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Muon anomalous magnetic moment

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

Magnetic dipole moment Electric dipole moment

— eh? Z eh?
S ~ T

e 1/ is proportional to gyromagnetic ratio (g), which is predicted to be ¢ = 2 by
Dirac equation.

e But quantum fluctuations gives the anomaly of muon a,
g, — 2
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Muon anomaly

e In the standard model, muon anomaly a, IS calculated from each contributions:
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H H
Y Y Y N
%% %%
v 7 /v o\ e
% [V [V [V I
QED Electro-weak Hadronic

First-order QED correction:

a? =% - 0.00116140...
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[J. Schwinger, Phys Rev 73 (1948) 416]




Muon anomaly

e In the standard model, muon anomaly a, Is calculated from each contributions:

e Recent result from Fermilab shows 4.2 6 tension between

SM

a,

U

= a 2P + a/EW + afad
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Muon anomaly

e New physics contribution to a, ? ¥

AV,

a = a&P 4 afw + aplfad+ aNP 92

H H U
Unknown particles
SUSY, MSSM... U U
0.54 ppm
i 2 ® * Why muon?
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Experimental determination of a,

1. Prepare a polarized muon Vu‘_@_"
beam.

I:> spin 0 spin <:l

neutrino: left handed

helicity: -1 helicity: -1
2. Store in a magnetic field /\
(muon’s spin precesses) B
eB
a, cyclotron ' \

eB

ym

Measure two quantities: w,, B we =

(Larmor) (Thomas)



Experimental determination of a,

1. Prepare a polarized muon vu<—@—~‘
beam.

—> spin 0 spin {1

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

2. Store in a magnetic field
(muon’s spin precesses)

eB
W, =ws—wc=-3(8g-2) —
g | |
a,
3. DEtECt a decay pOSitrOn Positron emission angle

at p(e*)=pma=m,/2
(Higher energy positron
tends to emit along muon’s

spin direction).
@ spin




Frequency w,, extraction in Fermilab
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Theory initiative to determine

SM
4,

e In the theory a;j’M , hadronic contribution is the most changeling part

® At low energy pQCD is not useful, either LQCD or exp. data is needed.
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Theory initiative to determine

SM
4,

e In the theory a;j’M , hadronic contribution is the most changeling part

® At low energy pQCD is not useful, either LQCD or exp. data is needed.
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Theory initiative to determine
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Theory initiative to determine a
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New muon g — 2/EDM experiment in Japan

{ Target precision:
* 4,:0.45ppm (phase-1) = 0.1 ppm (phase-2) §
i AEDM =102le * cm 1

Proton beam at J-PARC

Surface muon
4 MeV

“Fie., 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

Storage magnet (3T)

Prog. Theor. Exp. Phys. 2019, 053C02
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Japan proton accelerator research complex (J-PARC)

J-PARC Facliity
(KEK/JAEA)
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Spiral injection

beam transport

Storage

| | |
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Muon LINAC
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New muon g — 2/EDM experiment in Japan

e Our experiment is completely different from BNL/FNAL approach!
® In the E-B field, the more general form of spin precession vector:

~ oy I ()
@ = aﬂB—(aﬂ : )'BXE | 727 ,BxB+£
C

y* -1
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New muon g — 2/EDM experiment in Japan

e Our experiment is completely different from BNL/FNAL approach!
® In the E-B field, the more general form of spin precession vector:

% 5o L ( )
w,=——|a,B—|a P 7 BxB+—
H H 2
m /4 —1 C 2\ C}
1
BNL E821 approach Magic “y": aﬂ:yz_l

=30 (P=3 GeV/c)

\Y/

E)’a=—£ a”l§+17-(ﬁx§+£)
m 2 c)

FNAL E989
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New muon g — 2/EDM experiment in Japan

e Our experiment is completely different from BNL/FNAL approach!
® In the E-B field, the more general form of spin precession vector:

e — 1 - - [
w,=——|a,B—|a, ! PXxXB+—
m v —-1) c 2{ C
) Directly remove E field! )
BNL E821 approach J-PARC approach
e e = = — E - e [ and — . |
w,=—— aﬂB+2 PxB+— w,=——|a B+Q(IB><B)
m 2 C ml 2

