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Magnetic Moment

1. The magnetic moment of a lepton is connected to the spin via the g-factor.
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= g—3§
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2. The value of g-factor can be measured from a lepton in the magnetic field,
via the spin precession frequency:
W, = giB
2 m
3. Studying the g-factor helps us test the SM and understand the quantum
effects (calculated up to 5-loops, with precision up to 500 ppb ):
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The Oddball of SM
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arXiv:1801.05670 Precision measurement of muon’s magnetic properties to validate SM and probe BSM
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Testing SM with Muon g-2
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1. Anomalous Magnetic Moment of muon, ¢, is used to measure and

U
predict g-factor. 5 Disagreement in SM
g =242(+0@)) = o= 20| B e
, ~ )
2. The a, of SM is contributed by the following components: y K
f‘ﬁM = a4+ a" +afl"" + afi"P! ~ 0.0012
(Tree-level | {r QED Al Electroweak 1( Hadronic ) H H
Y

a,=0 Schwinger term: % Hadronic vacuum Hadronic light by light
. larizati HVP ttering (HLbL
« No virtual a Leptons’ photons . W’ Z’ nggs bosons polarization ( ) scattering ( )
particles | . Dominant contribution ||+ Contributions ~m2/m2, ||* Quarks, gluons o
. Terms to 0(a’) - Most difficult to calculate See Massimo’s talk
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SM Prediction of Anomaly

The Muon g—2 Theory Initiative provide a consensus SM prediction for a,, , to be compared with
experiment. https://muon-gm2-theory.illinois.edu/
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' Fermilab (2025) GOAL

« The hadronic effects are estimated from Data-driven dispersive and Lattice QCD (major uncertainties)

« The Fermilab experimental precision is improving over time, goal is to achieve 140 ppb! °


https://muon-gm2-theory.illinois.edu/
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Principle of g-2 Measurement

1. Injects polarized muons into a storage ring, circulated the ring at

\
cyclotron frequency in a uniform magnetic field B: / \
e g > 2
w.=——=~8
4O,

m,c /

2. While muons are stored, its spin precesses slightly faster thanits || TS
momentum, this precession rate, aka anomalous precession | | Spin —s

frequency:
W, = W, — Q, \\

3. Muon anomaly can be extracted by measuring B, and w, from the
decayed positrons:

e

W, = a,——8 The Goal: Measures @, and B as

mﬂc

precise as possible!



Fermilab Muon g-2 Experiment
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« Data collected over 6 years +, resulted in 6 Run
* Muon g-2 result was announced using
« April 2021 : Run-1 PRL 126. 141801 (2021)
« August 2023 : Run-2/3 PRL 131, 161802 (2023)
 June 2025 : Run-4/5/6 arXiv:2506.03069  PRL (2025) Accepted

* The final dataset has 2.6 times more data than previous
datasets. 8



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802
https://journals.aps.org/prl/accepted/10.1103/7clf-sm2v
https://arxiv.org/abs/2506.03069

Muon Storage: Dipole Magnet
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l * Dipole magnet provides vertical and uniform
B, = 14513 T magnetic field for radial confinement.
T« C-shaped yoke to allow decay positrons
inward towards the center of the ring.

Field uniformity is important!
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Muon Storage: Inflector

Hellum Channel
(for cocling)

* Inflector magnet provide field free region
(cancel By) in the magnet gap, for muon to

enter the ring.
» The superconducting magnet is located at
r =77 mm outside of central closed orbit.

10
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Muon Storage: Kicker

+ Inflector
- ——— i’}—
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Kickei\

Modules
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10.8 mrad

» Kicker magnet provides 10.8 mrad pulse
By =1.4513 T kick (<149 ns), to offset the injected muons,
| centering the muons into ideal orbit.

11



Muon Storage: ESQ
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Quad Scraping with Collimator

Il Collimator
—-== Centered Orbit

—— Actual Orbit

-20 0 20 40

« Uses 4 Electrostatic Quadrupoles (quad) to provide vertical focusing.

« Scraping beam to reduce muon lost rate (edge muon)

12
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Muon Storage: RF-Matching

Mismatch between incoming beam phase space and storage ~ 2 200F 'k T
acceptance, causes Coherent Betatron Oscillation (CBO) o 18:2F ]
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* The RF voltage was superimposed to the quad voltage (Run5/6).
13

* Introduce small modulation (~1kV) to ESQ voltage, to resonantly dampen CBO.
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« Calorimeters (x24) around the ring measures the energy and
the arrival time of the positrons decay from stored muons.

» Parity violation causes high-energy ¢ ™ counts oscillate as
spin point towards and away from the calorimeters.

