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THE MUON IS A GREAT PROBE

= “Goldilocks” mass: 1t ond 3
— More sensitive to virtual particles than Ca ) ()
9]
eIeCtrOn . { L up )L charm AN top ) L gluon ) Higgs
— Light enough so no hadronic decays S VAN ™) ()
O
" UnStabIe down strange 9 bottom ) L photon )
— Decay: ut — etv.vp - N ——

— Long lifetime so easy to make and store

electron tau Z boson

force carriers
(bosons)

» Self-analyzing decay

\_ _J

j N a

— Hig.h energy decay _pos_itron_ preferentially _ redine )\ neono [nefi‘éno) | Wboson
emitted in muon spin direction

leptons




Jungmann’s triangle

Muon g-2

» Strong interaction contribution
~» Weak interaction contribution
New physics?

W,
¢,
¢ Z
W

J-PARC J-PARC, PSI

Muonium HFS QED Muonium 1s-2s
»|Magnetic moment /,, < = > T
) Muc_>|_1 mgss my m M— K

Verification of QED H . Verification of QED

L Weak interaction contribution

Independent test of g-2 is possible by combining Mu HFS and 1S-2S.
C. Delaunay et.al. Phys. Rev. Lett. 127, 251801 (2021) Precision is not good
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SUMMARY

a,(Run—1—6) = 0.001165920705(148)

* Most precise determination of a, for
many years to come

= 127 ppb measurement tests all Standard
Model contributions

QED (as2n)

QED (higher)

fractional
contribution
mEm uncertainty
Il

ol 1 | 1 1 L |
1077 1076 107F 10 103 102 107t 10
Fraction of (g,—2)

= Benchmark for models with new particles
or forces (BSM)

Ly OuE N Eu D o SRR e R fooo By B Jom oo o e LARE 775 D A
BNL EB21 - -
Run-1 o -
Run-2/3 ——b—
Run-4/5/6 [
Run-1-6 Lo

Experiment EXp. average -4

SNDOG + Iheory

CMD-2 ’ LO-HVP o

BaBar —

KLOE —_—

gESHI —_—

SNDZ2O 4

CMD-3 S —

-

LO-HVP latlice

v |

The ranges shown (in light green) in the LO-HVP e*e™ section represent the spread of
values across different measurements or calculations and should not be interpreted as

statistical uncertainties in the conventional sense. Theory section adapted from WP
2029 ddd d Jd a g g g Jd o g g aJdos g aaJ

A A

17 18 19 20 21
a,-10°— 1165900



Muon Precision Measurement in J-PARC MLF

Muon g-2

New Physics beyond SM

Muonium (muonic He) HFS

Muon magnetic moment p,

CPT for muon mass

Hp Gy 5 eh -
H K ‘g” ZmMc
Muonium 1s-2s
QED
< m > Muon mass m,,
u
By K.Jungmann
Resonance MY e i
fr‘eq u e n Cy . ‘// u" ? @@ Elc.c/lroslahc deflector (ED)
W ¥ Prel g
P P R MeSh MCP :. 5[25.1

Vmw —4,463,302 kHz

m




Muonium Hyperfine Structure (MuHFS)

 Muonium (Mu, M)

Purely leptonic hydrogen-like atom e

Relatively long lifetime = 2.2 ps

v 0-Ps = 140 ns Examples of other binary systems

Precise calculations of level structure ® ¢
are available because there is no € S
F|n|te‘VO|ume effeCt Hydrogen (H) Positronium (Ps)

e Muonium hyperfine structure (MuHFS)

Av=4.463 GHz

_@ muonium atoms is produced by the

magnetic dipole interaction between

‘: Hyper fine spectral structure of
R v

'+ positive muon and electron

K



Mu 1S-2S @J-PARC

Muonium (Mu)

@ Leptons

Laser ionization

Conducted at the 2" branch of S-line .
v S-line is a surface muon beamline (108 u*/s) -

244

244

A

A

Goal;

3a® M, -
Avisss = —mec? (1 + —) 10 kHz precision
my
e Amp - 1 ppb

mass

nm

nm

Mu Energy Level

228112

VA

F

Laser Spectroscopy
Avisos

ﬁ/ 122 nm

My

mass uncertainty
120 ppb (exp)

CODATA 2014
22 ppb (theo+exp)

N

1251/2

1
Microwave

Av1s-Hrs
0



Energy / h (GHz)

HFS measurement at high field

v, = 1.906 GHz _ 4—"—L

“Av = 4463 GHz @/ T

20+ Zero field /r O
F:\/ Y

O% High field(1.7T)

Vi2 = A 5

pyB  Av

h 2

x is proportional to magnetic field B

Ay = V12 —+ V34

‘u_u _ 4v12V34 + Vpﬁ_;(v12—v34)

Hp Vp [Vp&—(vu—vszﬂ]

