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• g-factor connects the spin (𝑠) of a particle to its magnetic moment (�⃗�)

• Spin precesses in a magnetic field; larger g-factor, 
higher spin precession frequency (𝜔!)

Magnetic moment and g-factor

�⃗� = 𝒈
𝑒
2𝑚

𝑠

2

Magnetic 
Field 𝐵

Spin 𝑠

𝜔%=
𝒈
2
𝑒
𝑚
𝐵



Studies on the g-factor have laid the foundation of the Standard Model 
g = 1 for classical current loop

• Stern-Gerlach (1922) and atomic spectroscopy found 𝑔𝑒 ≈ 2

g = 2 for a “free” spin-1/2 Dirac particle

• A prediction of Dirac’s equation (1928)

g > 2 due to interactions with virtual particles (quantum fluctuations)

• Kusch and Forley (1947) studied Zeeman effect in Ga atom and found g ~ 2.002

• J. Schwinger (1947) calculated the 1st order QED correction

100 years of g-factor

3
Quantum Electrodynamics 
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Testing Standard Model with the g-factor
Measuring the size of quantum fluctuations reveals the 

particle and force content of the universe

+ +

+ + +

Dirac-Term
(g=2)

Quantum Electrodynamics
(g~10-3)

Hadronic Vacuum 
Polarization

(g~10-7)

Hadronic Light-
by-light
(g~10-9)

Electroweak
(g~10-9)

Source: Wikipedia/Cush



Probing New Physics with Muon g-2
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Is there any new physics (in the experiment) that is not in the 
Standard Model (calculation)?
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FNAL Goal = 140 ppb

Parity violation
in weak decay

(1956)

Parity violation
in muon decay

and g~2
(Lederman,1957)



6Muon g-2 collaboration meeting at Elba, Summer 20196

Muon g-2 Collaboration
(176 collaborators, 34 institutes, 7 countries)

US Universities
– Boston
– Cornell
– UIUC 
– James Madison
– Kentucky 
– Massachusetts
– Michigan
– Michigan State
– Mississippi
– North Central College
– Regis
– Trinity
– Virginia
– Washington
– York CUNY

US National Labs
– Argonne
– Brookhaven
– Fermilab

• China
– Shanghai Jiao 

Tong
• Germany

– Dresden
– Mainz

• Italy
– Frascati 
– Molise
– Naples
– Pisa
– Roma Tor Vergata
– Trieste
– Udine

Korea 
− CAPP/IBS/KAIST

Russia
− Budker/Novosibirsk

United Kingdom
− Lancaster/Cockcroft
− Liverpool
− Manchester
− University College London

We include Particle-, Nuclear-, Atomic-, Optical-, Accelerator-, and 
Theoretical-Physicists and Engineers, and we combine our efforts 

to measure a single value, g-2, to 140 ppb (BNL=540 ppb)!



7

2020: Muon g–2 Theory Initiative
• 100+ theorist compile the theoretical input 

and provide recommendations
(muon-gm2-theory.illinois.edu)
• TI White Paper 2020

Physics Reports 887 (2020) 1-166
• data-driven dispersive approach from 
𝜎(𝑒"𝑒# → ℎ𝑎𝑑𝑟𝑜𝑛𝑠) data from different 
experiments over 20+ years
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The here shown ranges in the HVP 𝑒!𝑒" section are merely 
meant to illustrate the spread, they cannot be interpreted as 

uncertainties with a proper statistical meaning.



8

• First result using 5% of our full dataset
(Run-1 in 2018)
• In good agreement with previous results

• First high-precision ab-initio calculations 
of HVP on QCD-lattice

• in tension with the data-driven approach 
(𝑒"𝑒# → ℎ𝑎𝑑𝑟𝑜𝑛𝑠)

2021: Run-1 vs Lattice CQD
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The here shown ranges in the HVP 𝑒!𝑒" section are merely 
meant to illustrate the spread, they cannot be interpreted as 

uncertainties with a proper statistical meaning.
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2023: Run-2/3
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• Second result using 4.6 times more data
(Run-2/3 in 2019 and 2020)
• More than a two-fold increase in precision

Muon g-2 collaboration @ Liverpool in 2023



10

2025: Theory Initiative Update
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The here shown ranges in the HVP 𝑒!𝑒" section are merely 
meant to illustrate the spread, they cannot be interpreted as 

uncertainties with a proper statistical meaning.

Two months ago:

New TI White Paper (2025) using only  
QCD-lattice based (LO-)HVP determination

All the details in TI White Paper 2025 
arXiv:2505.21476

~ 100 authors
only 188 pages 



Data Collection – 6 Runs over 7 Years
(2017-2023)
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April 2021: Run-1 results
August 2023: Run-2/3 results
Today: Run-4/5/6 results 112.6 times more data
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Principle of g-2 measurement

(3) Measure the 
difference in 
frequencies

(2) Measure the
storage ring 

magnetic field

Obtain g-2

(1) Inject a spin-polarized muon beam
into a magnetic storage ring
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Principle of g-2 measurement

(3) Measure the 
difference in 
frequencies

(2) Measure the
storage ring 

magnetic field

Obtain g-2

(1) Inject a spin-polarized muon beam
into a magnetic storage ring
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• C-shaped superconducting magnet
• 14 m diameter, 1.45 T
• Designed and optimized for homogeneity

Muon g-2 storage ring

Credit: Fermi National Laboratory 

9 cm

9 cm

Vacuum Chamber
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B-field measurement and monitor
In-vacuum NMR trolley maps field every ~3 days

17 petroleum jelly NMR probes 2D field maps (~9000 slides per scan)

378 fixed NMR probes
monitor the field during
muon storage at 72 
azimuthal locations
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Principle of g-2 measurement

(3) Measure the 
difference in 
frequencies

(2) Measure the
storage ring 

magnetic field

Obtain g-2

(1) Inject a spin-polarized muon beam
into a magnetic storage ring



24 Calorimeters detect decay positrons

1,296 Lead Fluoride crystals readout by SiPM

E=52.8 MeV (a=1)

E=26.4 MeV
(a=0)

High energy 𝑒+ tends to be emitted along the muon
spin direction due to parity-violating weak decay

17



Precession freq. encoded in energy spectrum
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𝑁(𝑡) = 𝑁!𝑒"#/% 1 + 𝐴&cos(𝝎𝒂𝑡 − 𝜙!)