FNAL E989 J-PARC E34



Muon beam at BNL/FNAL

Conventional muon beam

proton T+ SAgP

% ® ® o emittance
> @ ~1000t mm - mrad
- - o®
pion decay -
production

-

Strong focusing
Muon loss
BG it contamination

Ordinary flashlight
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Novel thermal muon beam at J-PARC

Conventional muon beam

proton 1

Ee

' @ :
® ® o emittance
@ ~1000t mm * mrad

Strong focusing
Muon loss
BG it contamination

pion
production

Laser light! ,
cooling

u+
- @

Thermal Itmm * mrad
muon beam Free from any ofth%se

emittance




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. Ap;/p~0

surface muon thermal muon accelerated muon
E 3.4 MeV 30 meV 212 MeV
o 27 MeV/c 2.3 keV/c 300 MeV/c
Ap/p 0.05 0.4 4x10-4
41\Ilu nium
\ Mu’ ut ) —
\3__ = S
o+ 7? ------------------- SEETUR—
H-line Mu production Electrodes(Soa) LINAC
target

Laser ionization of Muonium
(122 nm, 355 nm)



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

Laser-ablated holes 3000 (——r—r——r—— A —
Silica aerogel Py " Reglon 1
4 i " &
(SiO 30m cc) & . i S 2500 . 10 <z<20 (mm)
»30mg/cc) SN Muonium(pte’) e
- 2000} —
i
X 1500 - O no hole -
2 . @ w/ holes
2 1000 e
o
> &
w 500 x10 s -
< [
8 - S 9 o * L
O_‘LLL.A; (;1O.D‘Qg§i&..ep?‘
> 0 2 4 6 8 10 12
Time (us)

Efficiency for muonium
production in laser
ionization region

Need muonium to diffuse out of target
before decay. Yield increased to 3% !

~ - e Y . Sample Laser-ablated structure Vacuum yield
=7 (pitch) (per 10 muon stops)
(|aser region 5mm x 501 Flat none 372 4£0.11
ol Flat (Ref. [7]) none 274 £ 0.11
- / nat TR' \w Laser ablated 500 um 16002
“.. ‘-ﬂ T Laser ablated 400 pm 209 +0.7
Laser ablated 300 um 305+£03

P. Bakule et al., PTEP 103C0 (2013), G. Beer et al., PTEP 091C01 (2014)

4



Development of thermal muon source

® Now, a demonstration experiment 244 nm laser is being prepared at J-PARC
e [t 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

ionization 4 EW%EKE
244 nm
28—
244 nm
244 nm [l
1§s—= f MCP |
244 nm ( Detector
laser B a
Silica aerogel
#. _
BEZo—

Surface muon

¥ S|‘O\)V muon b ||n .
~ at Szt




Muon acceleration (LINAC)

muon IH= injection

length 3.2m 1.4 m 16 m 10 m
RF « 324 MHz > o« — - 1296 MHz >
3 5.6 keV 0.34 MeV 4.5 MeV 40 MeV 212 MeV
p 0.01 0.08 0.3 0.7 0.94
: ] : . X
End to end simulation £ 04 ¥
transmission loss ~7% + decay loss CHE WP IRE e e
emittance growth is small e ISP S
o f_/ * pAawccL DLS
IH-DTL .
"’ RFQ requirement
First muon acceleration with RFQ! | Cuou™1-3 T mrad
S. Bae et al., Phys. Rev. Accel. Beams 21, 050101 (2018) 10 20 30 2
o 0
40— + RF on
+ RT off

|t 1l ﬁ’wr L ik

500 1000 T 1500 72000
Time of flicht [ns]

Events/50 ns/4x10'" pu* incident
o
(=
|
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Muon injection and storage

\)fbea(q
/

tunnel _

Hitachi

Main coil
S

Ld L Ld L \B
Injection efficiency : “85% Muon storage orbiit 8
3
S E

A —— e+ tracking

7 -
s e S detector

o4 M. Abe et. al., Nuclear Inst. and Methods in Physics Research A 890, 51 (2018) b

H. linuma et al., Nucl. Instr. And Methods. A 832, 51 (2016)
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Why inject beam 3D spirally?

