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Muon anomalous magnetic moment

•The Hamiltonian for the spin 1/2 particle (charge  and mass ) in the 
external electromagnetic field is

•  is proportional to gyromagnetic ratio ( ), which is predicted to be  by 
Dirac equation.

•But quantum fluctuations gives the anomaly of muon :

e m

⃗μ g g = 2

aμ

3

H = − ⃗μ ⋅ ⃗B − ⃗d ⋅ ⃗E
Magnetic dipole moment

 ⃗μ = g
eℏ
2m

⃗S

Electric dipole moment

⃗d = η
eℏ
2m

⃗S

aμ ≡
gμ − 2

2



Muon anomaly 

•In the standard model, muon anomaly  is calculated from each contributions:aμ
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QED Electro-weak Hadronic 

aSM
μ = aQED

μ + aEW
μ + aHad

μ



•In the standard model, muon anomaly  is calculated from each contributions:

•Recent result from Fermilab shows 4.2  tension between  and 

aμ

σ aEXP
μ aSM

μ

Muon anomaly 
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Electro-weak

Phys Rev Lett.126.141801

0.37 ppm 0.35 ppm

0.46 ppm

0.54 ppm

aSM
μ = aQED

μ + aEW
μ + aHad

μ



•New physics contribution to  ?aμ

Muon anomaly 

6

aμ = aQED
μ + aEW

μ + aHad
μ + aNP

μ ?

Why muon?

Electro-weak

Phys Rev Lett.126.141801

0.37 ppm 0.35 ppm

0.46 ppm

0.54 ppm

(NP)

Unknown particles
SUSY, MSSM…



Experimental determination of aμ
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aμaμ cyclotron
Spin

ωS =
geB
2m

+ (1 − γ)
eB
γm

ωC =
eB
γm

(Larmor) (Thomas)



Experimental determination of aμ
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ωC ωS
aμaμ

(Higher	energy	positron	
tends	to	emit	along	muon’s	
spin	direc6on).	



Frequency  extraction in Fermilabωa
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Rotation by 
Rotation by 

ωs
ωc

FNAL/BNL
Select	positron	
above	threshold	
energy		



Theory initiative to determine aSM
μ
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μ μ

•In the theory  , hadronic contribution is the most changeling part

•At low energy pQCD is not useful, either LQCD or exp. data is needed.

aSM
μ

Hadronic

aSM
μ = aQED

μ + aEW
μ +aHad

μ Dispersion relation and 
optical theorem



Theory initiative to determine aSM
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μ μ

•In the theory  , hadronic contribution is the most changeling part

•At low energy pQCD is not useful, either LQCD or exp. data is needed.

aSM
μ

Hadronic

aSM
μ = aQED

μ + aEW
μ +aHad

μ Dispersion relation and 
optical theorem



Theory initiative to determine aSM
μ
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Use	experimental	data	for	cross	sec6on	ra6o	Rhad(s)	

π+π−	data	from	BESIII	and	CLEO-c	is	cri6cal
Borsanyi et al (BMWc), Nature 2012



Theory initiative to determine aSM
μ

13Borsanyi et al (BMWc), Nature 2012

aSM
μ = 116591810(43) × 10−11

https://www-conf.kek.jp/muong-2theory/index.html
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Proton	beam	at	J-PARC	MLF	
3	GeV

Thermal 
muon
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Target precision: 
• 	:	0.45	ppm	(phase-1)		➔		0.1	ppm	(phase-2)	

• ΔEDM		=	10-21	e・cm

aμ

Prog. Theor. Exp. Phys. 2019, 053C02

Surface	muon		
4	MeV

Thermal	muon	(25	meV)	
production	with	laser	

Re-accelerated	muon		
212	MeV

Positron	tracking	
detector

Features:	
- Novel Low emittance thermal muon 
- Muon accelerator 
- 3D injection with good efficiency 
- Compact storage ring detector without 

strong focusing

New muon /EDM experiment in Japang − 2

Muon	LINAC

Storage	magnet	(3T)



Japan proton accelerator research complex (J-PARC)
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Location of our 
experiment

(Tokai to Kamioka)
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Muon g-2 and EDM experiment at J-PARC
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New muon /EDM experiment in Japang − 2

•Our experiment is completely different from BNL/FNAL approach!

•In the E-B field, the more general form of spin precession vector:
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Final Muon g-2 Measurement
• In uniform magnetic field, muon spin rotates ahead of 

momentum due to g-2≠0 

• General form of spin precession vector:
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•Our experiment is completely different from BNL/FNAL approach!

•In the E-B field, the more general form of spin precession vector:
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Final Muon g-2 Measurement
• In uniform magnetic field, muon spin rotates ahead of 

momentum due to g-2≠0 

• General form of spin precession vector:
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New muon /EDM experiment in Japang − 2

•Our experiment is completely different from BNL/FNAL approach!

