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Muonium HFS

Muohnium|Bound state of u* and e-
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Experimental value Ay
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

Vues(theory) 4463.302 868 (515) MHz[ 120 ppb]
Vurs(QED)4463.302 720 (511) (70) (2) MHz
(m,/me) (QED) (a)

VHFs(Weak) -65 Hz
VHFs(had. V.p.) 232 (1) Hz
Vues(had. h.o.) 5 (2) Hz
3
v (Fermi) = 1—6a26ROO e (1 | me>
3 My 0

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, -9_°

® 4.20 discrepancy between Theor. . EXp.
theory and experiment 02 [

FNAL g-2 + L

® Precision of Exp. value |

0.35 ppm { 120 >
® Goal of new Experiment o 42 O —-
at J—PARC and FNAL | Standard Model E;(\\e(earr;rggnt
01 PPM 175 180 185 190 195 200 205 210 215
® Experimental value is O
obtain gd by using B Abi et al. (Muon g—2 Collaboration), PRL126 141801 (2021)
Mu HFS result
R Wq
a, = R = A\ = alZ
A— R Wp fp
g—2 strage ring Mu HFS measurement
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Top Energy | 30 GeV
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MuSEUM Setup

Measurement
principal

® Polarized muon beam Magneticishield
or-MRI Magnet

® Kr gas target
® Muonium formation e
Muon beam . Microv_vave

® State transition by Kr gas $\
microwave and spin flip ,

i , ', =Muon|um-\ | 1 |
Q(I;/]Icegggi[clpognthe number | | L=t LDetectm“

Signal | (Non—Noff) /Noff X <
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 1T atm

2018

® Measurement
at 0.3, 0.4, 0.7 atm

+ Lower pressure than previous
experiment

® Development <_)f new_analy_sis
method, Rabi-oscillation

spectroscopy
2019

® Measurement with Kr-He mixture
gas

® Upgrade of silicon strip detector
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Comparison of conventional and
Rabi-oscillation spectroscopy

SV EdloMq)  Standard spectroscopy

Rabi-oscillation spectroscopy
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Time-integrated signal strength

V A AR SRR S S RS SRS
0400 =200 0 200 400 0 2 4 6 g 10
Detuning frequency (kHz) Time (us)
Standard Rabi-oscillation spectroscopy
® Drawing the resonance curve with ® The detuning frequency is directly

microwave frequency swee ) : ) .
“ Y - obtained from the Rabi oscillation

® Asymmetry in the microwave power

across a resonance line would lead to @ No need to sweep microwave
difficulties in extracting the line center frequency
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Rabi-oscillation spectroscopy

I —
Time dependence of signal

HOE &cosG_t+ &cosG.,.t

dSaig =

9 (1+ 2feM cosb,) et

Gizrj;Aw I‘:\/Aw2+8\b|2
Time S?eCtrum Detuning frequency Microwave power
sum. o1 COS dependence [, dependence | guoun
® It can extract —atokz | 11400 kHz
much information o /\\ —— A=400 kHz "o \/\ — Ibl=100 kHz
4+ Mu HFS 0.05 / /\/\1\ — A=800 kHz 0.05 / "\ — Ibl=0 kHz
+ Microwave power 3 | 1[4 g LT
+ Spinrelaxationrate [ [\ 0 NV AN T [V AN
. 0.02E / \ / -/ 0-025
® Mu HFS is Wl NN A Wil \
extracted from VARV ALY/ VN Vo NS N
Only one detunlng 0 2 4 6 _zla_im1eo(“182) 14 16 18 20 0 2 4 6 _T_im1eo(“1sz) 14 16 18 20

frequency data
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Rabi-oscillation spectroscopy
analysis

Estimation of the singal of Rabi-
oscillation by the simulation
Spcetrum'of!lRabizoscillationvis’determinec A
by detuning frequency and |
stored microwavelenergy

Time (us)

Muon stopping Microwave power PUTTRPT :
distribution distribution E%I%'] glslcr'#jg'r?iﬂnsl'gnal

Fit estimated signal to the obtained data

g We can obtain the detuning
2 Data frequency from the single
) » microwave frequency data
Time
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Results of

Rabi-oscillation spectroscopy

( 5\/I|crowave frequenc
d

1 =4 463 252 kHz
~ x*/NDEF: 39.28/43

(b)

