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Muon Precision Measuremeimnt JPARC MLF
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Muon g-2/EDMexperiment

PRL 126, 141801 (2021)

Phys. Rev. D 103, 072002 (2021)
Phys. Rev. AB 24, 044002 (2021)
Phys. Rev. A 103, 042208 (2021)

BNLg-2 — P
(2006) New result from FNAL
FNAL g-2 +———@ on April 7, 2021

(1) Confirmed previous BNL result
(2) Deviation from the SM became

4.20 (was 3.70)
* More than 70 BSM preprints

Run 1 (2021) I_._l

J-PARC
< 4.20 (2025-)
new physics

projection

® beyond SM? .o appeared in arXiv in a few
Standard Model Experiment days.
(2020) Phys. Rep. 887, 1, 2020. VI 450 citations as of today
175 180 185 190 195 200 205 21.0 21!

Anomalous magnetic moment of muon (g-2)

(a,x10° -1165900) An independent

measurement with entirely
different systematics

TOP10

BREAKTHROUGH

https://physicsworld.com/a/physicsvorld-announcests-finalistsfor-the-
2021-breakthroughof-the-year/

Featuresof the JPAR@xperiment
A Lowemittance beam(1/1,000)
A Improvements

A Highinjection efficiency( x10)

A Compacttoragering (1/20)
EBetterfield uniformity ( x10)

A Highgranularitytrackingdetector ( x10)

A Simultaneousneasuremenbf EDM(x70better)
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Storaqe maqnet and detector

Citationhistoryof BNL &NAL papers

BN Muon g-2 BNL [6426]
8001 mmm Muon g-2 FNAL [448]
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ATiny Particke’s Wobble Could Upend
the Known Laws of Physics

Othermedlaartlclesm
Asahi shinbun, Yomiuri shinbunn
Nikkei shinnbun, Toky&hunichi shinbunn,
Jijitushin,Nikkei Sciencéyewton

Injecti'on,
storage




Muonium
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The bound state of
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Precise measurement of Mu HFS

(WThe most rigorous validation of
the boundstate QED

n.edexp  4463.302 765(53) MHz (12 ppb) LAMPF1999
my{ m=3.18334524(37) (120ppDb)

m_/m,=206.768277(24) (120ppb)

n, e{theory) 4463.302 891 (514) MHz (121 ppb) D. Nomura (20
n,{QED) 4463.302 72812)(98)(3) MHZImM_ /m,) (QED)a)
n {weak) -65 Hz
n,{had v.p) 232(1) Hz
n,=£had. h.o) 5 Hz
QED calculatiohb=ffort for 10 Has in progress by Eides al.
Phys. Rev. 86, 024501 (2012), PRL.. 112, 173004 (2014),
Phys. Rev. B9, 014034 (2014)



Precise measurement of Mu HFS

(JStrong relationship with muogb H
Wn P RSOALFOGAZ2Y o0l0gd
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A—R Fromgli 2 st or agrFeom muonign HFS
(JIt is important to measure precisauon massndependently

Gy

Wﬁ_@ accuracy from direct measurement 120ppb
. Liuet al. hys. Rev. Le®2 711 (1999



Experimenél Procedure

Magnetic shield(ZF) /
Superconducting Magnet (HF)

Upstream Gas chamber Downstream
detector Kr gas Detector
4
| H
Polarized
muon beam . Microwave
Muonium )
cavity

| S

Muon captures electron from Kr to form muonium

AMHL ST

Muon spin flips when the microwaves frequency is on-resonarjce

The muons likely emit positrons in the spin direction

MuHFS is determined from the relationship between microwave frequency and
asymmetry of the counts in the downstream/upstream detectors.
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Experimenél Procedure

Magnetic shield(ZF) /
Superconducting Magnet (HF)
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The muons likely emit positrons in the spin direction

MuHFS is determined from the relationship between microwave frequency and
asymmetry of the counts in the downstream/upstream detectors.
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Experimenél Procedure

Magnetic shield(ZF) /
Superconducting Magnet (HF)

Upstream Gas chamber Downstream
detector |—| Kr gas “L| Detector
6 DH"/(_\ p ] o
Polarized H "H
Muon beam ) Microwave | 1O
W cavity

| S

Muon captures electron from Kr to form muonium

Muon spin flips when the microwaves frequency is on reson—|ce

The muons likely emit positrons in the spin direction

MuHES is determined from the relationship between microwave frequency and
asymmetry of the counts In the aownstream7u_g§tream detectors.
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Beam Line JPARC MLF MUSE

