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Quantum theory of the electron (1928) 3

Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences 117 (778): 610.

* [n a non-relativistic limit of the Dirac equation:

ﬁw - p? e - S
5’t 2m  2m

* From this, g = 2 for a point-like fermion.




Magnetic moment of electron

Phys. Rev. 74, 250 (1948)
The Magnetic Moment of the Electronf

P. Kusca aANp H. M. FoLEY
Department of Physics, Columbia University, New York, New York

(Received April 19, 1948)

A comparison of the gy values of Ga in the 2Py/; and 2P; states, In in the 2P; state, and Na in
the 2Sj state has been made by a measurement of the frequencies of lines in the Afs spectra in a
constant magnetic field. The ratios of the gs values depart from the values obtained on the basis
of the assumption that the electron spin gyromagnetic ratio is 2 and that the orbital electron
gyromagnetic ratio is 1. Except for small residual effects, the results can be described by the
statement that{gzr=1 and gg=2(1.00119+0.00005). |The possibility that the observed effects
may be explained by perturbations is precluded by the consistency of the result as obtained by
various comparisons and also on the basis of theoretical considerations.
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Quantum corrections

Dirac’s theory QED

g =2 g =2(1+a/2m+...)

Schwinger



Anomalous magnetic moment (g-2) 6

* The Lande’s g factor is 2 in tree level (Dirac equation)

H H
* In quantum field theory, g factor gets corrections:

Anomalous magnetlc
moment a=(g- 2)/2

g= 2(1+a)



Breakdown of SM contributions

The “white paper”, Phys. Rep. 887, 1 (2020)
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Contribution Value x10'"
QED 116584 718.931(104)
Electroweak 153.6(1.0)
HVP (ete—, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)
Total SM Value 116591 810(43)



Breakdown of hadronic SM contributions

The “white paper”, Phys. Rep. 887, 1 (2020)

Hadronic contributions

Contribution Value x10'"
HVP LO (ete™) 6931(40)
HVP NLO (eTe™) —98.3(7)
HVP NNLO (ete™) 12.4(1)
HVP LO (lattice , udsc) 7116(184)
HLbL (phenomenology) 92(19)
HLbL NLO (phenomenology) 2(1)
HLbL (lattice, uds) 79(35)
HLbL (phenomenology + lattice) 90(17)
QED 116584 718.931(104)
Electroweak 153.6(1.0)
HVP (ete~, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)

)

Total SM Value

116591 810(43



The muon g-2 anomaly 9

Relative
uncertainty

a,™=11659 209.1 £+ 6.3 x 10°(540ppb)

Phys. Rev. D73, 072003 (2006)

a, M =11 659 181.0 = 4.3 x 10°(320ppb)

Phys. Rep. 887, 1 (2020)

Aa=a-a>M=27.9 7.6 x10°(650ppb)
(2400ppb) [3.701

ppb = parts per billion (107)



Breakdown of contributions 10
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Anomaly
i ~2400 ppb 1

a, =a,(QED) + a,(had) ’ a,(weak) +a,(BSM)

Numbers from T. Aoyama, et al.,

arKiv:2006.04822 (2020) Anomaly as big as the weak contributions if BSM

(to be published in Phys. Rep.)




Breakdown of contributions

11

Super-precisely tested by electron g-2

g-2 (0.24 ppb) [Gabrielse et al.]

The most precisely-calculated physical quantity to date
10th order QED (0.20 ppb) [Aoyama, Kinoshita, Nio]

Fine structure constant a (0.08 ppb) [L. Morel et al.]
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a, =a,(QED) + a,(had) + a,(weak) + a,(BSM)
Numbers from T. Aoyama, et al., . . . .
arXivi2006.04822 (2020) Anomaly as big as the weak contributions if BSM

(to be published in Phys. Rep.)



Breakdown of contributions

12

Super-precisely tested by electron g-2

g-2 (0.24 ppb) [Gabrielse et al.]

The most precisely-calculated physical quantity to date
10th order QED (0.20 ppb) [Aoyama, Kinoshita, Nio]

Fine structure constant a (0.08 ppb) [L. Morel et al.]

Calculated from e+e-->hadrons data [x10-10]
Large experimental database [340 ppb] | 10,000,000
Calculated from 1,000,000
Electro-Weak 100,000
parameters 10,000
— 4 — Przciselty g\egasursd 1.000
and tested [9 ppb] 100
Anomaly 10
- i ] ~2400 ppb T
a, =a,(QED) + a,(had) + a,(weak) + a,(BSM)
Numbers from T. Aoyama, et al., . . . .
arXivi2006.04822 (2020) Anomaly as big as the weak contributions if BSM

(to be published in Phys. Rep.)