Hp

20 —_/ \L (r:___\/> (‘uu — ‘ue)B NMR: B = hvp
= ‘ 24 = é X = . -

vig + 34 = Av vV v hAv 2Hp

‘V, | T\ A

- | V12 — V34 X /lll/lll’ ('/-E \>

_40 ! | | 1 | | | | 1 l | 1 | | [ | 1 | 1 | 1 1 1 1 , 1 I\Il |

0.0 0.5 1.0 1.5 2.0 25 R

Magnetic Field (T)

Avyes = 4. 463 302 765(53) GHz (12 ppb)

W. Liu et al., Phys. Rev. Lett. 82 711 (1999)

/U, = 3.18334513(39)(120ppb)

W. Liu et al., Phys. Rev. Lett. 82 711 (1999)

B Avy '
S i (14+x)—+1+x2

+ v34=+—+—_(1—x)+\/1+x2_

10



Other advantage of high field measurement

« Magnetic focusing of decay positron trajectories increases
detection efficiency by several factors

Detector

high fi“ [
#‘~_¢':‘
e

U T~

o
g




Experimental setup

Muonium production
Muons strip electrons from Kr

to form muonium
Superconducting magnet

u*t + Kr » muonium + Kr~

Gas chamber

Kr gas |
' m B « Kr has ionization energy close
Polarized | to muonium
muon beam A Microwave | | | * Inertgas
uonium cavity . . .
- * High purity can be achived




Experimental setup

« Spin flip by applying microwaves

25Hz J-PARC muon beam

d U U

Microwave * ‘ 4

ON OFF ON

Superconducting magnet

Gas chamber

Kr gas

« Turning microwave on and off

Polarized
alternately

muon beam

Microwave
cavity

HNEEEEEEEN

» If the microwave frequency is equal to the energy difference (v,, or vs,),
muon spin is flipped



Experimental setup

« Decay positrons are counted by downstream detector

Superconducting magnet

Gas chamber Downstream

Kr gas @ Detector
Oe'\ : -a@
Polarized < ~ |
ey
muon beam R Flip 4 Microwave $@
cavity |

 Positrons are emitted preferably in the muon spin direction
« Signal = N_/N_¢ -1
« By sweeping the microwave frequency, resonance curves are obtained.



Previous experiments

Time || Group Av ppm | B field (T)
1961 || Yale-Nevis 550017500 MHz 0.01-0.58
1962 || Yale-Nevis 4 461.3(2.0) MHz 450 | 1.1353
1964 || Yale-Nevis 4 463.24(12) MHz 27 |05

1966 || Yale-Nevis 4 463.18(12) MHz 27 [ 2.7x 1074
1969 || Yale-Nevis 4 463.26(4) MHz 9.0 |[3x107*
1969 | Chicago 4 463.317(21) MHz 4.7 | 1.1353
1970 || Chicago 4 463.302 2(89) MHz |2.0 | 1.1353

1971 || Yales-Nevis 4 463.308(11) MHz 2.5 3x10%and 1 x 1076
1973 || Chicago-SREL | 4 463 304.4(2.3) kHz | 0.5 0

1975 || LAMPF 4 463 302.2(1.4) kHz | 0.3 | very weak
1977 || LAMPF 4 463 302.35(52) kHz | 0.12 | 1.36
1982 || LAMPF 4 463 302.88(16) kHz | 0.036 | 1.36
1999 | LAMPF 4 463 302.765(53) kHz | 0.012 | 1.7

« Precision improved greatly in the 1970s due to the improvement
of beam facilities.
e Current world record is Liu(1999) at LAMPF.



W. Liu et al., Phys. Rev. Lett. 82 711 (1999)

AV, s = 4. 463 302 765(53) GHz (12 ppb)
/U, = 3.18334513(39)(120ppb)

Microwave
Cavity

Krypton

h\nil cu

0.5 mil Cu [

Counter
.

3 mil
Mylar

Beam Pipe

Positron

Pressure

Counter CH2 Absorber Vessel

Statistically limited
— New high-intensity muon experiments at J-PARC (53-8 Hz)

\
Alummum &‘

spin
Degrader

<—-|,L"'

4 mil

Kapton

BPM

Resonance curve

] T
Convenuonal

31294 07us

69357, 87us

.
ime wmdov\é 20

iy,
500 600 700

4
v - 1897000 (kHz)

10

30

20

10

10

Signal (%)
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Comparison of the beam structures

Precursor Measurement

Qur Measurement

at LAMPF at J-PARC MLF
LAMPF (DC beam) 10ms  065ms J-PARC/MLF (pulsed beam) 40 ms
chopped ‘ 600 ns.
39us 9.5 pus M
L. i AR . i RS
FWHM ~100 ns

beam is chopped

after chop: 2x108 p*/sec

beam has a double-pulse structure

108 p*/sec (H-Line 1 MW)