1
M In preparation (HF)
%, - A Beam intensity108 £*/s
i | [ |H-|ine|
— o D Spallation Newtron Target
i N~

3 GeV proton

25 Hz pulsed

5 Muon Production Targel

D-line
MLF Exgermenta! Hall vo.2
1 et ]
TR D 2 &« 6 & 10m
el

N. Kawamura et al., PTEP 2018 (2018

2
%‘ Completed (ZF) doi:10.1093pterpty116, 113G0O1.
A Beam intensity 6x10° £*/s (0.6 MW)

W. Higemoto,Quantum Beam Scl (2017) 11.
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Status ofMuSEUM?2014- 22)

2011

2013 2015 2017 2019 2021 2023
ZF R&D 1st 2nd 3rd 4th 5th
Proposal R&D
HF Submitted : : 1st
ubmitte New Beamline Construction
‘s? 8 s (a) Vip = 4463 302-50KHz (b) Vi 4463302 +10KHz (C) Vo =446330270KHz
=t 006t Ao Yes it oost A i, 1 oot A
< |i 6-_ 0.04f 'Tjr 004M 0.041 @ +++ 1
) SN i +
= > | 0.02f 0.02f + o_ozm
Z[2 | -
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5 [ oosf K DE ﬁ oosf ANV, | oodf JIE TR Jt
B 2_— 0.04 | + J[Jr+ 1 o.04f o Jr+ ] 0.04W
E) | 0.02 1 o002 M 1 ooz f 1
g T ~
= 0 '_ﬂj)ool — (I) . ‘ 1(xlm — 00 5 10 3 00* 5 10 3 00 5 10 3
Frequency detuning (kHz) Time (ps)

resonance result(in 2016)
S. Kanda et alRhys.Lett. B 815 (2021) 136154.

Experimental setup

beamline to verify the principle.

A
A

for the zero field experiment).
We are preparing for the first HF experiment.
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Rabi-oscillation spectroscopy
S. Nishimura et al., Phys. Rev. A 104 (2021) 020

A Until the construction of the HF beamline, ZF experiments were conducted at the existing

Developed Rabi-oscillation spectroscopy, reaching an accuracy of 160 ppb (a world record
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Comparison of conventional and Rasicillation
Spectroscopy

Standard spectroscopy

o
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|

Rabi oscillation

HWHM
- (Half-width
at half maxi

Time-integrated signal strength
o -
O -
T T

* Yoo

oy [
0 —400 -200 0 200 400
Detuning frequency (kHz)
Standard

lead to difficulties in extracting the line center

Signalistrength

Corresponding

0.2

Rabi-oscillation spectroscopy

D KHZ ool

Rabtoscillation spectroscopy

awing the resonance curve with microwave frequency swew‘e detuning frequency is directly obtained

ymmetry in the microwave power across a resonance line Wout ; from the Rabi oscillation

15

need to sweep microwave frequency



Rabtoscillation spectroscopy analysis

(JEstimation of thesingalof Rabioscillation by the
SI m u Ia tl O n Rabi-oscillation spectroscopy
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Muon stopping Microwave power Rabioscillation signal
distribution distribution from all muonium

Fit estimated signal to the obtained data

Slgnal

We can obtain the detuning

Signal

frequency from the single

microwave frequency data

Time
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Results of
Rabtoscillation spectroscopy

Microwave frequency ( )
C

=4 463 252 kHz V. =4 463 312 kHz =4 463 232 kHz

0.06-

)(ZINDF: 39.28/43

[ Awl/2m: (28.6 +6.8) kHz

..."‘J[Jr
_|+Jr

(b)_

0.06F X

0.04|

0.02|

v2/NDF: 35.43/43

[ 1Dwl/2m: (347 +4.2) kH

- Pl Pl e R
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Results of Ralmscillation method (multiple
Mmicrowave freaiiencwv)

65.48 /57
¢

——
400 w2 / ndf

Vars (-23.11x0.71) kHz N

300

200

100

Ao|/2n (kHz)

oo oo b v by o by o by by
-300 -200 -100 O 100 200 300
viw — 4 463 302 (kHz)

Result 4,463,301.61%0.71 kHz | )
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New Muon Beamline

o P

construction that can provides beams

ofp p 1 FOormore.

