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Outline

Introduction
® Muonium Hyperfine Structure (HFS)

e Experimental procedure of MuSEUM
(Muonium Spectroscopy Experiment Using Microwave)

Status of MUSEUM

e New analysis method
(Time differential method)

® Mu HFS measurementin 2017 & 2018

T
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Muonium HFS

Muonium (Mu) | Bound state of u* and e

(M., M,)O
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0 0.5 1 1.5 2 2.5
Magnetic Field (T)O
Measurement value of Av V1o + V34 = Av
ZF | 4 463 302.2(14) kHz (310 ppb) [y

Vig — V34 X —
Hp

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

Phys. Lett. B59 (1975) 397-400, Phys. Rev. Lett. 82 (1999) 711-714
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HFS Measurement of
Hydrogen-like Atoms

Hydrogen (H) Positronium  (Ps) Muonium (Mu)
e Protoninternal e largerecoil effect e Purely-leptonic
structure e Annihilation e Longlifetime

® Short life time

H Ps Mu
Experiment 0.2 ppt 3.1 ppm 310 ppb (ZF)| 12 ppb (HF)
Theory 1.2 ppm 1.1 ppm 61 ppb

T
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Physics Motivation

Muonium HFS Measurement(Av)

\ \

Verification of Determination of m /m,
Bound state QED (Muon mass)

Input parameter for SM

Determination of p /.,
(Magnetic moment ratio)

Experimental value

New physics beyond SM of g-2

e
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Theory of Mu HFS

1 Table 1.3: Theoretical prediction of muonium HFS.
Th e 0 ret I Ca I Va I u e Term Contribution (kHz) Reference

~ Fermi energy and a, 4459 031.819(253) [11,15]

e Uncertainty of a, 5 170.926 [25]
. Radiative correction of o” (Za™) -104.901(39) [15,25]

phVSIC8| constants Recoil ~791.714(80) [25]

. Radiative-recoil -3.427(70) [25]

are dominant Electroweak ~0.065 [26]
Hadronic vacuum polarization 0.2327(14) [20, 21]
. Hadronic higher order 0.005(2) [22, 23]

® U nce rta I nty Of Hadronic light by light —0.000 0065(10) [24]

Total 4 463 302.868(271) [11]

muon mass is largest

Determination of muon mass

e Compare theoretical and experimental value of Mu HFS using
muon-electron mass ratio as a parameter

m,/m,=206.768 282 6(46) (22 ppb)

T
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Relation between
Muon g-2 and Mu HFS

Muon g-2 ay,

_g—2
9

3.70 discrepancy between
theory and experiment

DHMZ10

JS11

HLMNT11

® Precision of experimental value | 0.54 ppm -
e Goal of new experiment DHMZI7 —

at J-PARC and FNAL | 0.14 ppm KNT18 — 376

(Yamanaka-san'’s talk) BN : — B8
e Experimental value is obtained by using Mu R | 700 o

HFS 160 170 180 190 200 210 220

(a,*™ x 10'%-11659000
Phys. Rev. D97 114025 (2018)
a p—
7
A— R
g-2 storage ring Mu HFS
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Muon facility MUSE @ MLF

MUuon Fhysics at H-Line

3 GeV proton beam at 25 Hz

X Large Acceptance Beamline

Fundamental Suence withia large
xv ”'IJ:-:\-"-\— 8 &/ L-wivi

scalelinternational/coll% ‘
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MuSEUM setup

Measurement principal
e Polarized muon beam Magnetic shield

e Krgas target
Muonium formation

e State transition

by microwave Muon|beam

i ||
! Mlcrowave
Krgas
o Downstream detectors measure

the number of positron and time 1 — —[ I

“Muonium e |
y Detector

Signal | (Ngn=Nos)/N o

N,, |# of positron when RF on
N | “ RF off
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Time Integral Method

Signal of all positrons A /Detuninganguiarecuency

|b| / Microwave magnetic
field intensity

20 (2 +20/°)

A\ / Spinrelaxationrate
Yy / Muondecayrate

2
COSQ (7/2 + 2 ’b‘Q) 4+ ’Y,QAWQ

P/ Muonspin polarization

Y =7+A
Reg_genance spectrum — Ibl=0 kHz
Resonance spectrum | Lorentzian function : — 1bl=100 kHz
0.05 Ibl=
e Peak of Lorentzianis equal to : ipl=400 1z
0.04] /\ — Ibl=800 kHz
Mu HFS frequency : / \
s [
e  Mu HFS s determined by multiple frequency S " 7 1NN
data oocf L \\
e Width and height of spectrum 0_0{/ ;’../f' '\\ D
is changed by microwave power N
0000 500 N 500 1000

Detuning frequency A (kHz)