The muon g-2 theory initiative 13

A group of 170 experts came to a consensus on a single value
of muon g-2 in the standard model.

The white paper
Phys. Rep. 887 (2020) 1-166
(Submitted 15 June

Accepted 29 July
Published 14 Aug)

Physics Reports 887 (2020) 1-166

Contents lists available at ScienceDirect

Physics Reports

journal homepage: wwiw.elsevier.com/locate/physrep

The anomalous magnetic moment of the muon in the Standard
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Muon g-2 anomaly

Implication of deviation
. g from the standard model
S [ (1999)
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More than 20 years

Experimental value is larger than the
theory prediction by more than 3c.

14

>4,000

Experiment citations

Previous: BNL (1997-2006)
Continuation: Fermilab (2018-)

Next generation: J-PARC (2025-)

: Continuation Next generatlon

Theory International collaboration

formed since 2017
https://muon-gm2-theory.illinois.edu/

White paper arXiv:2006.04822
(released on June 11, 2020

170 particle physicists

The previous values confirmed


https://muon-gm2-theory.illinois.edu/

Power of g-2 constraints 15

Eur. Phys. J. C78, 256 (2018)

Without g-2 anomaly
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Tanabe, ILC summer camp 2020
Eur. Phys. J. C (2018) 78:256
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Three steps of g-2 measurement

. Prepare a polarized Vu‘_®_"
muon beam. .
|:> spin 0 spin <:I

neutrino: left handed
helicity: -1 helicity: -1

. Store in a magnetic field /\
(muon’s spin precesses) C
e 1 BxE n E

&=——|a B-|a, — + BxB+=
m{ # (” yz—lj c 2{'8 cﬂ

. Measure decay positron




muon g-2 and EDM measurements

viomentum —>

In uniform magnetic field, muon spin rotates ahead of

momentum due to g-2 # 0

general form of spin precession vector:

B, » 1 \BxE ..
o=—" a,B—-|a,—— p L PxB+—
m y —=1) c 2
BNL E821 approach J-PARC approach
y=30 (P=3 GeV/c) E=oatanyy
= el = m(z =z E - e
w=——|a,B+—|fxB+— o=——|a B+2L|gxB
m| "“ 2(/5 C m[a ('B )}

BNL & FNAL E989

J-PARC E34

17




BNL & FNAL - Experimental Technique

narrow bunch of
protons

 Muon polarization

* Muon storage ring

» focus with Electric Quadrupoles
24 electron calorimeters

Qe =

B— ayB

Slide by Lee Roberts

X, =77 mm
=10 mrad

Inflector B-dl= 0.1 Tm

’i
Kicker ~.I

Modules
R=711.2cm
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Why Fermilab?

Fermilab advantages

BNL limited by statistics (540 ppb
on 9 x 10° detected e*)

E989 goal: Factor of 21 more
statistics (2 x 101! detected e")

tttttt

20

J. Price, mu EDM WS at PSI, Feb 2020

’,;\ .

Long beam line to collect m*>p* ARG SRS

ring
4x higher fill frequency than BNL

MUCh reduced amount Of p, Tt in Pion Production Target , “‘N » //

=




History of Fermilab muon g-2 21

Courtesy of Kim Siang Khaw

Transportation of

magnet to FNAL (2013) Assembly of the magnet
(2014-2015)

inner coil | to—lphat I :::L?;ZLn) PaSSive Shimming N e _—
‘D (2015-2016) Full installation (2017)
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Time distribution of decay positrons 22

e*/

Calorimeters (x24) —

J. Price, Snowmass DM WS, Sep 2020.
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Fermilab g-2 experiment (E989) 23
has completed three data runs

Kim Siang Khaw on Dec 10, 2020
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Take home messages:

* Collected > 7x BNL data over 3 years

» Systematics well below statistics (~450 ppb) for Run 1
* We are almost there (really)

* We are leaving no stone uncovered in checking and
double/triple/quadruple check blinded results

* As we go “beyond BNL”, we are learning a lot with much

better instruments and modeling

* Thank you for your patience and interest!

 Announcement of the first results from Run 1 on April 8
midnight (Japan time).
* KEK online seminar by Prof. Lee Roberts on April 19 9:30.