===

EE Tl
e =) e
g

LAMPE: ¢ pT 7TO

J-PARCD Line:U pTm 70O
(MUuSEUM ZF)

e, D A First beam was provided from
) /. e 2022.Jan. !
- T. Yamazaki, N. Kawamura, A. Toyoda (KEK). Aln high field experiments, the statistical
* A.Toyoda et al., “J-PARC MUSE H-Line accuracy reaches 5 Hz (1.2 ppb) after 40

optimization for the g-2 and MuHFS experiments”,
J. Phys.: Conf. Ser. 408 012073 (2013).
- N. Kawamura, et al., “New concept for a large-

acceptance general-purpose muon beamline”,
PTEP 113G01 (2018).

days of the measurement.
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New muon Hine starts operation!

First beam onJan.15", 2022!
Beam commissioning IS 6going

with many members and groups

KEKSOKENDAQDsaka city university, Osaka university
Nagoya University, Niigata university, Ibaraki universit
and Kyushu university

] Muon beam profile Time spectrum of
c44mm - =24mm - muon decays

l“l -
L

- .
. L
ra (o] -
o =]
(=1
S
(=]

Intensity [a.u.]
Positron #

60 -40 -20 0 20 40

0
X [mm]

Muon intensity Is roughly consistent with
our expectation (>1%/'s withIMW).




Magnet (HF)

Magnet & Passive Shimming-:
O

Polarized
muon beam

(L4

Iron shim plates

o Wy~ 341 ppm (p-p)
Ry e ke
& E e el S Nickel films
g - v - q 1. 190 -
£ o R — -;-.—;i;; 0.28 ppm (p-p)
- ——
P | -
‘ - = r " e B - Magnetic putty.
Superconducting Magnetic field : 1.7T ‘[ - F— ‘W 0.17 ppm (p-p)

Reqguirements for the field are DR
] . . Azimuth (deg.
0.2 ppm (peak-to-peak) uniformity in a Shimming protcésé)by passive shimming

spheroidal volume with z=30 cm, r=10 method (1.2 T)
m The accuracy of the magnetic field is an

cm.
+ ili i iImportant point for high field experiments.
A_O'l ppm Stablllty durmg meaSLI{/Ir.eATee,pntégn. res%n. med. se:i., vol. 16, nog4, Oct. Pp. 017.

K. Sasaki, et al., IEEE Trans. Appl. Supercond.,10.1109/TASC.2022.3190803
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NMR Probegby Tadaet al.)

Three types of probes

A) Standard probe (Almost prepared)

| AA high-precision NMR probe to calibrate others.

e AAn accuracy of 15 ppb has been achieved.

A Cross-calibration is underway Iin a joint research project
between Japan and the US.

B) Field camera (in progress)
A 24-channels rotating NMR probe that maps
magnetic fields.
A Developed two types : large and small
A Used for shimming Magnet
" Ch10 ADeveIoped 10-channels prototype I

IFixed probe

' PRl > T :

C) Fixed probe (in progress) : — .

— ST 20 C 1

sl !

A A compact probe to : = ¢ :

monitor magnetic field , . ¢ :
stability during experiment. ‘ Ocm I

“ S0cm__ ‘

H. Yamaguchi, IEEE Trans. ApgbupercondVol. 29, no. 5, Aug. 2019, Art. no. 9000904
H. Tada et al., IEEE Trans. Appl. Supercond.,10.1109/TASC.2022.3190264 (2022).
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Expected Precision

HFS uncertainty for high field experiments

Contents Uncertainty (Hz)
B-Field and 0 The NMR probe under development and passive
NMR probe shimming method
Gas 3 the new high-precision silicon gauge
Power drift Less than 1 the temperature control
Pileup 2 the segmentation and front-end electronics
Impurity Less than 1 the Q-Mass monitoring

A B-Field and NMR probe accuracies will give an uncertainty of 8 ppb in the magnetic
moment ratio €¢/€p.

We are aiming for a precision of 5 Hz, a ten-fold improvement from the 53 Hz
of the previous experiment.
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MuHe HFS Resonance Curve

March 1117, 2021 Beamtime February 2021§ SBetamtlme
0.2 : : : : 5 02_ - a

FirS,tRejonance Observed .