17



MuSEUM experiment
at J-PARC

MuSEUM = Muonium Spectroscopy Experiment Using Microwave



Energy / h (GHz)

HFS measurement at high field

v, = 1.906 GHz _ 4—"—L

“Av = 4463 GHz @/ T

20+ Zero field /r O
F:\/ Y

O% High field(1.7T)

Vi2 = A 5

pyB  Av

h 2

x is proportional to magnetic field B

Ay = V12 —+ V34

‘u_u _ 4v12V34 + Vpﬁ_;(v12—v34)

Hp Vp [Vp&—(vu—vszﬂ]

Hp

20 —_/ \L (r:___\/> (‘uu — ‘ue)B NMR: B = hvp
= ‘ 24 = é X = . -

vig + 34 = Av vV v hAv 2Hp

‘V, | T\ A

- | V12 — V34 X /lll/lll’ ('/-E \>

_40 ! | | 1 | | | | 1 l | 1 | | [ | 1 | 1 | 1 1 1 1 , 1 I\Il |

0.0 0.5 1.0 1.5 2.0 25 R

Magnetic Field (T)

Avyes = 4. 463 302 765(53) GHz (12 ppb)

W. Liu et al,, Phys. Rev. Lett. 82 711 (1999)

/U, = 3.18334513(39)(120ppb)

W. Liu et al., Phys. Rev. Lett. 82 711 (1999)

B Avy '
S i (14+x)—+1+x2

+ v34=+—+—_(1—x)+\/1+x2_
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Papers on MuSEUM

p@ 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, 8. 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®®

Physics Letters

-

Contents lists available at ScienceDirect

‘ Physics Letters B
lf

ELSEVIER www.elsevier.com/locate/physletb

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

S. Kanda®*', Y. Fukao ™%, Y. Ikedo “, K. Ishida®, M. Iwasaki?, D. Kawall’,
N, Kawamura ©%-¢, KM, Kojima ©9¢2, N, Kurosawa®, Y. Matsuda®, T, Mibe >d-¢,

Integrated signal f Nou(t]t 1 (%)

1 i i n " 1 " i " i 1

h -1000 0 1000
Y. Miyake ©%¢, S. Nishimura©9, N. Saito®, Y. Sato?, S. Seo*", K. Shimomura %=, :
P. Strasser %€, K.S. Tanaka/, T. Tanaka®", H.A. Torii’, A. Toyoda ™%, Y. Ueno? Frequency detuning (kHz)
Rabi-oscillation spectrosco e
p py 0.06] #'/INDF: 392843 0.08 INDF: 354343 '_
Bl (286 j(“' KHz sl (347 = 4.2) kHe +
0.04F # .04 'Tﬁ |
PHYSICAL REVIEW A 104, L.020801 (2021) p %_ /(W" H P —
202l H a0l 2 I ndf 65.48 /57
“ 1 Virs_(-23.1120.71) kH;
300
'a‘ y 5 10 15 ¥ 5 10 15 g
5 (d) i ( 0
2 V. =44633 2 C) V... =4 463 402 kHz. e
. o . B w
Rabi-oscillation spectroscopy of the hyperfine structure of muonium atoms oon D G + oo g e % o0
S. Nishimura®,* H. A. Torii,? Y. Fukao,>* T. U. Ito,>5 M. Iwasaki, S. Kanda,® K. Kawagoe,” D. Kawall,’ R I Hﬁf-ﬂ- ] w“*}ftﬁ#- |
N. Kawamura,">* N. Kurosawa,? Y. Matsuda,’ T. Mibe,">* Y. Miya]ﬂ:,l’z'4 N. Saito,>%3 K. Sasaki,">* Y. Sato,' S. Seo,>® 0.02 NE/NW ATy S Sevaa
P. Strasser,>* T. Suehara,” K. S. Tanaka,'® T. Tanaka,®® J. T0j0,7 A. Toy()da,l’z’4 Y. Ueno,® T. Yamanaka,” T. Yamazaki,'>* o 1 o ] Vinw — 4 463 302 (kHz)
H. Yasuda,? T. Yoshioka,” and K. Shimomura!-2* 5 10 15 5 0 15

(MuSEUM Collaboration) Time



Polarized muon beam

Superconducting magnet

Gas chamber

Kr gas

Polarized
muon beam

X FliE 4

Microwave
cavity

Downstream
Detector
> &

@

* High-intensity pulsed muon beam of H-line at J-PARC MLF

21



J-PARC

J-PARC (Japan Proton Accelerator Research Complex)

») Muon (u)

s i ‘~‘:,'. Target Nucleus fon (x)
i Spo BB . T Ll O ‘Eow

r. Rap|d Cyde SynChrotron roton )