11 Shoichiro Nishimura.~” New Trends in High Energy Physics 2018/09/28



Time Differential Method

Time dependence of signal

gg. P (C() —1)cosfe D"
diff = =5 (1+ 2BeM cosf,) et

= \/Aw2+8|b|2

Detuning frequency Microwave power

Time spectrum | dependence ok dependence 1012800 Kz
Summation of cos —asicokHz | — 1bl=400 kHz
e  contains more information 2\ I s A RV N B sl

0.05 — A=800 kHz 0.05¢ — Ibl=0 kHz

@) Mu HFS frequency 5 sodl p / \ N . / \
o} Microwave power US-; ' l /\ j/ \ 7 US-; ' / / /\ \ / ~
o) Spin relaxation time °'°35 °'°3E L\
e can determine Mu HFS °'°2/ /)(A /\\\A/\r/ 0 0-02/ \\ L/ \/\ 7L /\ 4

by only one oA \/ VR U

detuning frequency data 00“‘2“‘4H 6”‘8‘”10‘ ‘12‘”14 ‘16 ‘18‘”20 00 )*’2”‘4”)6‘”8‘”10 12”‘14”‘1:‘ ‘18”‘20

Time (us) Time (us)

T
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Previous Experiment / MuSEUM

Previous(@LAMPF)

e Continuous muon beam

e Statistical uncertainty
is dominant

e Time integral method
(Conventional method)

MuSEUM

J-PARC high-intensity pulsed muon
beam

High-rate capable detector

New analysis method

Development of the silicon strip detector

3. Time differential method
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m Status of MuSEUM W

Zero field High field

Development of basic components
(Magnetic shield, Gas system, Cavity, Detectors)

2016 Mu HFS measurement by

the conventional method _
Production of the super

conducting magnet

‘o Development of the new

Development of
method (time differential)

the magnetic prove

AWB  \Measurement of Kr gas
pressure dependence Static magnetic field

measurement

2019
Achieve the best precision High field experiment

B
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Time Integral Signal
(Simulation)

Time integral signal

e Measurement point | 10 points Simulation
e 7.8x10% muon/point 005(Simulation e s1a0 00t
Fit-ting fu nction 0'04; relax.ation. 0.00011(.)64;0.(_)0(;2334
e Summation of Lorentzian T oosf- Fitting
) ) ) . o -
function considering microwave @ |
. . . 0.02—
power distribution : /
felt by muonium oot
0—71 OOd — ‘—5‘00‘ — 8 — ‘5(‘)0 — ‘1000‘

Detuning Frequency A (kHz)
HFS precision | 0.41 kHz
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Time Differential Signal
(Simulation)

e Time differential signal | Same
o o a0 . .
s statistics as time integral
| method

e Time spectrum are changed
by the detuning frequency

~
T e | Fitting function
5 o 5| e S ion of cosi
2 7T 2 ummation of cosine
I > considering microwave power
“r distribution felt by muonium
i fooor 9
e 58 5 2
- S © © F
i T T N
ll:; : N N N
o
& Time (us)
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Time Differential Signal
(Simulation)

obtained by © ONE
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Multiple Time Differential Data

Mu HFS is determined by
multiple results of time

. _ , Simulation,_ -
differential method g . 8 8 &
S @) =z By
S St
<0
Time Integral Method = °r
| 0.41 kHz R )
Time Differential Method 5 e
| 0.34 kHz S o @
vg — Av (kHz)

15% improvement

e
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More Efficient Measurement

Concentrating one frequency is Freq. 4463302+60 kHz
0125
the most efficient method 5 | x| 88.0/95
§ | A ]59.9:0.13 kHz
Time Integral Method i
| 0.41 kHz 015/
Time Differential Method 01
| 0.34 kHz
0.05:—
Time dlfferentlaI_Method i The most sensitive
(Concentrate on A=60 kHz) of detuning frequency
| 0.13 kHz T TN
3.2 times improvement compared 0 2 4 6 8 10 12 14 16 18 20
to the time integral method Time (ps)
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Mu HFS Measurement in 2017

Experimental site
e J-PARCMLF D-line (D2)

Period
e 13-19June2017

Condition
e Proton beamintensity |
150 kW

e Single pulse
e 1atmKrgas pressure

e Measurement sequence|
Turning microwave On/Off
every 15 minutes
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Analysis
by the Time Differential Method

Time differential muon spin R T
. . = . + luT ‘\ 1
resonance signal was observed pi? bl L
: : of -H
e Detuning frequency dependence is 001, T
similarto 005276 8 10 12 14 16 18 20
. . 005 2/NDF = 74.14 /38 1
the simulation results 004 =26l 31 T
" i S oozt SR NN 1 T i)
e Same fitting function as 5 %%meﬁ*“ T
5 . 0f
the simulation 001

