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Muon g — 2: current status

See previous talk by Anna Driutti:
- e = _
U= g%S, a, = (g, —2)/2

e 2025 measurement by Fermilab brought the
uncertainty on a, down to 124 ppb

* Latest compilation by the Muon g-2 Theory
Initiative: White Paper 2025, based on lattice for
HVP-LO

* Tensions between the dispersive method (based
on measured ete™ hadronic cross sections) and
lattice, and tensions among different ete™
inputs (KLOE-BaBar, recently CMD-3)
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Anomalous spin precession in a B-field: FNAL method
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Anomalous spin precession in a B-field: J-PARC method

— spin precesses with anomalous frequency w, = wgpin — W
a, 0
U

B =0

No Electric fields for focusmg'
Low emittance muon beam injected into compact
storage region: also ideal for EDM

w = —%[%B+n(ﬁx3)]




E34 experiment at J-PARC

New features w.r.t. previous g — 2 experiments with «conventional» muon beams:

Initial goal Final goal

A (a,) ~ 0.46 ppm - 0.1 ppm
EDM ~ 1021 e - cm

* Low emittance muon beam (1/1000) Proton beam (3 GeV)

e Muon acceleration to 212 MeV Surface muon (3.4 MeV)

e No strong focusing “Thermal muon (25 meV)

e 3D spiral injection: ol Reaccelerated muon (212 MeV)

MLF muon experimental

e Spiral compressed by radial fields facility H-line

Thermal muonium

* Good injection efficiency (x10) oroduction, Muor linac
lonization laser 3D spiral injection
* Compact storage ring (1/20) Muon storage
magnet(3T)  positron tracking
* Tracking detector Prog. Theor. Exp. Phys. 2019, 053C02 detectar

* Excellent sensitivity to muon EDM: about 100 times better than the previous limit (BNL)
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E34 experimental facility

Constructed in 2021



First step: muon cooling

"
pioton "+G & WG - emittance
% ~ o o ® ~1000t mm * mrad
-

- o®
pion decay / Flashlight

Conventional surface muon beam:

Muon
* High emittance -> needs strong cooling Laser light

focusing and leads to muon losses u
emittance

* Background from m contamination
Irtmm - mrad §

Thermal
J-PARC muon beam by design: e

muon beam

 Low emittance (1000x improvement!)

e Disadvantage: not ~100% polarized




Ultra-cold (thermal) muons

Muonium (pt*e-)
Silica aerogel with 30 meV (after cooling)
laser-ablated holes

(SiO,, 30 mg/cc)

« Surface u* stop in Aerogel and
form Muonium (u*e™) that
diffuse into vacuum through [

Electron will be removed by
Laser resonant ionization by irradiating
Laser beam (122nm+355nm)

300017 T T T T

el

B .
laser ablated surface i o e W
Efficiency of ~ 3 - 1073 #-oe iy e 8T e o RmTaw |
21500 =
I %1000
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* lonize e~ with two lasers: ' & w0
1S > 2P > unbound. ‘ c v_ [ R T
Maximum u™ polarization: 50% [ o & Experiments at TRIUME

muoRe.. ‘ muon_ (2011, 2013, 2018)

i

 Thermal muons re-accelerated with E-field, RFQ, linear structures that inherit from proton
and electron acceleration, up to E=212 MeV (p=300 MeV/c), retaining low transverse p
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Second step: muon re-acceleration

Surface muon Thermal muon Accelerated Muon
E (kin.) 3.4 MeV 30 meV 212 MeV
p 27 MeV/c 2.3 keV/c 300 MeV/c
Ap/p 0.05 0.4 4x10~4
k _ - -
\ f'-_ - o ] Sy Wy
Surface ~ 1T - ol Y Re-accelerated
muons + O e s e ) v S ¥ " muons
“ / “'~~- u+ § =
Mu -2 g ® -
(ute’)
H-line Mu production Electrodes
(See Fig. 2) target o (Soa)
From silica aerogel lanization lasers
(122 nm, 355 nm)
/ "‘ EET T BRI
)f,‘-pﬂﬁc
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Second step: muon re-accel