Neutron (n) O Neutrino (v)
O '\ sl Kaon (K)
(RCS 3 GeV) » Anti Proton (p)
== Proton (p)

bNeutron(n)
 Beam power 1 MW

« Tandem target: 5% for p,
95% for n

1= B @ - Repetition rate 25 Hz,
- 20 double bunches

Materlal and Llfe
saence FaC|I|ty (MLF)

600ns

Main ng e . e —
(MR, 30 GeV) o '-

e Hadron hall
C line (8 GeV) for COMET
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J-PARC muon facility

t) in the MLF

« MUSE (MUon Science Establishmen

S line

surface p*

S1 for uSR

« S2 for Mu 1S-2S

« S3/54 are planned

S-line

P o

=g & B N &8 A

l 1) ,r

| d | 2
pe—— S . Lyl B -—— ‘AJ_. - lb 1

E g

-
f
[

3GeV proton from RCS
2e15 /s @ TMW

U line

* ultra slow p*

* UTA for nm-uSR

« U1B for p microscopy
* under commissioning

A’J—U

H2

H line
« surface p* (~108 u*/s),
cloud p*/w, e

« for high intensity & long

beamtime experiments

1. H1 for DeeMe & MuSEUM

 H2for g-2/EDM & TuM

Muon target
(graphite, 20mm)
Rotating target

D line

« decay u*/W, surface p*
« D1 area for uSR

« D2 for variety of science

23



H-line

* Hline is a high intensity muon beamline which can
H2 area deliver both of surface p* (~108 p/s) and cloud p*/p-.

- First beam at H1 in 2022 and at H2 in 2025
- HS1: large acceptance capture solenoid

HS1-1

. Spec.
Front shield
ront shie \I-..... . HS1-1: 0.37T
Target T4 M E| HS1-2:031T

HS1-3:0.60T

600mm I *Normal conducting
.-Illl *Good radiation

resistance (MIC)

HST-2 Hs1-3
- HS2,3: Two superconducting solenoid with
opposite polarities
- HSEP : DC separator (Wien filter) to reduce
e*/e” background
- HQ123: Q-triplet for H1 area

- HS4 and HQ456: Solenoid and Q-triplet for H2
area




Beam commissioning at H1

I'l+

SIG

Kapton window 50 pm

Scintillator 1
15x15 t2

"l
\ 1 N
Muon 2930 mm Scintillator 2

stopping target

10x30 t5

(Al Tmm, 2mm, PMMA 5mm, PVC 3mm, etc.)

Detected e” / pulse / bin

107"

—
o
L

© T

Surface muon intensity

5~9x107 u*/s @ 1TMW

Estimated from the
number of decay positrons

Preliminary

Time [ps]

Beat amplitude

Momentum of surface muons
estimated from p* range in Al target

as0f-
s 1
400 1
3%0E P =28.0 MeV/c
oo (RMS 1.2 MeV/c)
250
- 27 ndf 0.0660974
200 Prob 0.9995
= po 165.8 + 9.789
150E range 303.2 + 8.396
- g 546 + 11.51
100 limi p3 2527 + 9361
na Preliminary o

sl e lia s s by Lo bowaalanaalsisg
200 300 400 SO0 600 700 8O0 900

Al thickness (um)

M
100

o

A typical profile of surface p*

.E. . 40000 —
; -

60 ?
.g. : I35000 3,
> 4 2
]

c

20 _FC_,J

-60

-40



Superconducting magnet

Superconducting magnet

Polarized
muon beam

Gas chamber

Kr gas

S FliE 2

Microwave
cavity

* 1.7 T with uniformity < £0.1 ppm is necessary

@

Downstream

Detector
L &



Superconducting MRI magnet

» A superconducting MRI magnet was moved to the H1 area.

Rotating by 24 steps

— 576 points

Space for a shim tray

24 shim trays x 24 shim pockets

0.5 x 30 x 40 mm Fe and Ni plate
Coarse shimming w/ ramp up and down
Fine shimming w/o ramp up and down

Difference from mean (ppm)

27



Uniformity after shimming

Uniformity < £0.1 ppm was achieved after shimming

10000 CoHM KEK SHIMBGDATAMnakzedatall-24
1 TO029040E+00 ERRURHéH—c aﬂE—Gi’

BAYE=

B WFEF_MEAN= 1700266234
C 1D"‘E-U1 T 40 500E05 (Tiine]

field X-Z ma 25 “O‘JTCLRamEfG(-'mer)and
P (a) Bare

m per line

50 f

Vertical position ¥ (0.1m)