00%"%""7 "% "8 70 12 14 16 18 20

0.05

® Mu HFS was obtained from
= Xz/NDF =53/12 /58 T

each detuning frequency data CoaE Av=—679.0+670 + 41 Kz
0.02F e
I %j%f/rg

0.01E TR Arei Lol i

A

~0.01F

005246 8 10 12 14 16 18 20
Time (us)

e
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Mu HFS Frequency Measurement

Mu HFS was obtained from
multiple data 25007 x2/ndf  59/43

' - Ymunrs 0.22 = 3.1
® Obtained Av,,, 2000}
: flx) = |z — Av|
< 1500
s i
= S
4463 302.2 + 3.1 kHz 2 10001
T \
. 500
experlments
o :
Previous experiment =500 3000 2500 O 500 1000
ZF | 4 463 302.2(14) kHz vy — 4 463 302 kHz (kHz)

HF| 4 463 302.765(50)(17) kHz

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

ltem June 2016 June 2017 Prospects
Analysis method Time integral Time differential Time differential
Beam line D line D line H line (D linex10)
Beam power 200 kw 150 kW 1 MW
Measurement period 8 hours 31 hours 80 days
Microwave cavity TM110 TM220 TM220
Detector area 240%240 mm? 98.77%x98.77 mm? 98.77%x98.77 mm? x4
Statistic Uncertainty 22,000 Hz 3,100 Hz | 690 ppb 24 Hz | 5 ppb

2016—>2017 Prospects

e willachieve 5 ppb, whichis

® Seven timesimprovement N
the best precision
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Systematic Uncertainty

ltem June 2017 Prospects
Gas pressure fluctuation 7 Hz 7 Hz
Gas pressure extrapolation 66 Hz 7 Hz
Gas impurity 0 Hz 0 Hz
Static magnetic field 0 Hz 0 Hz

Microwave power drift

(including muon beam profile) 200 Hz 1Az
Pileup event loss 10 Hz 1 Hz
Time Calibration 1 Hz 1 Hz
Total 200 Hz 10 Hz

e Systematic uncertainty was much smaller
than statistical uncertainty in June 2017

e Systematic can be as small as the previous experiment

T
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Mu HFS Measurement in 2018

. Freq. 4463302+100 kH
Kr gas pressure shift e e

—0.1
i 1 % o c? : )
e Resonance frequencyis shifteddue 2 | A’ND;O*;S;:” -
ISi : Saal A= i
to collision of muonium & the Kr G0 ,
- 0.7 atm
atom I }
0.06 4
® (Gas pressure N I3

0.04

in the experiment in 2018

| 0.3 atm, 0.7 atm ool
e Spin flip resonance signal was :
obtained for each gas pressure ° L
fPreliminary
Analysis is ongoing P AT A

Time (us)

T
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MRI Magnet for High-Field Experiment

CW:NMR Monitoring:System

140 —
C h1
~ Entries 1001
120~ Mean 1.27720+08
r RMS 1.4142
wmo - o ndf 6.070291526+01 /15
= o Constant 1,20969254e+02 + 4.96309757e+00
=1 80 __ Mean 1.27715272e+08 + 2.05373836e+00
o F Sigma 2.209743656+00 £ 0.1
O r
60—
“E 18]ppb)
20
_I L1l I L1 1 1 I 11 1 I 111 1 I L1 1 1 I 11 | I L1
127.71525 127.71527 127.71529 127.71531

NMR RF (Hz) x10°

03/30 03/31 04401 0442 04403 04404 0405 04406 04407 0408 044

ongyle zle T R | Field{[Homogeneity
req x

230 72384380 (after Shlmmlng)
€ s 72384360 X
: ™" dl64 HzY/,9:7/days 333 412100, m)
: W minaass:
g 220 L3 72384340 :gj .’.‘:" a..,.‘s &?\0}‘::‘"‘

13 =
25 72384320 Ky > — :
003Jppm/h R AR R
) .

Date
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Summary and Prospects

Summary
® Mu HFS measurement

o Verification of Bound state QED, muon g-2, muon mass and magnetic moment ratio
e Time differential method
O  Improving statistic uncertainty by 3.2 times compared to the time integral method
@) Measurement in June 2017
Av=4 463 302.2 + 3.1 £ 0.2 kHz

e Measurement inJune 2018
O  Pressure dependence was measured
O  Analysis is ongoing

Prospects

e Zero field experiment at the new beam line (
e High field experiment
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Back up



Detuning frequency dependence
of Mu HFS precision

002
]
.