Conventional muon beam 24

proton T

emittance

Strong focusing
Muon loss
BG it contamination

pion
production




Muon beam at J-PARC 25

proton e L

® ® - emittance

-
—Q @ ~1000t mm ~mrad
- o - o®
pion decay @ Strong focusing
production Muon loss

BG 1t contamination

@ emittance
1t mm -mrad

ReaCCEIeratEd Free from any of these

L—¥— ARt AL — Y —

BHEREBILLHRR(E1) t h erma I muon




Re-accelerated thermal muon

surface muon thermal muon accelerated muon
E 3.4 MeV 30 meV 212 MeV
D 27 MeV/c 2.3 keV/c 300 MeV/c
Ap/p 0.05 0.4 4x104
Mu
\ (H'HB-) _____ __\'
\:; e - — - ST
pt 7 T
H-line Mu production Electrodes(Soa) LINAC
target

lonization Laser
(122 nm, 355 nm)



Muon g-2/EDM experiment at J-PARC 27

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

Energy 4 MeV 25 meV 4.5 MeV 40 MeV 212 MeV
Emittance (mmm - mrad) 1,000 - 1 1 1
Intensity (per sec) 3x108 9x105 4x108 4x10% 4x105
Resona . .. .
e [ ] n Spiral injection
oebn n beam transport
\};____.51 '''''''''''' A RS 4 | | | | | Storage
+ ;'-3313; B e | """"""|'|"""""""”""""""] """" H’Hﬂ@\ magnet
M Mu o SRRt e \\s\
Wwed | 1st stage 2nd stage 31 stage B
i Initi , RFQ Disk-And-Washer Disk-loaded | |-~~"77 370 NS
Th | Initial accelerating < e ?
prsérgsticr::]ut(:’;iguer? electrodes (SOA) IH-DTL structure structure RO — -7
Surface 3x105/sec
muon Room temperature Muon LINAC
(H_Iine) muon source

Features:
* Low emittance muon beam (1/1000)
No strong focusing (1/1000) & good injection eff. (x10)
Compact storage ring (1/20)
Tracking detector with large acceptance
Completely new method (different from BNL/FNAL)



Muon storage magnet and detector 28

Calculated average field uniformity
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e+ tracking
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M. Abe et. al., Nuclear Inst. and Methods in Physics Research A 890, 51 (2018)



Decay e* counts / 5 ns

10°

108

107

Expected results

€
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Expected time spectrum of e* in u=>e*vv decay

b
P, =50% N, =5.7x10" ©
= £
- 200 MeV < E,. < 275 MeV £
® 7
@©
- c
u NI S
= ©
g o
- )
1 1 I 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
0 10 15 20 25 30

e* decay time (usec)

00610
P.=50% N =5.7x10"
004 200 MeV < E_. <275 MeV
[ d,=1x10" ecm

0.02—

H
~0.02[— +
~0.04— +
_0.06IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII1!6||1.8| 2

o

02 04 06 038 1 1.2 14

Mod(e* decay time,

T.,) (usec) 5



Systematic uncertainties 30

¢ Upper limit due to MC statistics
120 . . .

100 |
80 |
60 |
40 |

20

?

gAY NAWPvTF Sa—AVER E—LEHEFH % - E—LHES Z Dl

Systematic uncertainties (ppb)

B BNL (achieved) [ Fermilab (goal) [ J-PARC (estimated)
Significant improvements over the previous method




Comparison of g-2 experiments 31

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

BNL-E821 Fermilab-E989 Our experiment

Muon momentum 3.09 GeV/c 300 MeV/c
Lorentz y 29.3 3
Polarization 100% 50%
Storage field B=145T B=30T
Focusing field Electric quadrupole Very weak magnetic
Cyclotron period 149 ns 7.4 ns
Spin precession period 4.37 s 2.11 pus
Number of detected e™ 5.0x10° 1.6x 10" 5.7 x 10"
Number of detected e~ 3.6x10° - —
a, precision (stat.) 460 ppb 100 ppb 450 ppb

(syst.) 280 ppb 100 ppb <70 ppb
EDM precision (stat.) 0.2 x 107" e - cm - 1.5x 107 ¢ cm

(syst.) 09x 107" ¢e.cm — 0.36 x 102! ¢ - cm

Completed Running In preparation
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Proposed experimental site (H-line)

Material and Life science Facility in J-PARC

¢ . = ; 2y
9LV 1 | 1 l
‘ - 1
R 1 N B |
by | 2 |
ps s | |
L P a0 ] l l..