-1.50

-2.00

Region of interest .5

2 coarse shimming

3 fine shimming

A0kY S/

1 EU[U G KEK_SHINWGE #Tf-.“nalszthata:D;'ra EENU"']# TiT
JOMIREIEEA0  ERROR MEAN=3.T03E.07 MFEF_MEAH= 1.TI0102987

50 CDNT'”LR:aI BiCarter) and +-1.70E-07, £41.7] | TIE05, 1 1 T0ETH T

] f‘\:wz n

2001 ppm at line

150t
100F A
50 .
00
250 By
Shimming @\
50+
200
250 -200 150 100 50-—506;:‘?50 100 150 200 230 -2'-520.50 200 150 100 -50 .00 :...50. 100 150 200 250
Axial position Z
H it
Magnetic field Fe Volume(cc) zg_rgggrirjglsys(ppm)
Bare field C1, 700.05 295.59
After C1 C2,48.77 8.9182
After C2 F1, (29) 0.5281
Before F1 F1 28.08 0.6854
After F1 F11.020 0.5712
After F2 F3 0.249(Ni) 0.2506
After F3 0.2033

28



Microwave cavity

Superconducting magnet

Gas chamber Downstream
Krgas @ Detector
>

Polarized
muon beam

@

K F“E 2 Microwave

« TM110: v4, = 1.90 GHz, TM210: v3, = 2.57 GHz
* Q-value > 10,000 is necessary in both mode



Microwave cavity

« TM110: f,=1.90 GHz, Q~5,000
. TM210: f,=2.57 GHz, Q~6,700

 These modes can be tunable

independently.
0.9
‘ Scan range
of MuHFS
02 -
1.890 f (GHz) 1.904
(B) TM210 0.9 :
100+ 1 1
€
£ 3 3
&S ok 5 5
] . 5
TM210
-100 0 . ‘ 0 0.2
-100 -50 0 50 100 -100 -50 0 50 100

2 (mm) Z (mm) 1.890 f (G Hz) 1.904
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Detector

Gas chamber

Polarized
muon beam

« High-granularity and DAQ speed are necessary.

_' Downstream

Detector

31



Detector

Positron Counter (1)

e Unitcell: 10 mm x 10 mm x 3 mmt
* Area: 240 mm x 240 mm

- ASIC PROM +5V(A), +1.8V
Plastic scintillator + MPPC(SiPM) + Kaliope readout circuit

* High-rate capability

* 24x24 segments x 2 layers = 1152 ch

Positron Counter (2) | Silicon Strip Detector

iy
B
L]

[ U

P BT

Readout chips (SIiT128A, 128 ch/chip) * Strip pitch:
Developed for J-PARC g-2/EDM experiment | * Strip length:
Highly-segmented * No. of strips:

High-rate capability (S/N ~ 21) * Thickness:

Segmented Scintillation Detector || Muon Beam Profile Monitor

32ch MPPC input FPGA Ethernet Trigger input

* Pileup loss at 3 MHz/ch ~ 2%

Area 100 x 100 mm?2 HERS

100-um fiber hodoscope (16 ch x 2)
3 x 3mm? active area MPPC with
15-um pixel pitch
EASIROC readout

i
g
T s
£
%:sw»
@

ooh-

25008

200k

0=26.5+2.8 mm

sk 6=20.8+1.5 mrhh.

g~ S i : i 1 - i 1 H I H
Goen?::al_zgosoitiozg (r:m) Hsriz;ont; pco)sit?oon 4(omm)
0.19 mm
48.575 mm
512 x 2 blocks 32
0.32 mm



Our first measurement at high field

 Jan 30 — Feb 18 in 2025. Due to the trouble of the neutron target, the
prot

Kr gas chamber
MW cavity is inside it.

/ ’

i

« Data were obtained under several conditions. Detailed analysis is underway.

Microwave power: low-high Positron absorber: zero-thin-thick

G hamb

Downstrean
Detector

Polariz!d

muon beam

Absorber cuts low
enerqgy positron BG

Microwave

Muonium | cavity




Noo/N -1 (%)

Our first result at high field

Resonance curve v,,

Resonance curve Vau

4 22 i 1053/8 — 4 2/ nat 6.366 /7
- Prob 0.2298 &+ Prob 0.4977
- Vl 2 Scale 7.551 = 0.2043 - B v 3 4_ Scale 11.45 = 0.4046
i Center / kHz 390.7 = 0.7131 s [ Center /kHz ~ 874.4 = 0.93

3‘_ b / kHz 276.3 + 7.307 ;t 3 b / kHz 283.3 = 9.871
B v kHz 4552+ 0 5 i y [ kHz 4552+ O

2 I 2 (-

1 1=

0 b= L ! L z L - L L L L | - L - | - 0 - 1 1 1 | 1 1 1 | 1 1 1 | 1 1 I | 1 1 1

0 200 400 600 800 400 600 800 1000 1200

Frequency / kHz - 1897000

2 days with 100 kW proton beam
Statistical error of Av is 1100 Hz
To achieve an accuracy of 8 Hz (our goal),
« 1 MW beam power (xv 10)
« Rabi-oscillation spectroscopy (x2) — backup slides
« 100 days (xv50)
* S/N improvement (x3)