=SAdalLiol
Muon Linac Parameters

e Muon Acceleration to 212 MeV

Low B (0.01 — 0.3) Middle (0.3 — 0.7)  High B (0.7 — 0.94)
> < > < >
RFQ IH-DTL DAW-CCL DLS Frequency  ~> iz, 1296MHz,
(Radio Frequency Quadrupole) (Inter-digital H-mode DTL) (Disk and Washer CCL) (Disk Loaded TW structure) 2592 M HZ
Slow 324 MHz 1296 MHz Intensity 1 % 10°/s
ﬁ% ERESS ” H H H \ —= Rep rate 25 Hz
el ’ e \-I—I—I—U e Pulse width 10 ns
L=32m 16 m (14 modules) 10 m (4 structure) (Total ~40 m) Norm RMS
. L : 1.57 -mm-rad
Acceleration test Fabrication Prototype Prototype emittance
with thermal py planned. and high- fabricated fabricated
power testing  and tested. and tested. Momentum 0.1%
completed. spread
® i —eleohon —¥ L eXi,t ..... .,....-j
. . . . = E ---muon buncher 15t cell * DLS_,.-""“.
* The first muon-dedicated linac in the world! 08
C =proton KEK gun *paw M ACS
0.6/— 3 .f"
5 SDTL

* 4-steps acceleration, 40m long in total 02 RFQ . .-
C  J-PARCIS.-- k" _.- B RFQ
0......}.:.-...-..5:..........-.--!--;---' TS ul g sl — ......13
10 107 1 10 10

rgy [MeV]

TP saznzmanns
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Second step: muon re-acceleration

Phys. Rev. Lett. 134, 245001 J-PARC S2 area

Acceleration from termal
energy to 100 keV by RF
system

PHYSICAL REVIEW LETTERS 134, 245001 (2025)
Faatured in Physics

Acceleration of Positive Muons by a Radio-Frequency Cavity
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Acceleration of positive muons from thermal energy to 100keV has beendemonstrated . Thermal muons
were generated by resonant multiphoton ionization of muonium atoms emitted from a sheet of laser-ablated
acrogel. The thermal muons wers fist cleatrostatically accekerated to 5.7 keV, followed by further
accelemtion to 100 keV using a mdio-frequency quadrupole with an intensity of 2 x 10+* g+ /pulse. The f ~2
transverse nomalized s emitance of the accelerated muons in the horizontal and vertical planes were p Yy 1 \?-
085 :!:llﬁ[mt}ig_ﬁ(syst} amm mrad and (.32 iﬂ.m[mt}ig_‘gg[syst} ammmrad, respectively. The N
measured emittance values demonstrated phase-space reduction by a factor of 2.0 x 1P (horizontal) and
4.1 % 10F {vertical) allowing good acceleration efficiency. These results pave the way to ralize the first-
ever muon accelemtor for a variety of applications in particle physics, material science, and other ficlds. » R

Laser ablated silica aerogel
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.245001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.245001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.245001

Second step: muon re-acceleration
, , horizontal vertical
* Muon Cooling demonstration: B

Phys. Rev. Lett. 134, 245001 5°| 1 E o j 3
- € 40k 1 A £ aof h 3
E = <1 E E ]
(A) g s {[ 3 E } E
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? ;
W] ex = 0.85 +0.25(stat) *0-22_¢.13(syst) [TT mm mrad]
gy =0.32 £0.03(stat) *095-0.02 (syst) [TT mm mrad]
@ Acc. Emittance reduction by ~10-3
© _50n Target Pen. u Laser (0100 keV) . .
= 1x10 Y Y Y Y The birth of low-emittance muon beam
TCJ ab #0 RFQ on, Laser on resonance i . .
S o | = RFQ on, Laser off resonance o Before cooling 5{)\fter re-acceleration
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=
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.245001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.245001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.245001