Conventional 2D injection (BNL) J-PARC E34 storage magnet

BNL & F

K
- \A\\--%

14 m orbit, To avoid beam hit at
inflector (77 mm), kick angle

Inflect

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.

become 10.8 mrad within 149 ns. Need to develop new 3D spiral injection!

Injection efficiency : 3-5%(*) Injection efficiency : “85%

(*) PRD73,072003 (2006) M. A. Rehman, KEK



Positron tracking detector

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 mZ2

200 mm

750 mm

V4 vane




Software

overview of g2esoft

* Positron track reconstruction % -2 B R R B
£ © s = o = =
* A custom software framework G|+ £ | |22l l- Ell=|E ]
& 2 B = = < X ©
“g2esoft” has been developed. = = = = il B
 Developed improved tracking =
performance by connecting o Real Recorit o
disconnected-tracklets, removing | ® Ghest Recofit “
ghosts. o Lot e
* Evaluating rate-dependent effects estanL R o
® .'.’ econstruction efricienc
in tracking performance. . ( e S % | [ er— y
Badioie u".:b ]
 End-to-end simulation oo W\ . {\
ghosttrack . . ./ ‘..

e Statistics increased from 16k
muons to 1M (x100).

* Analysis in progress to study overview of end-to-end simulation
various correlations.

* Optimization of experimental
conditions is in progress.

Momentum resolution

Surface muon
Thermal muon
LINAC
Injection
Storage
Detection
Reconstruction
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Expected results

w=-—a,B+

Expected time spectrum of e* in u=2>e*vv decay

L Lorentz y=3, ,~ 470 kHz

P.=50% N.=5.7x10"
200 MeV < E_. <275 MeV

| | - I | o | I | ! I [ | I | ! I | I | | - I | | | I L1

0

5 10 15 20 25 30
e* decay time (usec) Time [us]

.
5 (P

x107°

o
o
=)

0.04

0.02

Up-down asymmetry

o

-0.02

-0.04

P.=50% N,.=5.7x10"

200 MeV < E_. <275 MeV

d, =1x10% ecm

!

+

lIl|llllIIl|lIl|llIlIlIIIIIlllIlIlIlllll[

—0.060

Mod(e* decay time, Tg.,) (usec)

02 04 06 08 1

1.2 14 1.6 1.8 2
Time (modulo Ta) [us]
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Precision estimation & comparison

Completed Running In preparation
BNL-E821 Fermilab-E989 Our Experiment
Muon momentum 3.09 GeV/c 300 MeV /¢
Lorentz -y 29.3 3
Polarization 100% 50%
Storage field B=1451T B=30T
Focusing field Electric quadrupole Very weak magnetic
Cyclotron period 149 ns 7.4 ns
Spin precession period 4.37 us 2.11 us
Number of detected e™ 5.0x10° 1.6x10! 5.7 x 101
Number of detected e~ 3.6x10? — —
a, precision (stat.) 460 ppb 100 ppb 450 ppb (Phase-0)
(syst.) 280 ppb 100 ppb <70 ppb
EDM precision (stat.) | 0.2 x 107 e-cm — 1.5 x 107%! e-cm
(syst.) | 0.9 x107" e-cm — 0.36 x 102! e cm
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Corrections, Uncertainties on g-2

Fermilab Runl PRL 126, 141801 (2021)
Quantity Correction Terms Uncertainty FeomBash ".,PARC

(ppb) (ppb) goal estimate
wy' (statistical) zp©yv@eE gites -~ 434
wg' (systematic) RiRiRE - 56 100 450
C. 489 53