,,,,,,,,,,,,

~3.12-4.07ps

|
t

' 6.92-7.87)1s
& ¢
L ¢

400 500
v - 1897000

| 1o
600 700

(kHz)

Frequency / kHz - 2565000
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To-do list to achieve precise measurement

S/N improvement
* Improve Q-factor (Q,,,~5,000, Q,,,~6,700) and coupling of MW
cavity
* Liu(1999): Q,1,=14,000, Q,,,=19,000
* Find best thickness of absorber from 100 kW data and simulation
* Install slits to cut e+ contamination

Superconducting magnet

— Kr gas ector

Wien filter (DC separator) Slits
in the beamline

Stabilization, monitoring, etc.
« MW stored in the cavity
* (Gas pressure
 Temperature
DAQ system with 1 MW beam power

35



To-do list to achieve precise measurement

* Inner field measurement
« The current magnetic field measurements are performed without
experimental equipment (duct, chamber, cavity, detector, etc.)

« A small multi-probe field camera is being developed to measure
actual magnetic field

Measurement from downstream Measurement from upstream

without detectors without beam ducts
MRI cavity,
beam duct ) + S s+ \ chamber

— ‘ Detector
------ I — [I_‘

* Measurements from upstream and
downstream are combined to evaluate
the influence of all equipment.




Summary

* The measurement of MuHFS at J-PARC (MuSEUM experiment)
aims to measure MuHFS with an accuracy of 8 Hz and test the SM
(QED+QCD+Weak) and search for new physics contributions in
combination with new Mu 1S-2S experiments.

« MuSEUM group performed a test run with 100 kW beam in Jan
2025.

Vi, and v, resonances were observed clearly.
S/N was worse than expected.

Detailed analysis and effort to improve S/N and reduce systematic
uncertainty are ongoing.
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Analysis method

Conventional Old muonium

* Used in Liu (1999)
* Time window

Asymmetry =(Non-Noff)/Noff

9 _ FOM of old muonium method

2|b| Lmuon life at a certain Microwave power
w!2_|_4|b|2_|_,-},2 B ]
tdetune tMicrowave power i

Rabi oscillation Time Wirdow

time spectrums of

dlffere nt freq uencies Athe zentzr oiotheliime ran%e
S|.

=
[ \ S to select positrons [p

~ Rabi oscillation period is vary with the detuning frequency

(peakwidth)?

- ] d
T

Count * (peakheight)?

=]
=]

2

_ e us] : l time fus) time fus) 0 3 [} 0 lc ] ) 0
N - ~
¥ i'-. .‘"" \Y
-/ \\/ Lorentzian / Peak shape
e . - becomes

narrower

ST

Rabi-oscillation spectroscopy
* Used in our zero-field exp. (2017)

Fitting the Rabi oscillation itself with detuning
frequency from the center as a parameter.

| TKIED SNIRZS FUMOE: 334343
OO Wbl 1256+ 6 5) kil \ COR s 03
i

547 800 kHz
{ oL 1 T Tl peu 1 [
o il ot T

oo # T T |
I I“rl ~\> L
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o . ] ol
L+ 5 10 15 o 5 10 16

fitting function to zero-field exp.!

13
S@t) = Non() —1=A ((: cosG 1+ % cosGtt— 1),

Norr(t)

“ : . TI+Aw
¥ [N } = 2
3™ Y ; s
VbR T A I =/(Aw)* +8|b,

of o
300 0 e
vmy —4,463,302 kHz

The distribution of microwave power and
muon stopping ratio are needed

But can improve statistical uncertainty by 3.2
times compared to the conventional method.



Uncertainties

Sﬁvh-:lu.'i[-'.llm ”[EI 5‘ivl_a1r+1.P]-' [112|

Conventional Old Muonium | (dd Muonium
Statistical uncertainty 3.0 1.7 @ dominant
Magnetic field inhomogeneity 1.4 3.0 0
Muon stopping distribution 3.5 2.5
Microwave power 2.0 0.7 O
Magnetic probe calibration 0 0
Bloch-Siegert shift 1.2 2.8
Off-resonant mode 8.7 under discussion
Kr pressure variation 78 2
Kr temperature variation 4.8 11
Pressure gauge accuracy 1.2 11
Second-order pressure shift 0 8.5
Impurities 0016 10
Total 11.7 11.3 64.3




Pressure Dependence

HFS changes when atoms are present in the surroundings !
» Measure the pressure dependence and extrapolate to vacuum !

Atomic collision effect

» Atomic collision effect consists of two effects.

= Pauli exclusion effect -> Decrease e- density at muon.
-> Increase transition freq.

Short Range
Interaction

Forbidden overlap
= van der Waals interaction effect -> Increase e- density at muon.

-> Decrease transition freq.