« The w, can be readily extracted by fit to the high-energy et

arrival tme:—  — Nyets [1 + A cos(a,t + )|

x10 x10 t=231.46ps
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Spin Precession Frequency
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* With RF : ~ 90 ppb

Effects were modeled with
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in the final fit!
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Decay e+

/

orimeters

Vacuum Chamber

\

Tracking Detector Station

8 Observable: Vertical decay position

Inflector *—

Reconstructed tracks are
extrapolated to muon decay
position

.......

Measures vertical decay
Tracker station 12, 18 position
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« Reconstructing muon beam profile from
the positron trajectories:

« Used for Beam Dynamics corrections.
« Used to weight the measured

» Tracker station (x2) used, 8 modules per station (128 straws).  magnetic field.

' ).
4
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B Field Measurement : NMR Probe

378 Fixed Nuclear Magnetic Resonance
(NMR) Probe to monitor field. (w/o Beam time).

S
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17 Mobile NMR Probe circles around the ring
to map the field (no beam, every 3 days),
totaling ~ 100km!
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Measuring the Anomaly
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Cancel out contributions

Polarized muon injected with p, = 3.1 GeV, 7, = 64us Cancel out contributions due due to electric field at
Storage time: 700us , expected 5000 muons stored in one fill. | to weakly focusing.(¥) magic momentum. (¥)
w,=—

Momentum ee—s-

= / m External factors
W“NVWYI\VNVWWWWWMWWWWWWWVW known to be 22 ppb

. | S S — T e psimed to0us . = @, ,Up m,u
W, | 3 T sy m
S ] 6ol 1 g 0.8% P //tB (4
: = : A A > &
oo | 1 ] " However, one need to
RN L SRR I | account for corrections
e due to systematic effects 18

Radial position (mm)
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Corrections and Systematics

Beam dynamics
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Overall Improvements (selected)

RUN-5/6 onwards
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B RUN-1 - RUN-4/5/6
. RUN-2/3

Corrections and Systematics

- Total Corrections:
Beam dynamics

= = Run-1 : 544 + 157 ppb
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1.Largest corrections come from Electric field and pitch effects. Run-1 Run-2/3  Run-4/5%6 Al Run
2.Uncertainties contribute equally to total error. ( E

21

3.Combined uncertainties surpassed total TDR precision goal of 140 ppb!
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Muon g-2 Final Results
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Phys. Rev. D 73, 072003 (2006)

BNLES21 4+, 540Ppb. | . Fermilab results are in excellent tt
. 2 . ermilab results are in excellent agreement to

it . T T the BNL E821.

Run-2/3 : o : 210 ppb * Run-2/3 result halved the uncertainty of Run-1.

Run-4/5/6 P 210 ppb * Run-4/5/6 reduced uncertainty by another x1.8.

Run-1-6 et 137 ppb « Combined average reduces the uncertainty by
Eeo wvarsae e R 4.3, compares to BNL E821.

T SN SRS T R S S SN RS SR  The Fermilab result is the most precise
95 20.0 20.5 ay 2}09 _ 165291(55 measurement of a,,.

- Run-1  Run-2 Run-3 Run-4 Run-5 Run-6

300 _—

// a,(Run-4/5/6) = 0.001165920710 (162)

100 F

a,(Run-1-6) = 0.001165920705 (148)

Analyzed positrons (Billions)

arXiv:2506.03069 PRL (2025) Accepted
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https://journals.aps.org/prl/accepted/10.1103/7clf-sm2v
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.072003

Theory Initiative 2025 SM Prediction

« White Paper 2020 (WP2020) : compilation of data-
driven dispersive methods (20 years+): CMD-3 is in
tension with previous evaluations.

« WP2025 exclusively compiled Lattice-QCD results:

« Hadronic effects:
« HVP (520 ppb)
« HLbL (85 ppb)
* No significant discrepancy with experiment at
this precision.

 However, long standing tension between data-

driven and Lattice-CQD exists.

For more detail, see Massimo’s talk
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Theory Initiative
https://arxiv.org/abs/2505.21476 WP (2025)

The ranges shown (in light green) in the LO-HVP e*e™ section represent the spread of
values across different measurements or calculations and should not be interpreted as
statistical uncertainties in the conventional sense. Theory section adapted from WP 2025.
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i 530ppb
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https://arxiv.org/abs/2505.21476

Conclusion and Outlook
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Aim to reduce theory uncertainty by Eur. Phys. J. C 77, 139 (2017
See Gerco’s talk ) \ x4 to test SM https://arxiv.org/abs/2505.21476 j



https://journals.aps.org/prl/accepted/10.1103/7clf-sm2v
https://arxiv.org/abs/2506.03069
https://link.springer.com/article/10.1140/epjc/s10052-017-4633-z
https://arxiv.org/abs/2505.21476

Thanks For Your Attention!

