ways to improve statistical uncertainty is also under consideration.
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EDM of muon

* Muon: lepton, the second-generation. (106MeV, 1=2.2u5)
* 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)

1E-18 4 ' v L ' L . ' 3

¢ |d| <1.8X10° e*cm (90% C.L.) et ®

Indirect limit from electron EDM . . é

¢« |d| <2X1020e-cm At B L —

 1E-23 § < e 1

* Assuming muon EDM is the only & 1£.24 ] 5ol —_— :

-~ e o)

source of electron EDM %‘”E'QE} . | ) 0? °0 , o 1

«  Phys. Rev. Lett. 128, 131803 31 o neuon T om @ }

' ' ' ! 1E-2T-! @ proton Tl Ovbp o L

E271 8 merary oo 1

1Ees 'l o xenon | “rho 1

* 0 1960 1980 2000 2020

“ Year of publication




Extension building 32

* A new extension building will be constructed.
— Construction of extension bldg. is also ready, and waiting for the budget approval.

Bl

\ (L sty
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2. Laser ionization of muonium

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

* Large Mu emission area = Development of strong VUV laser
» PlanA: Goal: E=100puJ, At=2ns, Av=80GHz @ 122nm
v' 51 @ Mu region is under operation (world record!)

uooe
\/ 0eV

355 nm

22.09 nm
Lyman-a)

13 -13.6 eV
Muonium

uooe
. oev

2S HSEE nm
'Md nm

44 nm
1S -13.6 eV

Muonium

All solid-state VUV laser system for 122nm

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

Distributed ¥ fiber amplifier
feedback laser |
m Regen. amp. | Intermid. am Final amp.
* 1062.78 nm 50nJ@100kHz B 1
Av = 1 GHz ~2 mJ@25Hz ~100 m; ~14 .

Monlinear frequency conversion

L 2ndHG 4thHG H 5thHG
100 mJ

unable Ti:S —~
jaser 820.780 nm

OPA L«ﬂ:j_ i

High efficiency

Coherent Lyman-a
Ultra slow muon

Lyman-a generation  generation
in Krypton gas cell

[—2
13
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R&D for higher pulse energy

* Required pulse energy for high ionization efficiency
* 100l @122nm for 1S—>2P->unbound scheme } More than 10 times

* 60mJ @244 nm for 1S>2S—>unbound scheme

Development of 122nm laser
e Study of recently developed

‘N

|
5.

crystals. (quality vs size)
Better FWM effluency

d: YGAG Nd YSAG Nd: YAG

improvement is required

Development of 244nm laser

Laser for spectroscopy by
Okayama group
Development of high energy
Iaser for ,L S@KEK g
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Double bend achromat

L beam
from LINAC

Rotatable quadrupole
magnet x7/

Beam profile monitor

iron ioke tunnel

X-Y coupled p beam
injected with pitch angle

. . Fringe Br field by main solenoid
> [

<> Pulsed Brfield by kicker coil

B, « sin(2mt/T)
(for0 < t<-,T = 240 ns)

P>
— __
Storage beam monitor

I MainB, =3 T
+ weak focus field Storage

(B =—n"2z,n=15x107" magnet
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Muon storage region at J-PARC

: Specification
Requirement: . Region size:
Uniformity (azimuthal average) : 0.2 ppm,_, . Radius: 33.3+1.5 cm

peak-to-peak?t * Height: 0+5 cm
* Magnetic field : 3 T

)

muon storage region
muon storage magnet 4



Storage beam monitor 37

Beam profile monitor installed on storage orbit.
Beam profile monitor made by thin scintillating fibers

<
(¢=0.2mm) read out by SiPMs. \‘\'@e O
\:\(:a 0\)‘5 6"'
Low mass detector R xe” o
with low occupancy (1%). ‘00;&\"’
— to prevent multiple scattering & /
Prototype is being tested ° 2

in injection test bench.

read out by SiPMs. record

==
z 2y waveforms by FADC.

@ ©0.2mm fibers with 20mm interval.
In total 21 fibers.
(many room for layout optimization)
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Passive shimming

Passive : put iron shim pockets

illustration indicating field tuning with iron piece

Prln.0|p|83. Magnetic flux
put iron piece

— passively magnetize to saturation V
— compensate B, /_\ //_\

iron

muon storage region
magnetic field at 7 by iron piece positionedat 7' in3 T

v . 3e,-(F-7)7r—7
An|lF — 73\ * |7 =7 |F—7]
B,: saturated magnetic flux density of iron = 2.15 T v: iron volume

£
i
Y

Eﬂﬂﬂgﬂﬂﬂﬂ@ﬁﬂm&ﬂﬂ{ﬂﬂﬂﬂ non

aoaoooaoo g onnooom

B(#) = —B,

i
sy

1400 mm
«—Qur passive shimming system

+ for coarse shimming: 20 % 20 pockets (max : 77 cm3/pocket)

B 111! 1 A T s Ty

TR

DEDDDDDDGDHBHBE'HHHEHEDGDUDEDDD

O000000,

11

J
b
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[Goal] 3D-length measurement grid consists of
optical fiber introduced interferometers

v" 3D-length measurement grid of
absolute distance interferometers for
monitoring deformation of the detector

Retro-reflector

Collimator

Mirror scan

Optical comb
pulse laser Al

Circulator Beam

\ Collimator

Beam
splitter/

@ switcher

Detector v

Sensitive components in a
safe & mild environment

Optical fibers ?
(~100 m) |

Measurement optics in a

severe environment

A\

Y

v Operate in a severe environment for long period stably

N—

Collimator for
multi direction

Measurement
?/ Reflecte .'\..
' d beam
: >

Collimator and reflector

A

v Combine multi functions for the optical
system of the measurement grid

v' Make the system Small, Stable, Accurate,
and Robust with lower cost
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Further Sensitivity Improvement of w, and EDM

® If we additionally use low momentum positrons with full-information of tracks,

the sensitivities of w, and EDM are further improved.

Sensitivity of w,

[arbitrary unit]

2.5

ve . *  Weighting method with g
2 %e, . o Counting method with ||

N *s .

- L ]
15 Cea,

- ..,

EIEU:I -

1 “Coogp DoOooDOoop .'.
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Sensitivity of EDM

® We assume perfect reconstruction efficiency and no

® Sensitivity is increased by x1.7 (w,) and x2.5 (EDM)
by combining low momentum positrons(p,, > 100 MeV/c) with full-information of tracks.
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