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Muonium HFS

Muonium|Bound state of µ+ and e−
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Experimental value Δν 

ZF | 4 463 302.2(14)             kHz (310 ppb) 

HF | 4 463 302.765(51)(17) kHz (  12 ppb) 

Phys. Lett. B59 (1975) 397-400 ， Phys. Rev. Lett. 82 (1999) 711-714

Statistic uncertainty is dominant
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Most precise Test of  
Bound State QED

νHFS(theory) 4463.302 868 (515) MHz[120 ppb] 

νHFS(QED) 4463.302 720 (511) (70) (2) MHz 

                                       (mμ/me) (QED) (α) 

νHFS(weak)                      -65 Hz 

νHFS(had. v.p.)               232 (1) Hz 

νHFS(had. h.o.)                   5 (2) Hz
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QED calculation| Effort for 10 Hz accuracy in progress  
(by Eides et al.)

PRA 86 (2012) 024501, PRL 112 (2014) 173004, PRD 89 (2014) 014034
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Relation between 
Muon g−2 and Mu HFS

Muon g−2 

•4.2σ discrepancy between 
theory and experiment 

•Precision of Exp. value |
0.35 ppm 

•Goal of new Experiment 
at J-PARC and FNAL | 
0.1 ppm 

•Experimental value is 
obtained by using  
Mu HFS result
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aµ =
R

� � R

aµ =
g � 2

2

g−2 strage ring Mu HFS measurement
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4.2σ

Exp.Theor.

B Abi et al. (Muon g−2 Collaboration), PRL126 141801 (2021) 



Shoichiro Nishimura/EXA 2021 2021/09/135

��������%&,.,59�
�����������

������
�����("�

�%2,'��9&.(� 90&+315310�
�0(3*9�;����("�
�(2(5,5,10�;�

��:�
�(4,*0��17(3�;�	��#�

�%,0��,0*�
!12��0(3*9�;�����("�
�$��(4,*0��17(3�;����
��#�
 $��17(3��82(&5%5,10�;����	��#�

�(653,01��(%/�51��%/,1-%�

�%'310��%..�

�%5(3,%.�%0'��,)(� &,(0&(��%&,.,59�
������



Shoichiro Nishimura/EXA 2021 2021/09/13


������� ��������

�������� ��������

��������������������
 ������������������
��������������������


��"��������������
��� �	���������

���������������"�
��
��!����������

	�����������"�����������
����������������

����
�
�������

	����
�������

Muon Facility MUSE @ MLF
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H-LineH-Line

H1-AreaH1-Area

In OperationIn Operation

Under ConstructionUnder Construction
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MuSEUM Setup

Measurement 
principal 

•Polarized muon beam 

•Kr gas target 

•Muonium formation 

•State transition by 
microwave and spin Xip 

•Measuring the number 
of positron
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Signal | (Non−Noff)/Noff 

Non  |# of positron when RF ON 

Noff |       “                         RF OFF
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MuSEUM Zero Field Experiment

2017 

•Mu HFS resonance was 
measured at Kr 1 atm 

2018 

•Measurement  
at 0.3, 0.4, 0.7 atm 

✦ Lower pressure than previous 
experiment 

•Development of new analysis 

method, Rabi-oscillation 
spectroscopy 

2019 

•Measurement with Kr-He mixture 
gas 

•Upgrade of silicon strip detector

8

Silicon Strip DetectorSilicon Strip Detector
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Comparison of conventional and 
Rabi-oscillation spectroscopy 

Standard 

•Drawing the resonance curve with 
microwave frequency sweep 

•Asymmetry in the microwave power 
across a resonance line would lead to 
dif]culties in extracting the line center

9

Rabi-oscillation spectroscopy 

•The detuning frequency is directly 
obtained from the Rabi oscillation  

•No need to sweep microwave  
frequency

SimulationSimulation

Standard 

•Drawing the resonance curve with 
microwave frequency sweep 

•Asymmetry in the microwave power 
across a resonance line would lead to 
dif]culties in extracting the line center



Shoichiro Nishimura/EXA 2021 2021/09/13

Rabi-oscillation spectroscopy

Time dependence of signal 

Time spectrum 
sum. of cos 

•It can extract  
much information 

✦ Mu HFS 

✦ Microwave power 

✦ Spin relaxation rate 

•Mu HFS is 
extracted from  
only one detuning  
frequency data
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Rabi-oscillation spectroscopy 
analysis

Estimation of the singal of Rabi-
oscillation by the simulation 
 

 
 
 
 

Fit estimated signal to the obtained data
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Results of  
Rabi-oscillation spectroscopy
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Results of Rabi-oscillation method 
(multiple microwave frequency)
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Papers on our experiment
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Rabi-oscillation spectroscopy

ZF experimental apparatus

ZF and HF cavity
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Development for High Field Exp.