1 Tede Jy2/ndf 4139 /17
4 a'“ ' l 0.8 — H— { ........... Prob 0.0008203
Lo _ scale  -2.210.1039

: I D o T amma
: center -35.66 +13.24

> U F’“"‘b 2 ® 0% 1ol T e
S U scal 4 +49|_;|? - -
5

.| gammg 13 g4+ 2505 Frequency - 4465140 kHz

centQ 20; 9+1BQ3 g
Iy I\/Iay 2022 Beamtime [2021B01

—GUD —400 —200 0 EOO 400 600

Frequency 4465050 kHz 3 atm } 69]

__(on-line analysis o

L4 N

RN e 17.44 /15
-0.8 __ ............... ............... ............... .......................... Prob 0.2931

N * scale  —2.298 +0.1914
1.0 S T S — gamma  219.8 + 34.51
C i i i i center 8.351+ 15,

PN UOUS O NS UK e v v Y [2022A0159]

Frequency - 4465000 kHz

Time cut: electron data from 2 us after second pu pulse !




Extrapolation to Zero Pressure

4465.2

AV (MHz)

44651

4465.0

3 L4 L ) 120
PRESSURE (Atm-0°C)

FIG. 2. Av as a function of He +Xe(1.5%) gas pres-
sure. Closed circles show the results of this experi-
ment; the open circle is the result of Ref. 3. The
straight line shows the linear extrapolation used to

0.30 T T T T | T T T T | T T T T | T T T T
E He + Xe(1.5%) T E
N i \ ,!/
% 0.20 [ _ _ -7 ~
= t(on-line analysis only) :
S o.15 N —
N - He + CH, (2%) -
(? 0.10 :— 2021 Mar. _:
D | _
- | .
S _ _
L 005 m Orth etal. (1980) o
- -7 ¢ Gardneretal (1982) 7
: { P —e— MuSEUM i
0.00 p 2022 May (=) — p-shift (Gardner et al.) "]
.7 @ €[0,8 kHz (blind analysis) " p-shift (Mu, Orth etal.) 7
_0.05 -~ | | | | | | | | | | | | | | | | | | |
0 5 10 15
Pressure (atm at OOC)
D = 4464.95(6) MHz (Orth et al.) [13 ppm]

D = 4464.004(29) MHz (Gardner et al.) [6.5 ppm]
D n=4464.997(18) MHMuUSEUM [4ppm]

U Probably a New World Record

extract A v(0).

N
o

zero field (zF)| Tentative Result !
highfield(HF) | @ . f A Y Ré§

3

zero field d In progress

ZF H. Orth et al., PRL 45 (1980) 1483
HFE C. J. Gardner et al., PRL48 (1982) 11




Repolarization of Muonic He Atom
By spin exchange optical pumping (SEOP) thvapors

(LSHe) ion will form molecular ion in few ns in higiiessure He gas10 atm)
(1) Polarization through dissociation of molecular ion Feg) via:
Yd 'OQ@ '0Q © Yo 0Q ( '0OQ Qv
I FOSNI GKS OKI NE#BlenScleuwEK |oy)@RIhe pokarizedée

are coupled through the HFS interaction, thus polarizing the muon.

(2) After neutral muonic atom formation, further polarization via:
Y& ( '0QQ 8O0 Y (* OQ QY

After shortlived coIIisions the polarization of the transferredise shared with

( Kﬁsemxienucleus 0%+ S ¥
RERNCRES

(*Hee')'e’ (“Hee')"e’
for p*He: 6% 44%
Improvement by a factor 7 possible !



Muon Polarization in Muonic He

Glass cell targeth ¢ £C) H n n'00 [~ T ) 100 L AR
A Sphere: ~@2.5 cm x 1Q0n! 80 a- *He(noCh | go |- ~ “He (no Ch-
A He: 8 atm 60 ST eo| o I
A Rb: 4.4 x 19 atoms/cn? 10 i 0 T;fi%ﬂ}/
A N,: 75 Torr - 4t i } -
A CH: up to 250 Torr »e <0 | B R ]
_ 0 | N R I PN S | T
1 4 1 4 CL-H‘ 0 2 4 G 8 0 2 4 6 8
] Ow  Owus 100 P ) 100 T
0(0) " _ 80— C “HeWithCh)| go |- < 3He (with Ch)-
. Dmwm  Dus 80 — el -
Rb polarization reversed every 2 min.~ _ S El a o
N 40 ifﬁ*{!& 40 — | } .
B I PR

s O (O) 20 | — 20 | Plett |
0 (0) L e
"Qc‘) d') 0 N IR | PN e TR T R e 1
' 6 8 o 2 4 8 8