1 1

gfn | ZAEYVBEBHRER - RRE _?(1) g ~108 70 <40
Chpa -158 75 |
fCﬂlib{wP(mv ya¢) X M($,y,¢)> . 56} 114 70 56
By - i -27 37
B, HISRAIE RHARE 17 99
1 (34.7°) / pre - 10
My /e TRCAVIYESE — 22
ge /2 = 0
Total systematic — 157 100 <70
Total fundamental factors — 25
Totals 544 462 140 460

21 x BNL
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Towards ultimate test of the muon g-2 anomaly

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

Wy = (L”@"W Fermilab E989
m J-PARC E34 (our experiment)
4 Wa |
Wp
a’ﬂ W
Wp \ 3ppb 22ppb 0.3 ppt
\ ppb 22 pp PPt
\ \\ m
N
MuSEUM(J-PARC) / \\ Mu-MASS(PSI), new exp.(J-PARC)
Mu HFS<- 3 Mu 1S-2S
muonium _3 muonium
16 My me \ W 302 o\
AVisHFS = — @ Ro— (1 + —) A ~ —m.c* |1+ =
3 /. HB my V1535 8h e T m,

1 | Three quantities are mutually correlated.
' | Closing a triangle with new experiments will establish ultimate precision.3




o Physics First
SChEdUIE and mIIEStOnes Run ready result
2020 2021 2022 2023 2024 2025 2026
KEK
funding
H-line . Beam at H1 - Beam at H2 20
[=
o
Ext. Bldg. Completion “
S £
ource | " o =
% ionization at S lonization at H2 o
o
LINAC
Yl :\/IeV at S2 510 Mev
Inj./Kick
% SITE complete 1st Injection
Magnet |
rtmming completed
Detector | |
% Mass produc Installation
DAQ |
comp eady
Analysis I Analysis repdy

ireready
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Contact

=& EA (Naohito Saito)

Initiator of this experiment
naohito.saito@kek.jp

www.g-2.kek.jp =& % (Tsutomu Mibe)
Current spokesperson

mibe@post.kek.j 36
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mailto:Tsutomu%20Mibe%20%3Cmibe%40post.kek.jp%3E

Distribution of human resource

110 active collaboration members

Countries Positions Area of contribution
211:11

-
v

= Japan = Republic of Korea  m Staff scientist = Student = Detector = Muon source
= Russia France . = Emeritus Engineer 2 LINAC Besfiliie
m Canada m Czech Republic = Postdoc ) .
m China m Germany = BPM = Injection
= India = USA m Software m Magnet
+  30% from outside of Japan " Oher = Coordinations, fild
0 p . monitors, theory

« 65% staff scientists, 18% grad. students.

« Distributed over various subsystems
37



Summary

e The recent Muon g — 2 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 a, 1o be 100 ppb, comparable with

FNAL final goal.

® [n the new experiment, several novel technigues will be developed,
iIncluding 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.

Thank you for your attention!
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Outlook: Muon g -2

* Future looks bright — there’s much more data still to come

Last update: 2021-04-12 15:31 ; Total = 10.45 (xBNL)

Muon g-2 (FNAL)

AR
-

oo

s
Analysis in progress

Expect error halved by next summer
™ Systematics on track for < 100 ppb

+ EDM & CPT/Lorentz Violation Searches
Run-2
d } This result: ~6% of full stats h
0. Run 1 434 ppb stat @D 157 ppb syst
\ f'LQ \Q:\
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Proton Larmor precession frequency in a spherical water
sample. Temperature dependence known to < 1ppb/°C.
Metrologia 13, 179 (1977), Metrologia 51, 54 (2014),
Metrologia 20, 81 (1984)

Measured to 10.5 ppb accuracy at T = 34.7°C
Metrologia 13, 179 (1977)

Bound-state QED (exact)
Rev. Mod. Phys. 88 035009 (2016)

™, Known to 22 ppb from muonium hyperfine splitting
m, Phys. Rev. Lett. 82, 711 (1999)

u ge 9e Measured to 0.28 ppt
2

Phys. Rev. A 83, 052122 (2011)
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Corrections due to beam dynamics
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Corrections due to transient magnetic fields