00t
T | T

009
T | T

Precision of Av (kHz)

008
-

000T
T | T

Detuning frequency A (kHz)

e
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Kr Gas Control System

XXX X X X X X K X Zm—n A
] > - 8 d

VA,

oA

B¢

0 T
5 A )

A/
%‘.A,!e;.:!z:::?o. ‘ _ S [
#. ;p9as,pressure monitor. 4 call

aloiat I LY

e Krgas .~ High impurity (99.999%)
e Gas purity .~ Monitored by Q-mass

e Gas pressure .~ Monitored by pressure gauge
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Uncertainty due to Power Dirift

Uncertainty is estimated

to be IeSS tha n 200 HZ o __ll L T T O | DU DL L LIS UL O O T N O I | DU LSRR S

YISV SO R S NS S 3585
s =5 %3

= i

T L — S R WSS SUNUTN SOTE RS

2 i

3 I

—c 8 . R L e CECLLE ERPTEPPI 4.@.. .................................................................................

q) |-

(- L

e i

o — R R N R R
o R o — PN RSN SR S o P
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Microwave cavity
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Frequency Dependence of
Q-value
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Muon Stopping Distribution

||_O

(0T

[—Chamber foil In the cavity
I e = T T T T
[— Cavity foil 3 S

V*(ttim)

ny AX nuwy

00¢ 04T 00T 09 0 05-00T-0ST-00¢-05¢-00€-

80997  Salug

80+3280T  eibau|
80+376YE6Y'T SalUT

z (mm)

Geant4 Simulation results

B
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Microwave field

TM220
Input power = 0.8 W

Q= 20,000 B Field (T) _

0.1

0.05

y (m)
o
LA B B B B
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Silicon Strip Sensor

J-PARC g-2/EDM SSSD

Item Specification

Sensor type single-sided, p on n
Size 98.77 x 98.77 mm?
Active area 97.28 x 97.28 mm?
Strip pitch 190 um
Strip length 48.575 mm
# of strips 512 x 2 blocks
Thickness 320 um
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Silicon Strip Sensor

J-PARC g-2/EDM SSSD

e Strip divided at the center of the
sensor

e Double metal structure

Double metal structure || Polysilicon resistance || AC pad

Aliqnmentvmark
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Relation btw. g-2 & p/u,

Definition

Wa e hwp 1
R . Wp . a’NmHCQ,u,pwp
_ R He  wa eh 1 _ e hwp 1
A= R Lp Wp (1 T a’.u) 2m,,c pp Ay myc 2 pp Wp
a
M __
= ay,

- 1—|—aﬂ—aﬂ

a/ ?
[,L
2 Cdp Me me

T
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Sensor Quality Assurance

|-V plateau were observed -
C total 3050 pF 3100 pF
Full depletion voltage ~80V ~80V
C interstrip 7.1 pF 3.0pF+a
Detector Capacitance 17 pF 9 pF+a
C coupling 167 pF 164 pF
R Polysilicon ~12 MQ 5~15MQ

e
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Microwave Power Distribution
Felt by Muonium

[P ) N (@p] oo 8
(e ] (e ] (e ] (e ] o
o o o (] o
=2 | p— <= | — o| T c|D | — c|3 | — o| T
T Ideal
I I /
L]
[ ]
[
[
| — — misalignment
\ | |_|
| [
| | /\_‘

[

1

| | | —
J_,—l '?'!_1 : — 50% power drop
T - /_
| - |

00T 06 08 OL 09 09 Oy 0C 0c 01

80'[1 [

b (kHz)
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Fitting Results

Pull distribution

¥2 I ndf 59 /43 Entries 44

Ymunrs 0.22 = 3.1 10__ 2 / ndf 3.4/5

i ] Constant 96+1.9

r — AV‘ 8~ Mean -0.052 = 0.206

- Sigma 1.2+0.2
6
AN J

2_ \
_500 Lo e b b O_I |||||||||||||\|\L|

4 2 0 2 4
(Data — Fit)/Error

1000 -500 0 500 1000
vo — 4 463 302 kHz (kHz)
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Fitting Function
for Time Differential Method

i P G G_
Fit parameters % Z N; (—+ cos G- (t — to) + T cos G:(t—1to) — 1) Si

I
faim (2, lﬁm pa2, A, A, :DIJ -
ZN (1+—s)

e
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Kr gas pressure shift

Avirs (0) (1 +aD +bD?) =vg— A, ™

Shift (@ 22°C. 1 atm) | -33 kHz

Av (MHz)

4463.5—
N\
\'\
|.l
4462.5— \
N Argon
4462.0—
Krypton
4461.5—
4461.0—
4460.5 | 1 1 | 1 | l 1 ]
0 20 40 60 80

Density (103 Torr)
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Gas impurity

44

Pressure percentage
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