Long Rar‘1ge . - - O °
Interaction H A ... ..
expand attracted Gas atom @ ®

inductive dipole Figure barrowed from

S. Seo slide for ICHEP2020
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Muon Precision Measurement
with the Penning Trap
at J-PARC

2025/05/30
Shoichiro Nishimura'?, Yukinori Nagatani'?, Takayuki Yamazaki'?,
Patrick Strasser’2, Koichiro Shimomura'?, Ken-ichi Sasaki'?,
Masatoshi Hiraishi'2, Amba Dat Pant'?, Hiroto Kokubo3, Hiromi linuma3, Taihei
Adachi4 Makiko Nio* Hirotaka Okabe'?, Takashi Higuchi>

TKEK IMSS, 2J-PARC Center, 3Ibaraki Univ., RIKEN, *Kyoto Univ.



Muon Precision Measurements

Jungmann’s triangle

Muonium HFS

Muon magnetic moment ,Llu
Fine-structure constant (X

A a, gp

Muon g-2
New Physics beyond SM

- -

Hu=gu 2myc S

Muonium 1s-2s

|V|u Mass @ PSl R LI P

Muon mass 11 ;4
u . }
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Electric & Magnetic Trap

* Penning Trap
* Trap particle with E & B Field
* Muon trap | 1st time

* Motion in the Trap
* Cyclotron motion
 Axial motion

« Magnetron motion
« EXB drift

(Modified) cyclotron motion

J. Dilling, Ph.D. thesis, Rupertus Carola University of Heidelberg, Germany



Muon Penning Trap Experiment

 Goal |

* Mass g/m (~T1ppb)

Mass

105.658 375 5(23) MeV

22 ppb

g

* Magnetic moment (~1ppb
* Lifetime (~1ppm)

Magnetic moment

-4.490 448 30(10)x10726J/T

22 ppb

Lifetime

2.196 9811(22)x106s

1.0 ppm

- First step | Verification of Muon trapping in vacuum

* The key of Muon Penning Trap experiment
« Measuring oscillation frequency of short-lived particle

* Generating high-intensity slow muon beam

CODATA 2022

Realized by high-intensity muon beam at J-PARC MUSE

4
5




Proposal 1 | Ultra-slow muon
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Electric & Magnetic Trap

* Penning Trap
* Trap particle with E & B Field
* Muon trap | 1st time

* Motion in the Trap
* Cyclotron motion
 Axial motion

« Magnetron motion
« EXB drift

(Modified) cyclotron motion

J. Dilling, Ph.D. thesis, Rupertus Carola University of Heidelberg, Germany



o N

Schematic of Muon Penning Trap

Detector

Degrader or

e —

Muonium Production Target

Electrode

4 MeV Muon Beam

244nm lonization Laser



Schematic of Muon Penning Trap

[Co IR N



Magnetic & Electric Fields

[ M a g n eti C F i e I d J-PARC H1 are;: ;/4 i F 5

« 3 Tesla MRl Magnet
developed by MuSEUM
Group

« Magnetic probe | 15 ppb
* Field uniformity | 0.2 ppm p-
P

* Quadrupole electric field

« Rectangular electrode
designn progress

* Simple harmonic motion
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Rectangular Trap Electrode

* Features
* RF field can be stored from outside

* Muonium polarization 100% I

* Ultra-slow muon directory trapped ]

* Low inductance & Low power operationioy_.

« Small spin flip coil ik >
|

J)




Detection of Decay Electron

 Simulation Condition

« Magnetic Field | 29T

* Initial spin | Perpendicular to B field
» Detector | 35 mm from trap region

* Larmor precession
» 135.53 MHz/T X2.9T = 393.037 MHz
* Period | 2.55ns

* Fitting result
* Ayu = 6 ppb with 10" p*
* Goal with 100 days measurement
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Detection of Decay Electron

 Simulation Condition

« Magnetic Field | 29T

* Initial spin | Perpendicular to B field
» Detector | 35 mm from trap region

* Larmor precession
+ 13553 MHz/T X2.9T = 393.037 MHz
* Period | 2.55ns

* Fitting result
* Ayu = 6 ppb with 10" p* o

0 2000 4000 6000 8000 10000

* Goal with 100 days measurement rime (o
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Detection of Decay Electron

vvvvvvvvvvvvvvvv

 Simulation Condition

« Magnetic Field | 29T

* Initial spin | Perpendicular to B field
» Detector | 35 mm from trap region

» Larmor precession el i
135.53 MHz/T 29T = 393.037 MHz
Period | 2.55 ns

Fitting result ) .
Ayu = 6 ppb with 10" py* . |
Goal with 100 days measurement o 0

| | | |
4000

Time (ns)

1 | |
6000

| | | | |
8000 10000
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Proposal 2 | Using Degrader

(Negative Muon Trap)




Test of Negative Muon Trap

ICF70-SHV10kVx2 FT

* Trap Y~ In vacuum
 Momentum | p~30 MeV/c

» Degraded by Cu electrode
[ ) Trapping VOItage | ’\-/10 kV Start Time variation of trap potential