The Muon g-2 Collaboration:
176 collaborators, 34 institutes, 7 countries
Particle-, Nuclear-, Atomic-, Optical-, Accelerator-, and Theoretical-Physicists and Engineers
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C, Corrections

3¢ Electric-Field Correction: C,

The largest correction
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Increased confidence and small reduction of uncertainties to total of 27 ppb.

Trackers

Parasitic: Dispersion & Beam Dynamics
(Improved uncertainties from MiniSciFi)

Calorimeters

Parasitic: Muon Dephasing
taking time-in-bunch into account
(improved robustness of method)
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Intensity [arb. units]

All Bunches
1.0 -
0.8
0.6
0.4
0.2
0.0 -

~0.004 —0.002 0.000 0.002 0.004
p — p(magic)
p(magic)

NEW! Minimally Intrusive Scintillating
Fiber Detector ¥Mini$ciFi)

Vertical and Horizontal versions

Dedicated studies: Cross-checks and 27
uncertainty determination (tracker)



Mean radial position [mm]

RF signal [a.u.]
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* RF acts like a forced harmonic oscillator
(for 6 us)

» If tuned correctly to the CBO frequency:
* Phase-shifts different muon distributions

s, » Reduces the oscillation of the mean of the
particle ensemble (reduces the coherence)

"

Time [ps]

*illustration of the effect Spllt data into 4 datasets

noRF, xRF, xyRFS5, xyRF6

28



Total Corrections

Ty
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Correction Uncertainty
Quantity terms (ppb) (ppb)
w! (statistical) 434
@} (systematic) 56
C, 489 53
C, 180 13
Cui -11 5
Cpa —158 75
fcalih(mp(x’y’q)) XM(X,)’JI’)) 56
B, =27 37
B, -17 92
1, (34.7) /4, 10
m,/m, 22
9e/2 0
Total systematic 157 159
Total fundamental factors e 25
Totals 544 462

PRL 126, 141801 (2021)

Quantity

Correction (ppb) Uncertainty (ppb)

w™ (statistical)
@} (systematic)

Feativ - {00, (F) x M(F))
By

B,

H,(34.7°)/ e

m/x/me

9e/2

Total systematic for R,

Total external parameters
Total for a,

451
170

622

201
25

32
10
13
17

3

46
13
20

11
22
0

70 78

25
215

PRL 131

. 161802 (2023)

. Correction  Uncertainty
Quantity (ppb) (ppb)
wy (statistical) 114
wq' (systematic) 30
Ce 347 27
Ch 175 9
Cpa -33 15
Cad 26 27
Cmi 0 2
(wy, x M) (mapping, tracking) . 34
(wp x M) (calibration) e 34
By, -37 22
B, -21 20
pp/ 13 4
M/ Me 22
Total systematic for R}, . 76
Total for a, 572 139

arXiv:2506.03069
PRL (2025) Accepted
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802
https://journals.aps.org/prl/accepted/10.1103/7clf-sm2v
https://arxiv.org/abs/2506.03069

2= MUonE

MUonE uses a new, independent evaluation of a9

¢/ TSUNG-DAO LEE INSTITUTE

5— x=088,E, = 1307 GoV Muon beam momentum =150 GeV

aHLO — g/ dz(1l — x) Aap.q[t(z)]

K T Jo

Muon scattering angle (mrad)
»
I

Aapqq: hadronic contribution to the running of a in
the space-like region

Aay,4(t): can be extracted from the shape of ‘ . .
ue — ue differential cross section

/ e muon filter
' — | chamber
M2 u beam . {_ e | O | B He
160 GeV/e / 7
station #1 #2 #3 I #k #N .
ECAL Conclusions
Figure 24: Schematic view of the MUonE experimental apparatus (not to scale). * The MUonE Phase | is ongoing with reduced setup — MiniMUonE

» 3 more weeks of data taking as main users of the M2 beamline
* Next step:

- Analysis of the data taken during 2025

- R&D activities to improve the experimental apparatus
* e.g. SciFi Muon Filter, IR HAM, mechanics of the tracking stations..

* Full Setup ready after the Long Shutdown 3 (~2029)

* More info about the MUonE experiment with some preliminary results will be
given in Eugenia Spedicato’s talk “Tackling the muon g-2 anomaly with the
MUonE experiment at CERN”

07/07/25 MUonE detector at CERN, EPS-HEP 2025 23

https://indico.in2p3.fr/levent/33627/contributions/155307/attachments/93967/144046/AArena  EPS-HEP2025.pdf



https://indico.in2p3.fr/event/33627/contributions/155307/attachments/93967/144046/AArena_EPS-HEP2025.pdf

Pile-up and Lost Muon

i § A 5T

e [ow energy positrons with different phase measured in calorimeter, contributing to pile-up event; compares

to high energy positron, a single event.