@7 (T) =Proton Larmor precession frequency in a spherical water
sample weighted for muon distribution
40
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Building the hadronic R-ratio

2 o0 0
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6 12/03/18  Alex Keshavarzi | The muon g-2: a,,

update from KNT



Spiral Injection Test Experiment (SITE

Spiral I'etionTest Ex erent Setup at KEK Tsukuba Campus

o | S N e — =
- - i Stora?Vlagn‘gt CCD- '
i i 82.5 Bss ¢ : Caera
4. Storage magnet
i7", Kicker Coil
3= Beam Trajectory &
i SR
o s 8 3
\\‘ é .
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__________________ :
| Beam Profile Monitor :
------------------ ‘ » =
Com Lot Steering Coils l CCD-
Electron Gun Steering  Electric Chopper ' . Bending Camera
Coils Collimator Magnets & magnet2

Bending magnetl
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< > : :
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Frequency extraction: fitting the modulation

L

momentum

[ 6= 0.0 degrees, Fraction over Threshold = 0.26 |
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Storage magnet and field measurement

2018/7/18

magnet

B R [mm)

Thermal expansion of yoke S
has been simulated. :

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

Date: 2019/5/16

0.18 ppm/°C

A
v 1ppm

20 22 24 26 28 30 32
Temperature(CH3) ['C)

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




End-to-end simulations

Current TDR (2017) Table 14.1: Efficiency and beam intensity
Quantity Reference Efficiency Cumulative | Intensity (Hz)
Muon intensity at production target 2 1.99E+09
H-line transmission 2 1.62E-01 1.62E-01 3.22E4-08
Mu emission 3 3.82E-03  6.17E-04 1.23E+06
Laser ionization 4 7.30E-01 4.50E-04 8.97E+405
Metal mesh 5 7. 76 E-01 3.49E-04 6.96E+4-05
Init.Acc.trans.+decay 5] 7.18E-01 2.51E-04 5.00E+05
RFQ transmission 6 9.45E-01 2.37E-04 4.72E4-05
RFQ decay 6 8.13E-01  1.93E-04 3.84E+05
IH transmission ki 0.87E-01  1.90E-04 3.79E+05
TH decay 7 0.80E-01  1.88E-04 3.75E+05
DAW transmission 8 0.95E-01  1.87E-04 3.73E+05
DAW decay 8 9.61E-01 1.80E-04 3.58E+-05
High beta transmission 9 1.00E+4-00 1.80E-04 3.58E+-05
High beta decay 9 9.88E-01 1.78E-04 3.54E+05
Injection transmission 10 8.5E-01 1.42E-04 2.83E+05
Injection decay 10 9.9E-01  1.41E-04 2.80E+05
Detector start time 10] 9.27E-01 1.30E-04 2.60E+05
Muon at storage 2.60E+05
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How to inject beam spirally?

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

....................................

51 2. Radial
I fringe field
3 o - duce .
e 0; .re' ) ) Solenoid Axis .
& | injection , Y \
! | angle. J 4
L~ =0
~300-200-100 0 100 200 300 Y=Q y
o Y (mT)__ _______ Mid Plane ’ "
o 3. Vertical
7 60 _ _ magnetic kick 4. The beam will be
a0 1. Inject beam at will reduce the stored at the
}20' Yertlcal a-ngle ﬁf remaining Injection ﬂ midplane under the
| in solenoid angle to about weak focusing field
-300-200-100 0 100 200 300 Storage magnet. zero.
Y (mm)
The Elegance and Advantages However
>Smooth connection between injection >Unprecedented
and storage sections: No need of Inflector
> H H ° ° ° °
All in one storage magnet, which reduce Therefore, it is mdlspensable to

source of error fields: No Quad
>No need to kick within a single turn: Simple

prove the feasibility of this new
kicker scheme.
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Experimental determination of a = (g-2)/2

a, = (8-2)/2

: anomalous spin precession frequency

wa
w, : proton’s Lamor precession frequency

a,, =

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

Present uncertainty ~ 0.12ppm (LANL)
-  60ppb (MUSEUM goal)
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