Third step: muon injection

6.\ /bm » 3-D injection scheme recently demonstrated:
wasireres | f::; R. Matsushita et al, physics.acc-ph:2602.01504
=8 == 8 (2026)

33:'en°id ="« Magnet puts muons in orbit and keeps them
()d stored in [31.8,34.8] cm radially and [-5,+5] cm

H. linuma et al, Nucl. Instrum |OngitUdina”y
Meth. A 832 (2016)

From LINAC &

e . 2z e Fringe field and kicker system compress the
spiral axially; weak magnetic focusing keeps
muons storec

* Efficiency higher than 80%




Fringe field: comparison

Fermilab J-PARC
cancels 1.45 T main field 160 . ; ; ; ; ; ;

Q1 :
R ~ 13Hz R . | . . |
N, /fill ~ 10* B 100 [t T
Net £1.8cev/fill ~ 5 x 10 N f : : | | | |

(L EEUEEGE X3 (40-55 kV) C

rad|aH\/Centerbeam 40|||i|‘:i:|||i|||||||i|||i|||i||i

x[cm]
Focussing quadrupoles EEFEIRY
Collimators vertically focus beam 3 : fu

Qa3

Inflector cancels main
dipole field and injects at
~8 cm radially away from
nominal orbit

1.5

Magnetic flux density [T]

0.5

IIIIEIIIIEIIII|IIII|IIIIIIIIII




Kicker system: comparison

Fermilab

Inflector Magnet cancels 1.45 T main field

Q1
Rﬁ” ~ 13Hz

N, /fill ~ 10*
Ne+ £-1.8ev/fill ~ 5 x 107

(L EEUEEGE X3 (40-55 kV)

radially center beam

Focussing quadrupoles EEFEIRY
Collimators vertically focus beam

Qa3

3 fast magnetic
kickers provide 10
mrad kick and place
muons in orbit

J-PARC

Fermilab-like injection would require 30 mrad
kick in 7 ns -> unfeasible

3D-injection scheme requires final kick to
compress p on 2D storage plane and limit VBO
to S5cm

Clockwise
ulsed current
Inner \ \ |':t]
diameter N
AN
60cm _
Distance
40cm

So‘lenC)Ii l 1 Total current
axis o q D= is zero
Z Mid plane (z=0)

Outer
I{t}g( EC_, Z diameter >
b
72cm H

Counter-
clockwise I(t) | pulsed current supply
pulsed current < 20kV

—s+ GND




3T Storage Magnet

3 Tesla MRI-type superconducting solenoid magnet is under design

7"‘%:»:3 Nil=
M. Abe et. al., NIM A 890, 51 (2018)

+ Storage region :

radius: 33.3+1.5cm

height : =5 cm

Field strength : 3T

Uniformity : 0.1 ppm (Azimuthal integral)
+ Injection region :

Smooth field for beam injection
+ Weak focus field: -5e-4 T/m of Br at maximum

25 ppb/line contours

290 310 330 350 ~ :&::..:.37
r [mm]
Average magnetic field uniformity is better than 0.1 ppm

Local uniformity of 1 ppm was demonstrated by the MUSEUM
experiment magnet at 1.2 T;

*  Further tests will be carried out at 3 T.

In the cross-calibration of FNAL and J-PARC field probes at ANL,

~7 ppb agreement was obtained with 15 ppb uncertainties.

"‘ FHERF AR
/)S'-Fﬂnc
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Positron tracking detector

“Prototype quarter-vane”

* 40 modules (vanes) each 200mm
(radial) x 400mm (axial)
* Each vane consists of 16 Si sensors

(10x10 cm?, 320 um thickness).

<
* Two-dimensional hit position is E §§’ /
o
reconstructed from orthogonally = o

&
o
Q

Vane structure Quarter vane structure

”
\%

- - -

arranged silicon strip sensor (2
blocks of 512 strips with 190 um
pitch)

e 32 Readout ASIC with 5ns sampling

rate per quarter vane.