108

R

A

106 F o

Counts/50 MeV

S e e e |
—— Raw data |
---- Pileup (positive)

........ Pileup (negative) |

104 -
Muon spin _ .
direction 1 pileup cluster with (E1+E2, 102 |
T i 1 cluster with (E, 1) 100 L
Calorimeter P —

4 6 8
Energy (GeV)

pileup model
uncertainty, ~ 3 ppb

e Muons impact on vicinity of the SR, losses energy, exits the SR before decaying into positrons.
e [ost muons introduce time-dependent distortion of measured positrons.

Niriples/149Ns/Positron

III|IIlI|IIII|IIII|IIII|IIlI
—— Data subset 1D
---- Data subset 2C
-------- Data subset 30

1
v b b by e b by

50 100 150 200 250
Time (ps)

Muon lost time
distribution for different
sub-datasets.

<24 >



Laser Calibration

e Sends laser pulse synchronously on all calorimeter channels: J"“i[‘ by 1% HNPOIN TP IS
o provide calibration for the SIPMs response, :.009: 3 b 0o * *
o short and long term calibration of the SiPM gain function, §°-§85— s ETTI
o troubleshoot calorimeter and DAQ systems, ZO}ZE | :“:h - ' '}
o additional synchronization signals. g P e e e SR
Hours

I bundle
Slow Control
Diffuser

Diffuser

Diffuser

<30 >

LASNr L S.M. = Source Monitor

L.M. = Local Monitor




J-PARC g-2/EDM

J-PARC g-2/EDM

Constructed in 2021

Shields, area control (2022) :
RF Acc. Test at S2 area (May 2023)

"MUon storage fing

ol
(% =i S\
2,1 Z)
c:’:”//40 m‘mu“

A iR T
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2= More to come!

from Muon g-2 at Fermilab from others
* Muon EDM results » J-PARC g-2/EDM experiment plans
« More Beyond Standard Model to take data in the next years
Analysis: « Complementary technique, no electric
+ CPT/Lorenz-violating fields, not at the magic momentum
« Dark Matter » goal: a 450 ppb measurement

* Theory community including
experimental input for data-driven
_ HVP determination
é;ikniﬁémﬁ * including the MUonE experiment,
complementary input data

BSM searches (EDM, CPT/LV, DM)

Muon Electric Dipole Moment (EDM) CPT and Lorentz Invariance Violation

* w, modulated at the sidereal motion freq.
* Run-2/3 analysis in review.

« Current limit (BNL): 1.4 X 1072* GeV -

* The spin precession plane is tilted in the
presence of the EDM.

* Run-2/3 analysis to be announced soon! Projected limit (FNAL Run-2/3): 0(10725) GeV
 Current limit (BNL): 1.8 x 107 e - cm
- Projected limit: ~ 0(1072% e - cm) Ultralight Muonic Dark Matter (scalar)
e S * w, modulated at the DM Compton frequency.
N » Run-2/3 analysis in progress.
o= van (E) [MC data] w, time series data

1.44 x 10°

X L, 143975 x10° [ 17
2 i

s | R i _A litr {13 T 5 84 ) 77 + w1
3 1aassxaot ! lié s G Ml o |t REEAE B KR W S 1A
© 1.43925 x 10° | T IR ia |31 lki,_&- L e ! |
= A il i " il ’
et
3 1.43875x 10° 1T b YT RS ity t
1.4385 x 10° 4
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1.58283x10°  1.58283x10°  158284x10°  1.58284x10° 158284x10° 1.58284x10°  1.58284x 10°

Time [s] 50




aF Large Dataset

allows to demonstrate
consistency

BNLéQ
BNL 00
BNL 01
Run-1A
Run-1B
Run-1C

Run-1D —————

Run-2

Run-3A
Run-3B

NoRF

XRF5

XyRF5

xXyRF6

World average

_._
——
——
—o—
+

x2 = 11.34/13
p-value = 0.58

18

20

]
22 24
a,-10° - 1165900

A

NSTITUTE
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Final Systematics

: Correction Uncertainty
Quantity (ppb) (ppb)
wg' (statistical) 114
wq' (systematic) 30
C. 347 27 o, map.
C, 175 9
Cha -33 15
Cld 26 27
le 0 2
(wh x M) oy 48
By, -37 22 Cmi
B, 21 20
i 1 TDR goal : 100 ppb v
m’; /e 22 * “Evenly” distributed
Total systematic for R, X 76 * No dominant source
Total for a,, 072 139 « Further improving would require

reducing in many categories 43