•In the E-B field, the more general form of spin precession vector:
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Final Muon g-2 Measurement
• In uniform magnetic field, muon spin rotates ahead of 

momentum due to g-2≠0 

• General form of spin precession vector:
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Conventional	muon	beam
proton π+ μ+

pion	
production

decay

emittance	
~1000π	mm・mrad

Strong	focusing	
Muon	loss	
BG	π	contamination

21

Ordinary flashlight

Muon beam at BNL/FNAL



Thermal		
muon	beam

Conventional	muon	beam
proton π+ μ+

pion	
production

decay

cooling
μ+

emittance	
~1000π	mm・mrad

emittance	
1π	mm・mrad

Strong	focusing	
Muon	loss	
BG	π	contamination

Free	from	any	of	these
22

Laser light!

Novel thermal muon beam at J-PARC



Re-accelerated	thermal	Muon	beam
Requirement	for	zero	E-field:	
		Muons	should	be	kept	stored	without	E-focusing	
						!Beam	with	ultra-small	transverse	dispersion,	i.e.		ΔpT/p~0

surface muon thermal muon
  3.4 MeV	
   27 MeV/c	
  0.05

 30 meV
2.3 keV/c	
0.4

E	
p	

Δp/p

Laser ionization of Muonium	
(122 nm, 355 nm)

Mu production	
target

Electrodes(Soa) LINAC

accelerated muon
212  MeV	
300  MeV/c	
4x10-4

Muonium	
(Mu, µ+e-)

µ+ µ+

H-line



Development of thermal muon source

•Muonium yield from silica aerogel has been confirmed 

•Novel technique of laser-ablated aerogel was used to enhance the Mu yield

24



Development of thermal muon source

•Now, a demonstration experiment 244 nm laser is being prepared at J-PARC

•It will be world’s first time to generate thermal muon by this approach!

•Except for the muon g-2, such thermal muon source has wide application for 
other muon-related precision experiment

25

Slow muon beam line 
 at S2

SMBL at 

Laser hut

Surface muon
MLF S2

244 nm

Figure credit to S. Uetake

ionization

Laser 

Surface muon

Silica aerogel

SOA Lens

Detector



Muon acceleration (LINAC)
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Muon acceleration 

End to end simulation 
  transmission loss ~7% + decay loss  
  emittance growth is small 
 
First muon acceleration with RFQ! 
S. Bae et al., Phys. Rev. Accel. Beams 21, 050101 (2018) 

Total ~ 40m 



Muon injection and storage

27

H.	Iinuma	et	al.,	Nucl.	Instr.	And	Methods.	A	832,	51	(2016)

Injection	efficiency	:	~85%



M.	A.	Rehman,	KEK

BNL	&	FNAL

Why	inject	beam	3D	spirally?
Conventional	2D	injection	(BNL) J-PARC	E34	storage	magnet

14	m	orbit,	To	avoid	beam	hit	at	
inflector	(77	mm),	kick	angle	
become	10.8	mrad	within	149	ns.	

0.66	m	orbit	kick	angle	is	233	mrad	within	7.4	ns.		
3	T	is	too	high	to	be	canceled	by	inflector.	
Impossible	by	any	existent	technology.	
Need	to	develop	new	3D	spiral	injection!	

0.66m

3	T	
<0.1	ppm

Inflector

Kicker

1.45T ⃗B

Injection	efficiency	:	3-5%(*)	

(*)	PRD73,072003	(2006)

Injection	efficiency	:	~85%



∗ Requirements 
∗ Detection of e+ (100<E<300 MeV) 
∗ Reconstruction of momentum 

vector 
∗ Stability over rate changes 
（1.4 MHz ! 14 kHz） 

∗ Specifications 
∗ Sensor: p-on-n single-sided strip 
∗ Number of vanes: 40  
∗ Number of sensors : 640 
∗ Number of strips : 655,360 
∗ Area of sensors : 6.24 m2

Positron tracking detector

¼ vane

φ590 mm

75
0 

m
m

200 mm



20Software
• Positron track reconstrucOon

• A custom so^ware framework 
“g2eso^” has been developed.

• Developed improved tracking 
performance by connecZng 
disconnected-tracklets, removing 
ghosts. 

• EvaluaZng rate-dependent effects 
in tracking performance.