./ " H" z |
1 ': 7 ;’-, . B ‘I g'ZIEDM

] } ! lll‘
| e storage magnet
S - o
L 0\_'." ¢ l . P
0 v A P K -
B Rt

m n .................... M u “

pro uction DeeMe

target | ?Qi

| | -5

allat’ro/ﬁeutron il
B : e [T el otis; Baaien ity

- ¥
d 'ls.h-l el A o L

N. Kawamura et al., PTEP 2018, 113G01 (2018)
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Summary of technical design

Achievements Prog. Theor. Exp. Phys. 2019, 053C02 34

Energy 4 MeV 25 meV 45 MeV 40 MeV 212 MeV .
Emittance (zmm-mad) 1,000 - 1 1 1 Under evaluation
Intensity (per sec) 3x108 9x108 4x105 4x103 4x105 with e-beam
R
. " Spiral injection
S n 'l.+ . beam transport 0%
First beam—_ . ~To be | Design completed |
S & 1 1 Storage
scheduled = | ovalyated SR iR R S SR S A SRR R R e o H’H’H'@\ magnet
l"'/ln 2021 A -in 2021 I | | | | l \>_Design
/ ] 1st stage 2nd stage 3rd stage * completed
: e . RFQ Disk-And-Washer Disk-loaded AT g
Th | i Initial lerat e
pr::iT:ti;u&TgueT eleczt’r:dc:: (esgfl\r;g IH-DTL structure structure %“g,.—*’,
Surface | 3x10%/sec
ion Room temperature Muon LINAC
(H-Iine) muon source

Beamline construction (2020) (a) Muonium production target (b) Muon acceleration to 80 keV (c) Unit module of positron detector (d) Magnetic field probe (NMR)

Silica aerogel
(5i0,, 30 mg/cc) 4
.

A Re'glon'i "5' 40 * RFon -] ) — ,': 3 = 262 ]
T 2[00~ e 10 <z <20 (mm)| -] g ‘_; o I\ Constart 44780004 ¢ 1858002 | | § 3 o 0.4 2 081) 1
g 2000 - '-E E f\ wv 3777 4 0002 L& 1.9 ppb _-"-E!Ez“”d o B
- = . T € - s oxwssoon ; ; s
= 500 S TRIUMF % . J-PARC 2 &0 l' \ e : ANL
¥ E 0 (eo13) | § | (2017) Jl \ JT'P:RkC' NI e i S R
2 . g ‘ 4000 ohoku g ]
- RITUTE I B TRtV S o (. \ (2019) : P
. .4 Tlr;slle (“*xg) |Io ‘; PLE - s[;n e ol;‘:]i:lg"l [nq Iﬁ‘()‘(,’ 2 ‘2()( ; . \\\SN<3:33 723‘{(252(\ 72382527 G‘i‘fgiiﬁ‘mumc) [7{.’;3}2525
PTEP 2013,103C01 PRAB 19, 040101 (2016) e NIMA 890, 51 (2018)
PRAB 21, 050101 (2018) JINST 15 P04027 (2020) ’
PTEP 2014,091C01 : IEEE TAS, 29, 9000904 (2019
PRAB 23, 022804 (2020) IEEE TNS 67, 2089, 2020 (2019)

PTEP 2020,123C01

PRAB 24, 033403 (2021)

The collaboration received a new Grant-in-Aids for 6 years (2020-2025) for construction of detector
system and other key components.



https://ieeexplore.ieee.org/document/9153019
https://www.jsps.go.jp/j-grantsinaid/25_tokusui/data/kadai_shinki_02/r02_e109_mibe.pdf

Construction of surface F&s:"

muon beamline

to g-2/EDM :
g-2/ H line

' / area

" 'H1 Area

s

ol T | Hseri
surface:

__muon

muon
production
target

proton beam

Fig.2. The H-line layout.

Prog. Theor. Exp. Phys. 2018, 113G01

11111



Production of thermal energy muon

Silica aerogel with . e
laser-ablated surface Muonium (M e’)

(Si0,, 30 mg/cc) 30 meV

Efficiency

surface
muon beam

Region 1
10 <z <20 (mm)

O no laser-ablation
* @ w/laser-ablated

»
-— e,
-
)

P. Bakule et al., PTEP 103CO0 (2013)
G. Beer et al., PTEP 091C01 (2014)
J. Beare et al., PTEP 123C01 (2020)
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Settmg up the Mu |on|zat|on experlment

Muonium

' Successfully demonstrated ionization of hydrogen atoms
Transported to J-PARC MLF S-line in December 2020

KEK,Tsukuba Campus



Demonstratlon of muon RF acceleratlon 38

Dlag OStl(ﬁ]m"i
o ( Quadrupole pan-
" “b ndm- ‘

/.\.-‘




Demonstration of muon RF aceleratlon 39
J-PARC MFD2 area, Octobeg,: 017 RS %“,ﬁt'e by M. Otani
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Muon LINAC 40

muon IH- injection
source DTL g DAW beamline
length 3.2 m 1.4 m 16 m 10 m
RF <+« 324 MHz — <« 1296 MHz >
E 5.6 keV 0.34 MeV 4.5 MeV 40 MeV 212 MeV
B 0.01 0.08 0.3 0.7 0.94