Expected g — 2 sensitivity with current 3T design

* Muon flux: ~ 108u* /s from J-PARC H-line
* Bottleneck: Mu emission with 0.4% efficiency

e Other efficiencies: laser ionization (73%), transport of muon (typically
high efficiencies), injection (85%) = Stored muons: ~ 2 X 10°u* /s

* 2 X 107seconds of data taking over 2-3 years
e Detected positrons in energy range: ~ 5 X 1012 total

* Expected uncertainty on a,,: 450 ppb (statistical), <70 ppb (systematic)

* EDM analysis will be based on up-down asymmetry of detected e™




Breakdown of uncertainties

Fermilab systematics: from TDR = 2025 " Sw, 1 2
~ 2
g —2/EDMstat, < @a  @a¥uTPNA
s 5x 10716
~ e - cm
~ Pv/N

Roughly from J-PARC TDR
g — 2 syst.. ~ 70ppb

/
. Detector misalignment
‘ dominates EDM
‘ systematics:
‘ 0.36 Xx 107%'e - cm

mywa mCe nC p mwpcalibb. mw_pmap




G. Venanzoni, PoS (EPS-

TOwardS 3 hlgher Sensitivity HEP2025) 427 (2026)

BNL E821 Fermilab E989 J-PARC E34

Muon momentum 3.09 GeV/c 3.09 GeV/e 300 MeV/e F . 0 Wq .
Lorentz factor y 29.3 29.3 ~3 actors in W | stat:
Muon lifetime in ring 64.4 us 64.4 us 6.6 us a
Beam polarization P ~ 100% 97% 50%
Typical asymmetry A 0.40 0.40 0.40 1 2
Storage magnetic field B 1.45T 1.45T 30T P NA 2
Focusing method Electrostatic Electrostatic ~ Very weak magnetic a)a )/y, T V
Ring diameter 14 m 14 m 0.66 m .
Storage radius 711 cm 711 cm 33.3cm From FNAL to J_PARC des'gn
Cyclotron period 149 ns 149.1 ns 7.4 ns o / .
Spin precession period T _> 4.37 us 4.40 us 2.11 us N INCr€ases 1 ’ 94X
Spin precession frequency w, 1.43 MHz 1.43 MHz 2.96 MHz ° a)a Ta creases py O6X
Detected positrons e”* 8.5 % 10° 1.43 x 10! 5.7 x 10" (proj.)

°
Statistical goal (stat.) 460 ppb 100 ppb 450 ppb P decreases 1.94x
Systematic goal (syst.) 280 ppb 80 ppb < 70 ppb ° y d ecreases 9 . 7 7X
Events in final fit N 5% 10° 1.5 x 10" 5.7 x 10"
EDM sensitivity (stat.) 02x107" e-ccm O(107?') e-cm 1.5x 1072 e-cm

EDM sensitivity (syst.) 09%x107% ecm O(1072) e:cm 3.6 x 10722 e-cm




Statistical uncertainty of w; vs muon momentum (J-PARC E34)

450 - — P= 50? G. Venanzoni, PoS (EPS-
—— r=as HEP2025) 427 (2026)
400 7] 1
S 350 -
=
3
= 300 A
3
>
.E 250 4 We assume same
2 .
S momentum and B-field
200 4 . . .
@ increase, while curvature is
e o 2
S 150- fixed > ~ 1/y
Red curve assumes
100 1 improvement on
. polarization: 50% =2 70%

300 400 500 000 J00 800
Muon momentum p, [MeV/c]
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Upgrades and challenges of higher sensitivity

1. Accelerate muons from 300 to 600 MeV/c: higher DLS
gradients, with either S-bands and/or C-bands, preserving
the low emittance

2. Increase B-field from 3 to 6 Tesla: ongoing studies towards
a compact, MRI-type magnet at 6T with the desired
nomogeneity

3. Increase muon polarization after Mu laser ionization, with
development of optical-laser pumping techniques

There are frequent meetings and work in progress to assess
the feasibility of these upgrades. Stay tuned!