"Q0 Yfraction from He,® : analyzing power

Time (usec)

FIG. 1. Muon polarization as a function of time in muonic He. The four graphs correspond to four target cells: (a) *He
without CHy, (b) ®He without CHy, (c) *He with CHy, and (d) *He with CH4. The solid lines are given by (6) for (a) and (b),
and by (5) for (¢) and (d), where the numerical values of the parameters resulted from a global fit to all of the data (including

the muonium data of Fig. 2). A. S. Barton et al., Phys. Rev. L&%.758 (1993)



SEOP for yHe HFS Measurements

New MuSEUMSEQOP collaboration just started !

KEK: T. Ino, S. Kanda, S. Nishimura K. Shimomura
Nagoya Univ.: S. Fukumura, T. Okudaira, M. Kitaguchi, H. M. Shimizu
Tohoku Univ.: M. Fujita, Y. Ikeda (glass cell)

JAEA: T. Oku - S Mirror
aser Diode
i | Array C O O ~800 nm \

Schematic Iayoul

RF Cavity

@74 mm x 152 mm :
(picture from Ino San)

c

Experimental Challenges:
A RF field inside glass cell (mesh windows, glass cell shape)
A SEOP in high magnetic field
A Magnetic field uniformity inside glass cell

A Gas pressure and temperature stability
A bSg aeaiusSYlruAoa X

:
|
Prototype Gas Cell ¥ |
|
|
|
|




Papers orMuSEUM
7k and HF cav

PTEP Prog. Theor. Exp. Phys. 2021, 053C01 (18 pages)
DOI: 10.1093/ptep/ptab047

Development of microwave cavities for
measurement of muonium hyperfine structure at
J-PARC

K. S. Tanaka'?, M. Iwasaki®, O. Kamigaito®, S. Kanda*>%, N. Kawamura*>®, Y. Matsuda?,
T. Mibe>*7, S. Nishimura®’, N. Saito™®, N. Sakamoto’, S. Seo®’, K. Shimomura*>®,
P. Strasser*>®, K. Suda’, T. Tanaka®?, H. A. Torii®®, A. Toyoda®*’, Y. Ueno**, and
M. Yoshida®®

Contents lists available at ScienceDirect
PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

New precise spectroscopy of the hyperfine structure in muonium with | g
a high-intensity pulsed muon beam gt

Updat

S. Kanda®*1, Y. Fukaob¢-¢, Y. Ikedo ©9, K. Ishida 2, M. Iwasaki?, D. Kawallf,

N. Kawamura %€, KM. Kojima “%&2 N. Kurosawa¥?, Y. Matsuda®, T. Mibe >-d-¢,
Y. Miyake ©¢:¢, S, Nishimura ©9, N. Saito %1, Y. Sato?, S. Seo®", K. Shimomura ¢%¢,
P. Strasser 4-¢, K.S. Tanaka/, T. Tanaka®", H.A. Torii!, A. Toyoda™%¢, Y. Ueno?

'Rabtoscillafion Spectroscoy

PHYSICAL REVIEW A 104, L020801 (2021)

Rabi-oscillation spectroscopy of the hyperfine structure of muonium atoms

S. Nishimura®,>" H. A. Torii,” Y. Fukao,"?* T. U. Ito,>” M. Iwasaki,® S. Kanda,® K. Kawagoe,” D. Kawall,®
N. Kawamura,"2* N. Kurosawa,"? Y. Matsuda,’ T. Mibe,-2* Y. ]f\/[iyake,l'z’4 N. Saito,->*3 K. Sasaki,%* Y. Sato,' S. Seo,>?
P. Strasser,">* T. Suehara,’” K. S. Tanaka,'® T. Tanaka,®’ J. Tojo,” A. Toyoda,l'z‘4 Y. Ueno,® T. Yamanaka,’ T. Yamazaki,">*
H. Yasuda,? T. Yoshioka,” and K. Shimomura®->* .
(MuSEUM Collaboration) Time
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