* Only detecting p~ decay
at downstream electrode

e u- lifetime in Cu | 160 ns

A few ps (after trapping)

Trapped muon | Delayed signal _\/ »
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Set up of y~ trap test

« 2023/12/23-25
¢ 2
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Results (First Trial)

Condition

Momentum | 30 MeV/c
Trap electrode voltage | 6 kV
DC separator | 175 kV

Trap OFF -
. : %2 / ndf 380.2 /243 - %2 / ndf
- Prob 4.144e-08 550 Prob ] e ol
o Ny 2359e+04 +2.283e+02 - Ny e e
107 Cu & sUs 7 2002 = 1.9 500 T, \/ i TN
- N, 5112 =318 = N, /N 11 ;
105 I T, 1980 = 102 450 T, Carbon target 1T A
g arbon!! C
- BG 12'347: 1.70 400 3GeV Proton bea
10% = = - .
= = 350[— + .
3l _ - :
10°g 5 300~ ﬂ:
102 - _ 250
5 200
10 c
= 150
1 1 I Il 1 1 J 1 1 Il I 1 1 1 I Il 1 I J 1 1 1 I 1 1 1 E 100 :_I 1 1 1 J 1 1 1 1 i 1 Il 1 1 | 1 1 1 1 I 1 L 1 1 ‘ 1 1 1 1
0 2000 4000 6000 8000 10000 12000 2000 2500 3000 3500 4000 4500 5000
Time (ns)
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Results (After Improvement)

Condition o0 T
- N1 6.271e+05 = 3.981e+04
L 1 1749 = 3.6
Momentum | 17 MeV/c : o somoon Th
2000(- ©  5oomes0d s 0T0mD
rap € ectrode vo tage 3 Trap OFF |
DC separator | 500 kV 3 ]
10001 —
6L I 1] L .
10 E - %2/ ndf 61.65/63 | 3 L J
- i Prob 0.5245 | =
10°E N1 6.271e+05 + 3.981e+04 | = o i f =
& T 1 1749 +36 | J 2001 .
- N2 4.924e+04 + 5.075e+02 | - .
~10°E - 2 1963 +31.0 | 3 s | T
S E N3 1.188e+04 = 1.907e+03 | J B [ i
8 10° é— 13 3.205e+04 + 9.870e+03 —;. % 1008 N
5 E @ i
02k a 2 | ’
107 5 s | + Mk
- , : g o Jf
10 = Trapping E 8 J( + Jrjr Jrjﬁ
1 % +\H+I { 1 L 1 1 I 1 1 1 1 I 1 1 1 E _1 00 : ] i 4 ; l ; “*:
0 5000 10000 1 5000 2 4000 6000 8000
Time (ns)
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Dependence of Trap Time

Trap time | 2 ps Trap time | 3 ps Trap time | 4 ps
| X 8 71.62/64 ] *’ 8df 73.69/64 | ¥ odf 74.31/64
O Prob 0.2398 - Prob 0.1907 6000 == Prob 0.1776
J b3 7 -’qOO J o J 2

2500 NI 4.229¢+06 + 1.576e+05 22001 NI 4.134¢+06 + 1.334¢+05 C NI 9.511¢+06 + 2.193¢+05

r Tl 166.5 +2.2 - Tl 169.8 2.0 - 1l 166.7 + 1.4

- N2 4.859¢+04 +9.654¢+02 C N2 4.788¢+04 + 8.033¢+02 5000 N2 1.097¢+05 + 1.281¢+03

2000— © 1896 +29.7 2000— 2 1928 +31.0 c 7 1931+20.7

- N3 4985 + 1244 C N3 4948 +123.1 C N3 1007 + 165.4

- C > 13 1.712e+04 £ 4.653¢+03 = - 13 1.696e+04 +4.514¢+03 40001 13 1.995¢+04 +4.093¢+03
21500 ' 1 21500 B I ]
- & n — n 7 <3000 =]
° - . < E ] © C ]
*1000- 3 1000 E = f :
B 7 - ] 2000_— -]
500 - 500~ E 1000 -
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Trapping Ratio of Negative Muon

* Number of injected u-
« Estimated by activation of Cu

nsity (count)

y-ray Inte

* 600 p~/pulse (p=17 MeV/c)

* Number of trapped u-

* Detection efficiency estimated ; —y
by Geant4 2 05 | + .
* 0.52 p~/pulse 5 T :

Trapped p~ / Injected y= = 0.09 % 0:.5...3 .4.:
Trap time (us)
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Summary & Prospects

* Muon Precision
Measurement

* High-Intensity Slow Muon
* Ultra-slow muon
» Degraded muon

» Test of negative muon trap
e W~ trapped in vacuum
Trap efficiency 0.09%

 What's Next?

* Measuring u- life time in vacuum
Anti-muonium production
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