Running test experiments

2025-2026: three experiments were
conducted at J-PARC MLF.

Ongoing test beam for
muon acceleration to -
0.3 MeV

@ Surface muon beam
commissioning (H2 area)




Summary and conclusions

* J-PARC’s independent approach can provide an excellent cross check of
Fermilab’s measurement =2 we are aiming for a precision competitive with
Fermilab

* With upgrades, the final goal precisions will be:
a,: 450100 ppb (stat.), 70 ppb (syst.). EDM:

e Latest achievements: first cold muon beam acceleration; demonstration of
3-D spiral injection scheme. Ongoing test beam for increased acceleration.

e The collaboration has recently grown, and welcomes any interested
members who can bring their expertise

Thanks for the attention! Any questions?




BACKUP
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FNAL/J-PARC sensitivities: comparison

FNAL — Run456 J-PARC-TDR

Correction ~ Uncertainty

Quantity (ppb) (ppb)

o)’ (statistical) 114 Table 6. Estimated systmatic uncertainties on a,,.

;' (systematic) 30 Anomalous spin precession (w,) Magnetic field (w,)

Ce 347 27 Source Estimation (ppb) Source Estimation (ppb)

C, 175 9 . : T

C _33 15 Timing shift < 36 Absolute calibration 25
pa Pitch effect 13 Calibration of mapping probe 20

Caa 26 27 Electric field 10 Position of mapping probe 45

Cnl 0 2 Delayed positrons 0.8 Field decay < 10

( @, X M) (mapping, tracking) 34 D1ff31rlt1:,j11 decay 1.54 Ed%r cment from kicker 261

(Cﬂfu x M) (calibration) 34 Quadratic sum < 40 Quadratic sum

B, —37 22

B, -21 20




Muon polarization after Mu ionization

surface muon thermal muon accelerated muon 22133/2 ;
E 4 MeV 30 meV 212 MeV : e B
o 30 MeV/c 2.3 keV/c 300 MeV/c 2%g |
Ap/p  0.05 0.4 4x10-4 12— F=] /
Vi N kA
> (u*e‘).___ﬁ__,___ﬁ_x F=0 | ‘-'— 187 MHz
— e T Tiee Db | ) — F=
e > | 2Py
+ ///* ------------ -yt - |
" / K- A 2455 THz
1 |
H-line Mu production Electrodes(Soa) LINAC A= 244 “
target - |
lonization Laser 1 F=1 1‘
Ea v Voo
2 \ | |4463MH
'Sy, I ‘ Z
——— F=0

Average 50% polarization can be understood from
considerations about eigenstates




Plans and challenges for higher polarization

e Optical pumping: circularly
polarized laser can trigger

’ ,, h , .
repeated excitation and o S
emission and populate higher
hyperfine levels " ‘ Il?‘ ‘ * " ‘ * “ #".
* CW laser is ideal, but does not = A A
exist at the required | |
wavelength right now




Acceleration scheme

RFQ

324 MHz

40 MeV 212 MeV

L=3.2m 1.4 m 16 m (14 modules) 10 m (4 structure)
--------------------------------------------------------------------------------------------------------------------- - ~40 m

Thermal & L _J
muons after Y Y

Mu ionization Inherited from proton acceleration Inherited from e™

\ acceleration

Start from emittance of ~ mmm - mrad, factor 1000 better than surface muon beams

/ "‘ FHERF AR
’5’-PHHE
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Acceleration to 300 =2 600 MeV/c

* Requires new design of DLS acceleration, using either S-
bands or C-bands. Low-emittance must be preserved!

S-band C-band

Used in baseline
Pros configuration for 300
MeV/c -> can be reused

Baseline gradient: 40 MV/m
or higher; high efficiency

Smaller beam acceptance;
new components not
included in the design before

Lower gradient: 20 MV/m

Cons is baseline. 30MV/m?
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