=4 463 312 kHz

[ XZ/NDF 35.43/43

grnqmpﬁf-rﬂi-.—.—,—

0.06 Awl/25: (286 £68)kHz | |- 0.06p Aol2m: (347 +42)kHz |
Detuningjfrequencym :
0.04_ g ‘ | 0_04_ _
0.02: 0_02: i
O- 1 | | L I_
0 5 10 15

(C) = 4 463 402 kHz
-gmp-nmm.—.—,—

" ¥’/NDF: 44.18/43
L |Awl/2m: (78.6 +4.4) kHz

12

0.04f

0.02f

- 2/NDF: 57.57/43

0.08F Awi2m: (1129 =7.0) kHz
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0.04f

0.06

0.04}

0.02}

0.02}

0.06- XZ/NDF 40 59/43
L 1Awl/ 25 (48.9 x2.1) kHz

Vo, = 4 463 502 kHz

- XZ/NDF 37.66/43
[ 1Awl/2m: (2182 = 8.7) kHz
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Results of Rabi-oscillation method
(multiple microwave frequency)

LA LI I I L B ™
Y0 ndf 6548757 %
L | Vars (-23.1120.71) kHz 006

|Aw|/2nt (kHz)

ST R R B R B ST B
-300 -200 -100 O 100 200 300
vimw — 4 463 302 (kHz)

Result | 4,463,301.61 = 0.71 kHz (160 ppb)
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Papers on our experiment

Rabi-oscillation spectroscopy

PHYSICAL REVIEW A 104, L020801 (2021)

Rabi-oscillation spectroscopy of the hyperfine structure of muonium atoms
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® (Received 14 February 2021; revised 1 July 2021; accepted 14 July 2021; published 9 August 2021)

As a method to determine the resonance frequency, Rabi-oscillation spectroscopy has been developed. In
contrast to conventional spectroscopy which draws the resonance curve, Rabi-oscillation spectroscopy fits the
time evolution of the Rabi oscillation. By selecting the optimized frequency, it is shown that the precision is twice
as good as conventional spectroscopy with a frequency sweep. Furthermore, the data under different conditions
can be treated in a unified manner, allowing more efficient measurements for systems consisting of a limited
number of short-lived particles produced by accelerators such as muons. We have developed a fitting function
that takes into account the spatial distribution of muonium and the spatial distribution of the microwave intensity
to apply this method to ground-state muonium hyperfine structure measurements at zero field. It was applied
to the actual measurement data, and the resonance frequencies were determined under various conditions. The
result of our analysis gives vyrs = 4463 301.61 + 0.71 kHz.

DOI: 10.1103/PhysRevA.104.L020801
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/F experimental apparatus

Physics Letters B 815 (2021) 136154

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 | @)
a high-intensity pulsed muon beam o
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/F and HF cavity

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

PTEP

Development of microwave cavities for
measurement of muonium hyperfine structure at
J-PARC
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Development for High Field Exp.

Lo -rr'r =T E“"-";;.: “lj v |

gnet¢g_

\\"“'lm

Magnetic Field
® CW-NMR prove

® Shimming

=100mm/z=300mm
Spheroid Volume

4+ Field uniformity |
0.27 ppm was
achieved

Upstream Detector

® Beam test of
detector was
completed
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Development of CW-NMR

P u re Wate r Standard Probe 7
NMR prcbe ( , ®14mmgl tb
® Cross calibration — - ﬁ

NMR sample

(pure water) === Readout board

4+ precision of 15 ppb = (Amplifier)

has been achieved

3He NMR probe

® Shielding effect can
be improved

® Higher precision can
be obtained (0.1 ppb)
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Upstream Detector

Magnetic’shield

Fiber scinillation or. MRI.Magnet
detector

. B : A
® The detector consists Rluon beam FHEEE Microwave
of Fiber scintillators | | ]
and SiPMs . A |
- =Muoniumy 1 |! ‘
Yy e = T ibe ector

® To improve statistics

® Improving systematic
uncertainty due to
muon beam fluctuation
(stopping distribution
etc.)

