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Precision Measurements of  Muonium 

and Muonic Helium Hyperfine Structure 

at J-PARC
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nHFS(exp) 4463.302 765 (53) MHz [12 ppb]

nHFS(theory) 4463.302 868 (515) MHz [120 ppb]
nHFS(QED) 4463.302 720 (511) (70) (2) MHz

(mµ/me) (QED) (a)

nHFS(weak)                     -65 Hz
nHFS(had. v.p.)               232 (1) Hz
nHFS(had. h.o.)                   5 (2) Hz

Experiment:

Theory:

Most Precise Test of Bound-State QED

QED calculation: Effort for 10 Hz accuracy in progress (by Eides et al.)

µµ/µp = 3.18334524(37) [120ppb]
mµ/me = 206.768277(24) [120ppb]

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

M. I. Eides Phys. Lett. B 795 (2019) 113
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Muon 𝒈 − 𝟐
• 5σ discrepancy between theory and exp.

• Exp. precision value: 0.2 ppm (FNAL 2023)

• Exp. goal at J-PARC and FNAL: ~0.1 ppm

• Independent precise measurement of 
muon mass required !

ExperimentTheory

Relation between Muon g−2 & MuHFS

From g-2 storage ring From Muonium HFS 

From Y. Okazaki’s Talk at NuFACT2023

𝑎% =
𝑅

𝜆 − 𝑅

𝑎$ =
𝑔 − 2
2

𝜆 ≡
𝜇>
𝜇?

𝑅 ≡
𝜔@
𝜔?

µµ/µp accuracy from direct measurement: 120 ppb

Ø Exp. value obtained using Muonium HFS result

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



MuHFS + Mu 1𝑠 − 2𝑠 = 𝑔 − 2
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MuSEUM Setup

Online Beam Monitor
2D Cross-configured

Fiber Hodoscope

Positron Counter
Segmented

Scintillation Counter

Polarized
Muon Beam

100% ←

1.7 T Magnet

Kr Gas Chamber

MW Tuning Bar

MW Cavity

Decay e+

Muonium

Upstream Counter
Experimental

Procedure
1. Muonium formation
2. Microwave spin flip
3. Positron asymmetry

𝑁23 : number of positrons when microwave ON 
𝑁2-- : number of positrons when microwave OFF

Signal =
𝑁BC − 𝑁BDD

𝑁BDD

MRI Magnet (or) 
Magnetic Shield
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Muon Beam

Online Beam
Profile Monitor

Kr Gas
Chamber

Readout
Electronics

Magnetic Shield
Positron
Counters
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TM110

TM210

Input
Monitor

Monitor

Input

two transitions
two resonance modes
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𝜈!" = 1.95

𝜈#$ = 2.65

High-Field Microwave Cavity

Cavity Test

Q Value

Modes Q (measured) Q (simulation)

TM110 1.13 x 104 2.97 x 104

TM210 8.05 x 103 2.89 x 104

MWS Simulation

Cylindrical Cavity
Resonance frequencies
• TM110 : 1.95 GHz
• TM210 : 2.65 GHz

Two tuning bars

Re-tuning in progress !
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Upstream Detector Development
Magnetic Shield 
or MRI Magnet

Muon
Beam

Kr Gas

Muonium

Microwave

Positron
Detector

Upstream
Detector

µ

Developed by Hiroki Tada (Nagoya Univ.)Improve statistics and systematics
• Increase statistics and measurement of 

backward/forward asymmetry to study 
systematic uncertainties

• Fiber scintillation detector with SiPMs

Time (ns)

N
um

be
r o

f E
nt

rie
s

• Prototype unit developed and beam tested 
at S-line

• Muon decay positron signal observed
• Full-scale detector design completed
• Now under construction

Decay Positron 
Time Spectrum

z

y

x
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Muonic Helium Atom

Breit-Rabi energy level diagrams

Dn(µHe) = 4465.004(29) MHz

Mu

Dn(Mu) = 4463.302765(53) MHz
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µHe

Ground-state muonic helium 
HFS structure and low-field 
Zeeman splitting

Ø Hydrogen-like atom similar to muonium
Ø Similar ground-state HFS but inverted
Ø Same technique to measure µHe HFS
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Ø test 3-body atomic system
and bound-state QED

Ø determine negative muon 
magnetic moment and mass
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Ø CPT test with 2nd generation lepton
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Previous µHe HFS Experiments

ZF: H. Orth et al., Phys. Rev. Lett. 45 (1980) 1483
HF: C. J. Gardner et al., Phys. Rev. Lett. 48 (1982) 1168

ZF

HF

Zero Field (SIN) High Field (LAMPF)

pressure: 20 atm

µµ¯/µp = 3.18328(15)
[47 ppm]

Dn = 4465.004(29) MHz
[6.5 ppm]

Dn = 4464.95(6) MHz
[13 ppm]

pressure: 5 & 15 atm



Ø QED effects calculation in 3-body systems could be performed more precisely 
in higher orders of perturbation theory.