Si-pixel beam monitor
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Muon beam injection and storage 41

e Horizontal injection + kicker
« (BNLE821, FNAL E989)

e

Inflector Slide by Lee Roberts

’/mjection —

' SSSSSSSSY
. | Storage chker
' Modules

R=711.2cm
=9cm /
B:di=0.1 Tm

Electric Quadrupoles

Injection efficiency : 3-5%(*)

(*) PRD73,072003 (2006)

e 3D spiral injection + kicker
(J-PARC E34)

Upper plate tuhnel

(pure iron)
Pole tip (pure iron)

Return yoke b

(pureiron,
cylindrical shap

Main c0|I

Injection efficiency : “85%
H. linuma et al., Nucl. Instr. And Methods. A 832, 51 (2016)



Positron tracking detector 42

Number of hits

IEEE TNS 67, 2089 (2020)
New frontend ASICrest puise timing LT
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CR-RC shaperm
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Experimental site for g-2/EDM

Materials and Life science Facility (MLF)
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The J-PARC center taskforce endorsed the plan and construction procedure (Jan 2020).



Preparatlon for constructlon in 2020 44

sion
g_zl EDM

H-line extén
puilding f

routing of the
control cables

The extension building is ready for the final design and construction.



. Data First
Proposed Schedule by the collaboration| taing || resuit

2020 2021 2022 2023 2024 2025 2026

KEK Funding requested to MEXT
Budget

Surface 0 bo
Beam at H2|area
(o] 4
Bld‘g‘. and % Final design Completign B C
facility 7] i’
(S (]
Muon - E i
% lonization test @S2 H2 ©
source o
: _ o o
LINAC % 1 MeV acceleration@S vV

Injection and

storage % muon injection

Storage

magnet % Shimming done

Detector Installation

DAQ and

. dy
computing

Analysis
19/3/2021

Analysis software ready

Analysis environment ready 45




The collaboration 46

110 members from Canada, China, Czech, France, India, Japan, Korea, Russia, USA
*: Y g\
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Subgroups Interface coordinators Committees

speakers commites | DOMeESEIC iNstitutes:

- Collaboration board (CB)
<+ Chair: Seonho Choi

Executive board (EB)
Spokesperson: T. Mibe

®

chair: K.Ishida, E. Won KYUShU, Nagoya, TOhOku, Niigata,

Surface muon beam
leader: T. Yamazaki, N. Kawamura

Publication committee| 1O kyO, Ibaraki ’ RIKEN ’ JAEA, etc.

chair: S. Eidelman

Ultra-slow muon
leader: K. Ishida, G. Marshall
\

KEK: IPNS, IMSS, ACC, CRY,

LINAC
leader: Y. Kondo, M. Otani
\
|Y Kondo
Injection and storage I
leader: H. linuma
\
|H. linuma
Storage magnet, field

measurements

\

|T. Kume
Detector ]
|Y Sato

leader: T. Yoshioka
\

DAQ and computing
leader: Y. Sato, S. Lee
\

Analysis
leader: T. Yamanaka (K. Hayasaka)




J-PARC Muon Science Facility (MUSE)

E2RERR—IL Proton 1 EER—)L
= (3Gev) = ml_m = —

I = ’
& 5
-" —
b .13‘;'».'7' | SRR
e

T ponoon
Xﬁ I

K7

| —

AENTG

QUII-LIN

@I -
peration) Mu 15-25

= muon 74 S fETTSD)

production ————

% target el

X’ Construction

N N AN
SN SR
I} S \ N )
2 L o R
o A <
o \
& R RE RS \ A
.
§ " A \
i R e )
e 2
W I
3 R L RS SR
0 el MRS IR ISR
T p A N
A LS D 3 [ R AN
L
\NI o
»
S

N

”é

Construction

I
aull-a

......

¥
vy/

BUIZN ]| 2 /) 7
T

B e
b
Lt < g

2021/3/25 PPN ¢ 1 1 A
to the neutron spallation target







Summary 49

Muon g-2 (and also EDM) provides excellent sensitivities to new
physics models via quantum loops.

BNL experiment (1998-2004)
— More than 30 larger than the SM prediction

Fermilab experiment (2018-)
— 8 x BNL statistics collected

— First results to be announced on April 8 midnight (KEK online
seminar on April 19 9:30)

J-PARC experiment (2025-)

— New method (complementary to magic gamma experiments)
— Aiming for data taking from 2025