Number of Entries

® Signal of muon decay
positron was observed

8000 10000 12000 14000 16000 18000 20000 22000 24000

Under construction Time (ns)
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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 Shoichiro Nishimura/EXA 2021 2021/09/13



Back up




Time Integral Method

S | dnNa |_ Of a ll POS itro ns Aw / Detuning angular frequency
2( 1 2 bl / Microwave magnetic
~2bf” (2 + 218" field intensity

int —

A/ Spin relaxation rate
v / Muon decay rate
P / Muon spin polarization

A aP 2
1 <+ S+ %5~ cosf (7,2 49 Iblz) 2

Resonance spectrum|

. /I
Lorentzian V=4 A
. . R t — Ibl=0 kHz
® Sweeping the microwave L s
frequency (or magnetic field) « 0w
® Mu HFS is obtained from the _ ™ /. e
center of Lorentzian L R/ AR\
® Width and height of spectrum TN
depend on the microwave = N

7‘1111\i1A1i 111111
powe r 0 -1000 -500 0 500 1000

Detuning frequency A (kHz)
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Gas Pressure Dependence of
Mu HFS Transition Frequency

Gas pressure shift A, p) - (1 oP 4+ bP?)AL(P = 0)

® Transition

frequency is shift P :gaspressure, a,b :parameters

due to collision
between Mu and

target gas atom
HFS frequency

Various gas pressure
measurement

«I

Extrapolation anaiatoy

to 0 atm

Mu HFS In vacuum

-
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Pressure gauge precision
(
+—-1
........ f~—-| )
O 0.3 1.0

Kr Gas Pressure [atm]
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Gas Pressure Dependence of
Mu HFS Transition Frequency

Experiment in 2018 June

® Spin flip resonance signal was observed
for several gas pressure

® Recent analysis achieved 0.9 kHz
(Assume previous pressure) Y. Ueno (Riken)

_III|III|IIIIII|III|IIIII
C | x2/ndf 61.43/70

06— | Prob 0.7579 |
- | b 477.1+6:987 |

0.05 | center ~10.95 +1.245
~ | scale  0.01972+0.0002476
C | time1 0.002+ 0
0047 time 2 0.006+ 0

signal [a.u]
o
o
T

0035 gl e

0.02 :_ ..................... ..................... ..................... ..................... ..................... ................... ................... ...................... ............ _:

Frequency - 4463 300 [kHz]

AL N O SN ) . o

0.4 0.6 0.8 1
gas density after temperature correction [atm]

IlllllillliIIIilIlilllilllilllilllilllilll: -30_IIIIII
—-1200-1000 -800 600 —400 -200 O 200 400 600 0 0.2

freqeuncy -4463302 [kHz]
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Development of New Analysis
Method (Time leferentlal Method)

POSSI_bl'e advantage ViF _4463302 -50 kHz : Ver =4 463 302 +10 kHz
of this method L 2/NDF: 392843 L NDF: 354343
006 Av: 286 + 6.8 kHz B 006 Av: 347 +42KkHz 7]
® Each detuning ' J{ ' ' '
frequency data fitted i i ' i
: e 0.04 4+ b 0.04
individually L JrJr ] - it
® Candetermine AVHFS oo CH oo -
with only one > | _
frequency data 403) Ny : | -
® Most sensitive _ E i 5 N y i i N N
deéthJnk“qg frequency IS 5\) V.= 4463 302 +50 kI V. =4 463 302 +100 kI
£ << | NDF: 441843 ] L 2NDE- 575743 ]
: .. 0.06= Av: 78.6 £ 44 kHz 0.06- Av: 1129+ 70kHz g
® Can improve statistical ' J{ l -
uncertainty by 3.2

0.04

times compared to the 004
conventional method :

0.02 0.02

® Canreduce systematic
of RF power variation ! -
(free fitting parameter) 0 0

0 5 10 15 0

Need high statistics Time [us]
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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% s, seo (The Univ. of Tokyo)

Pressure dependence of Mu HFS Mixing ratio dependence (1 atm)

/i[\\l _ /l\\l _III!IIII!IIII!IIII!IIII!IIII!I %2 / ndf 4187 /2

- B : : : Prob 0.1232
X 10: E 10: base  15.91=1.493
(\\I/ . N— B Ip -0.4944 + 0.02159
= S
™ ™
™
0 o
N <t
< <t
|

|

O | -

i | O
O, L |- Kr100% O
| - _40__..: R PP SSSPSSNITAINN SN N ——_—- o i |
LI_ ol | L1 | L1 | L1 | L1 | LI_ . . . . . . . .

0 0.2 0.4 0.6 0.8 1 20 30 40 50 60 70 80 90 100

Pressure (X105 Pa) Kr mixing rate (%)
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Transition Frequency Shift
due to collision

> Pauli exclusion principle -> Increasing transition frequency
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