• End-to-end simulaOon
• StaZsZcs increased from 16k 

muons to 1M (x100).
• Analysis in progress to study 

various correlaZons.
• OpZmizaZon of experimental 

condiZons is in progress.

overview of g2esoft

overview of end-to-end simula^on



Expected results
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Precision estimation & comparison

32

Completed Running In preparation

(Phase-0)
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Towards	ultimate	test	of	the	muon	g-2	anomaly

34

g-2

Mu	HFS Mu	1S-2S

T.Mibe,	inspired	by	K.	Jungmann’s	slide

mµ

µµ mµ

g-2

3	ppb 0.3	ppt22	ppb
120	ppb

MuSEUM(J-PARC) Mu-MASS(PSI),	new	exp.(J-PARC)

Fermilab	E989	
J-PARC	E34	(our	experiment)

muonium muonium

Three	quantities	are	mutually	correlated.	
Closing	a	triangle	with	new	experiments	will	establish	ultimate	precision.

MRI



2020 2021 2022 2023 2024 2025 2026

KEK	
funding

H-line

Ext.	Bldg.

Source

LINAC

Inj./Kick

Magnet

Detector

DAQ	
comp

Analysis

Schedule	and	milestones

18

★	Beam	at	H1 ★	Beam	at	H2

★	ionization	at	S2 ★	Ionization	at	H2

★	1	MeV	at	S2

★	SITE	complete

★	Mass	production	ready

★	Analysis	ready
Co

m
m
is
si
on

in
g

Physics	Run

Physics	
Run	ready

First	
result

★	Completion	

★	4.5	MeV	at	H2
★	10	MeV	

★	Installation
★	Probe	ready

★	DAQ	ready

★	210	MeV	

★	1st	Injection

★	Shimming	completed

★	Installation

★	Infrastructure	ready 35



Contact

36

⿑藤　直⼈ (Naohito Saito) 
Initiator of this experiment 
naohito.saito@kek.jp

三部　勉 (Tsutomu Mibe) 
Current spokesperson  
mibe@post.kek.jp

www.g-2.kek.jp

mailto:Naohito%20SAITO%20%3Cnaohito.saito%40kek.jp%3E
mailto:Tsutomu%20Mibe%20%3Cmibe%40post.kek.jp%3E
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Summary

•The recent Muon  result from Fermilab shows 4.2  deviation 
between the standard model prediction and the combined measurement.

•A new muon g-2 experiment has been proposed at J-PARC with different 
approach, aiming at final uncertainty of  to be 100 ppb, comparable with 
FNAL final goal.

•In the new experiment, several novel techniques will be developed, 
including the re-accelerated thermal muon source, world’s first muon RF 
acceleration, 3D beam injection scheme etc.

•Now, R&D phase is ending and construction phase is starting. Our 
experiment plan to start the physics run from 2025.

g − 2 σ

aμ

38

Thank you for your attention!



Backup 
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实际上的计算公式

40

束流动力学修正

瞬态场修正

其它更精确的基本常数
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Building the hadronic R-ratio

6 12/03/18 Alex Keshavarzi | The muon g-2: !"had, VP update from KNT



M.	A.	Rehman	,KEK

Spiral	Injection	Test	Experiment	(SITE)

43

Electron	Gun		
80	keV

2	m	long		beamline

Storage	Magnet	
82.5	Gauss

e-

Spiral	Injection	Test	Experiment	Setup	at	KEK	Tsukuba	Campus

Y	(mm) Y	(mm)

B Y
	(G

au
ss
)
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Storage	magnet	and	field	measurement

2018/7/18 45

muon	beam

Thermal	expansion	of	yoke	
has	been	simulated.	

Temperature	effect	on	B-field	
was	evaluated	by	using	a	test	
magnet

US-Japan	collaboration	on	
cross	calibration	of	B-field	
probes.	Had	a	collaboration	
meeting	at	J-PARC,	Sep	2019.



End-to-end	simulations
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Current	TDR	(2017)



SOKENDAI	Preliminary	Exam,	M.	A.	Rehman,	SOKENDAI

How	to	inject	beam	spirally?

19	May	2020 47

To	resolve	technical	challenges	a	new	3D	Spiral	Injection	scheme	has	been	invented

	The	Elegance	and	Advantages
➢Smooth	connection	between	injection		
						and	storage	sections:	No	need	of	Inflector	
➢All	in	one	storage	magnet,	which	reduce		
					source	of	error	fields:	No	Quad		
➢No	need	to	kick	within	a	single	turn:	Simple	
kicker	

However

➢Unprecedented	

Therefore,	it	is	indispensable	to		
prove	the	feasibility	of	this	new		
scheme.

Injection

Y	(mm)

B Y
	(G

au
ss
)



aμ	=	(g-2)/2	

ωa		:	anomalous	spin	precession	frequency	

ωp		:	proton’s	Lamor	precession	frequency

48

Experimental	determination	of	aμ	=	(g-2)/2

Present uncertainty ~ 0.12ppm (LANL) 
                                     ! 60ppb (MuSEUM goal)

Present : 0.54ppm (BNL)  
     ! 140ppb  
           (FNAL/J-PARC 
goal) 
   (!400ppb  
           (J-PARC phase-I))