Ø Recent calculations developed for HFS in 3He (40-fold improvement): could it 
be applied to muonic helium HFS ?
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Muonic Helium-4 HFS (4He2+µ–e–)

DnHFS : Experiment vs. Theory
• Ground state HFS of muonic helium is very similar to muonium. 
• In reality, however, muonic helium is complicated because three-body 

interaction has to be considered, thus limiting the theoretical approach.

PT: Amusia, Krutov, Lakdawala, …
VA: Aznabayev, Chen, Forlov, Huang, 

Pachucki, … 
BO: Drachman, …

Possible theoretical improvements:

K. Pachucki Phys. Rev. A 63 (2001) 032508

V. Patkos et al., Phys. Rev. Lett. 131 (2023) 183001

Calculations performed since the 1970s 
based on perturbation theory (PT), 
variational approach (VA), and Born-
Oppenheimer (BO) theory.

Dn = 4464.55(60) MHz (135 ppm)
D. T. Aznabayev et al., 

Phys. Part. Nucl. Lett. 15 (2018) 236
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March 2021

µHe HFS Resonance Curve

Time cut: electron data from 1.6 µs after second µ¯ pulse !
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ZF: H. Orth et al., PRL 45 (1980) 1483
HF: C. J. Gardner et al., PRL 48 (1982) 1168

Dn = 4464.95(6) MHz (Orth et al.) [13 ppm] zero field (ZF)
Dn = 4465.004(29) MHz (Gardner et al.) [6.5 ppm] high field (HF) 
Dn = 4464.980(20) MHz (MuSEUM) [4.5ppm] zero field

First Resonance Observed 10.5 atm
February 2022
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P. Strasser et al., Phys. Rev. Lett. 131 (2023) 253003

After 40 years
New World Record!
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Why so difficult compared to Mu?
Muonic helium atom residual polarization
• Depolarization during muon cascade process: 100%  ® ~ 5%

Electron donor
• Helium capturing a muon forms (4Heµ–)+ ion ® need an electron donor !!!
• Previously 1–2% xenon (IP = 12.1 eV) was used. But,  Xe (Z=54) prevents 

efficient µ– capture by He (Z=2), due to Fermi-Teller Z-law.
• Recently methane (CH4) found more efficient because of its reduced total 

charge (Z=10) and similar IP of 12.5 eV. Polarization of ~ 5% reported.

Negative Muon Beam Intensity 
• Negative muon beams are generally 10 – 100 times less intense than surface 

(positive) muon beams

D. J. Arseneau, et al., J. Phys. Chem. B 120 (2016) 1641. 



Highly-Polarized Muonic He Atom

A. S. Barton et al., Phys. Rev. Lett. 70, 758 (1993)

Maximum theoretical polarization: 4He = 100%, 3He = 75%

for µ4He: 6% ® 44%
Improvement by a factor 7 achieved !

Production of highly-polarized muonic helium atom by spin 
exchange optical pumping (SEOP)
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µHe SEOP Objectives
1) Demonstrate re-polarization of µHe atoms at using the SEOP technique

• Test experiment at D1 area under development

2) Further improvements expected with a hybrid-SEOP technique
• Use K/Rb to enhance the spin-exchange efficiency
• Rb is used as a spin-transfer agent to K, to prevent depolarization of Rb 

due to Rb-Rb collision.
• K-He transfers the angular momentum with much greater efficiency than 

directly Rb-He (nearly 10 times greater than with pure Rb pumping). 
• Can achieve high polarizing rate with high polarization, which is very 

important for HFS measurements

3) Demonstrate that the  SEOP technique can be applied to muonic helium HFS
measurements
• Simulation (in progress)
• Test experiment



.CM>'CG*+,%&+$/32'.+/"*'-#,'T(+

M3G"#

M3G"#

:;$6%/"39

.3""#3DE>E AH^
! (W>D%G>*1>"%;677k5@
! fD.30*1,#D%!#*$

<5L@ B"((

M3G"# E'$)" A##37
! P#:>"^%!e7 l
! l*W>0>DL1G^%`_I D$
! (F>"*1,DL $#E>^5l

cS)**&(,SS

a.F(!"D1b!8D1_9(B#55-)#4-,%#$'((!b_a(c(a1bT;_a
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