Magnetic Field 

•CW-NMR prove 

•Shimming 
✦ r=100mm/z=300mm 

Spheroid Volume 

✦ Field uniformity | 
0.27 ppm was 
achieved 

Upstream Detector 

•Beam test of 
detector was 
completed

15

2.9 T MRI Magnet2.9 T MRI Magnet

���
���	���
������

��������

�

Field Homogeneity 
(After shimming)
Field Homogeneity 
(After shimming)

!??DODJI<G	KJNDOMJI	>JPIO@M
&JMR<M?	$@O@>OJM

30

◦ )I>M@<N@	JA	NO<ODNOD>N	<I?	
H@<NPM@H@IO	JA	AJMR<M?�
=<>FR<M?	<NTHH@OMT	OJ	NOP?T	
NTNO@H<OD>	PI>@MO<DIOD@N�	

◦ !	KMJOJOTK@	PIDO	R<N	?@Q@GJK@?	
<I?	O@NO@?	<O	3�,DI@�	

◦ $@NDBI	JA	<	APGG�N><G@	?@O@>OJM	
DN	PI?@MR<T�	

◦ (�	4<?<�	-<NO@M	4C@NDN�	.<BJT<	
5IDQ@MNDOT	�����
�	

◦ (�	4<?<	<I?	3�	&PFPHPM<	
�.<BJT<	5�
�	3�	.DNCDHPM<	�+%+
�

Time difference of coincidence hits (ns)

Time (ns)



Shoichiro Nishimura/EXA 2021 2021/09/13

Pure water  
NMR probe 

•Cross calibration 

✦ precision of 15 ppb 
has been achieved 

3He NMR probe 

•Shielding effect can 
be improved 

•Higher precision can 
be obtained (0.1 ppb)

Development of CW-NMR
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NMR sample  
(pure water) Readout board 

(Ampli]er)
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Upstream Detector

Fiber scinillation 
detector 

• The detector consists 
of Fiber scintillators 
and SiPMs 

• To improve statistics 

• Improving systematic 
uncertainty due to 
muon beam Xuctuation 
(stopping distribution 
etc.) 

• Signal of muon decay 
positron was observed 

• Under construction

17

Upstream DetectorUpstream Detector



Shoichiro Nishimura/EXA 2021 2021/09/13

Summary

Mu HFS precision measurement 

•Precise bound-state QED test 

•Muon g-2 

Zero Field Experiment 

•Rabi-oscillation spectroscopy 
✦ 160 ppb (world highest precision in ZF measurement)  

High Field Experiment 

•Field uniformity | 0.27 ppm was achieved 

•Development of CW-NMR | 15 ppb was achieved 
✦ Higher precision can be achieved by using 3He probe 

•Development of the upstream detector 

18



Back up
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Time Integral Method

Signal of all positrons 

Resonance spectrum| 
Lorentzian 

•Sweeping the microwave 
frequency (or magnetic ]eld) 

•Mu HFS is obtained from the 
center of Lorentzian 

•Width and height of spectrum 
depend on the microwave 
power
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Gas Pressure Dependence of 
Mu HFS Transition Frequency

Gas pressure shift 

•Transition 
frequency is shift 
due to collision 
between Mu and 
target gas atom

21

0.3 1.00

�⌫(P ) = (1 + aP + bP 2)�⌫(P = 0)

: gas pressure, : parameters
P

a, bP

a, b

Various gas pressure 
measurement

Extrapolation  
to 0 atm

Mu HFS in vacuum
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Gas Pressure Dependence of 
Mu HFS Transition Frequency

Experiment in 2018 June 

•Spin Xip resonance signal was observed  
for several gas pressure 

•Recent analysis achieved 0.9 kHz  
(Assume previous pressure)

22

Y. Ueno (Riken)

Preliminary
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Development of New Analysis 
Method (Time Differential Method)

Possible advantage 
of this method 

• Each detuning 
frequency data ]tted 
individually 

• Can determine ΔνHFS 
with only one 
frequency data 

• Most sensitive 
detuning frequency is 
〜60 kHz 

• Can improve statistical 
uncertainty by 3.2 
times compared to the 
conventional method 

• Can reduce systematic 
of RF power variation 
(free ]tting parameter) 

• Need high statistics
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Kr-He Mixture Gas

Dependence of transition frequency shift 
is reverse between Kr and He 

•Pressure dependence is cancelled  
at Kr/He mixing ratio = 30%
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▶ Pauli exclusion principle -> Increasing transition frequency 

▶ van der Waals force -> Decreasing frequency 

Transition Frequency Shift  
due to collision
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