_2A+0V1>M@4$:k<;<?R<;<#



!"#$%B(R.5%"&(-,#&(4.+%*"-5(3#5-4%A-,%#$
! I+-/,2*1'2.1/0$K)*10F$5)/0$32J32K+$# c\d%>5)/01)5$D;h@
! c+R-/,2*1'2.1/0$/7$5)/013$&+$2./5$B6$J-10$+N3V20F+$/-.132,$

-)5-10F$>8HE(@

T(+'.CM>'S+3&/%&+'A9+4V'7[7\F

R b ( 4Heµ–) +e–

e–

µ–

e–

µ–

e–

µ–

R b ( 4Heµ–) +e–

<W%&;e;9;#3
FW%Le;)3'#3

*H3-$73%=6'8W+

!"#$ %&'(

)'
*#
#
$+
,*
%-
./
(0%
-1
/(

!""" #""" $"""" $$""" $%""" $&""" $'""" $(""" $)"""

*"+"#

*"+"!

*"+",

*"+"(

*"+"'

*"+"&

*"+")

P!

P!
!"#$%&'()*+,-.!/

01%&'()*+,2.!/!"#

3(4&+56'78+,9:;/
36$()'
96<=&+56'78+,9:>/

IK05.;;0\0F&G]M

l<;<<P;#?!m

! >%4+,(5-+.4(.23.4%&.$,(-,(-4.-(dJ
! >%4+,(+"BB.++/"5(0?.(D1_9(;.+"5,+[

$8&S)*,-&,/FS.*B-,&F)/&
)S*.&O,&B*,G&O3&.52,-&

,]+,-AH,/5*%

$)"""

0?.(D1_9(;.+"5,+[

$8&S)*,-&,/FS.*B-,&F)/&
)S*.&O,&B*,G&O3&.52,-&8



!!

!!

!!!"!

%)/0P+25

! #

! #

S,LG1NG*DE>E C,"C30*" F#0*",+*1,#D

i>B1NG*DE>E C,"C30*" F#0*",+*1,#D

! !

! !
!"!

T(+'.CM>'S+3&/%&+'AK+0V'7[7\F

&"4#;3#7%CZCV

24 Q"((N%>fZ°B

8)94:6,$+3
!;<8%

=(:6,$+3
!><8%

;.3<*_4-Q.Q

2,E_<*_4-Q.Q

;,-.42
E"Q"94"#%CZCV

D,Q'1,--

7'3$*J"/K7'3$*J"/K

5/
13
3
$#
%1

5/
13
3
$#
%1

(V%^%I7%$$
(i%^%OT7%$$
l*00%;B"#D1@%^%7'I%$$
l*00%;.,E>@%^%O'7%$$

(V%^%`I%$$
(i%^%OI7%$$
l*00%;B"#D1@^%O%$$
l*00%;.,E>@^%O%$$

6-/'1,--

B6$8=$:)A)5)*2



µHe SEOP Beamtime (Dec. 2023)

Rb cell: 200°C

Rb cell: 190°C

Rb cell: 180°C

Rb cell: 170°C

Rb cell: 160°C

Increase with 
Rb mobility

Decrease due 
to  Rb-Rb 
collisions

µHe Re-polarization:

2

1
by S. Fukumura

Temperature

Temp.



Preliminary Simulation
resonance

As
ym

m
et

ry“On” resonance (0 kHz) “Off” resonance (600 kHz)

with SEOP

without SEOP

with SEOP

without SEOP

Microwave ON

Microwave OFF

Microwave ON

Microwave OFF

Simulation by S. Fukumura

v SEOP can increase the resonance signal.
v But increase limited due to the competition 

between SEOP and microwave.
v We could use a pulsed laser to polarize Rb 

before muon injection.  
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Summary & Future Plans
v Muonium HFS precision measurement

• Precise bound-state QED test
• Muon 𝑔 − 2 & Muonium 1𝑠 − 2𝑠

v Zero-Field Experiment
• Development of Rabi-oscillation spectroscopy
• World’s highest precision in ZF measurement: 160 ppb

v High-Field Experiment (H1 area)
• Field uniformity: 0.27 ppm achieved
• Development of CW-NMR magnetic probe: 15 ppb precision achieved
• Ready to START measurement very soon !!!

v Muonic Helium HFS Measurement
• Zero-Field experiment successful; world’s highest precision: 4.5 ppm
• Highly-polarized µHe formation by SEOP under development
• High-field experiment planned after muonium

The µHe project was supported by a JSPS KAKENHI grant No. 21H04481 (FY2021-2023)
“High-precision measurement of the negative muon mass by muonic helium atom hyperfine structure spectroscopy”
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