The g-2 wiggle plot!



Additional corrections

𝑎!~
"!
""

= "!
#

""
#
#$%$$%"$%"!$%%%$%#&

#$&'$&(
Transient magnetic fields:

Quad vibrations and kicker eddy current

Phase changes over each muon fill: 
Phase acceptance, differential decay, 

and muon losses

E-field & vertical motion: 
Spin precesses slower 
than in basic equation

Beam Dynamics Corrections

19

Transient Field Corrections



Final Uncertainties (stat. and syst.)

TDR systematics goal : 100 ppb ✓
• “Evenly” distributed
• No dominant source
• Further improving would require reducing 
in many categories
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Muon g–2 at Fermilab
• Measuring 𝑎! reveals the particle and force content of 

the universe

• Most precise determination of 𝑎! for many years to 
come (127 ppb)

• Benchmark for models with new particles or forces
• More to come in the next few years:
• Experiment: Muon g-2/EDM at J-PARC (start in ~2030)
• Theory: MUonE for independent HVP using space-like 

process, new tau data + isopin-breaking corrections, new 
e+e- data + better understanding of discrepancies, etc
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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. 

��
)�

��
)


��
)�

��
)�

��
)


��
)	

��
)�

��
�

�#��$�"!�"��� � � �

��

����

���

����������#�

�����'�	(�

��
��
���
����	�

�#��$�"!� 

�"!$#��%$�"!

%!��#$��!$&



22

Spin-Field Interactions
Spin 𝒔

（Quantum Effect)

Testing SM prediction
and searching for BSM

with the muon spin!

Ultralight Bosonic DM
• Scalar DM with muon Yukawa coupling
• ALP DM with muon EDM coupling
• ALP DM with muon wind coupling
• Vector DM with muon gauge coupling

DM-field
Spin 𝒔

Spin Precession
(Amplitude + Frequency Modulation)

B-field 𝑩
Spin 𝒔

Magnetic Dipole Moment
𝝁 = 𝝁𝒔

Spin Precession

Fermilab Muon g-2, J-PARC Muon g-2/EDM

E-field 𝑬
Spin 𝒔

Electric Dipole Moment
𝒅 = 𝒅𝒔

Spin Precession

PSI muEDM



BSM searches (EDM, CPT/LV, DM)

CPT and Lorentz Invariance Violation
• 𝜔" modulated at the sidereal motion freq.
• Run-2/3 analysis in review.
• Current limit (BNL): 1.4 × 10#$% GeV →
Projected limit (FNAL Run-2/3): 𝒪 10#$& GeV

Ultralight Muonic Dark Matter (scalar)
• 𝜔" modulated at the DM Compton frequency.
• Run-2/3 analysis in progress.

Muon Electric Dipole Moment (EDM)

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

• Run-2/3 analysis to be announced soon!

• Current limit (BNL): 1.8 × 10#'( e ⋅ cm
→ Projected limit: ~ 𝒪(10#$) e ⋅ cm)

23



• Electric dipole moment (EDM) violates time-reversal symmetry and charge-
parity (CP) symmetry, assuming CPT invariance.

• Standard Model predicts small EDMs for fundamental particles
• CKM contribution: 𝑑!*+, ∼ 10#%$ e ⋅ cm, hadronic long-range effect: 𝑑!-./ ~ 10#01 e ⋅ cm

• Current experimental limit 𝑑!234 < 1.8 × 10#'( e ⋅ cm (95% C. L. )

• Excellent probes for new physics since it is essentially “background-free”

• Any observed EDM signal is for sure BSM physics!
• May shed light on the baryon asymmetry in the universe as new sources of CPV are required

𝑑 = 𝜂
𝑒

2𝑚𝑐
𝑠

Motivation for EDM searches

PRD 89 (2014) 056006
PRL 125 (2020) 241802

PRD 80 (2009) 052008

A.D. Sakharov, JETP Lett. 5, 24 (1967) 24
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BSM/EFT models with large EDMs

PLB 831 (2022) 137194
PRD 98 (2018) 113002

EFT Analysis Muon specific 2HDM

JHEP02 (2023) 234 (4)

Radiative muon mass model

Strong motivation to go beyond FNAL/J-PARC goal of 10-21 e cm!
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The “frozen-spin” technique

𝜔
→
" − 𝜔

→
# = −

𝑒
𝑚
{𝑎𝐵

→
+ (

1
𝛾$ − 1

− 𝑎)
𝛽
→
×𝐸
→

𝑐
+
𝜂
2
(
𝐸
→

𝑐
+ 𝛽

→
×𝐵
→
)}

ωη: EDMωa : g-2

Frozen
spin

B-field
only

• Developed in 2004 for the muon EDM search PRL 93 (2004) 052001

• Freeze g-2 component by applying a radial E-field of ~ aBcβγ2

→ no anomalous precession in the storage plane
→ EDM causes an increasing vertical polarization
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Principle of the FS-EDM measurement

• Up-down asymmetry measured using upper and lower detectors
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The PSI muEDM collaboration

~ 30 active members from 6 countries



29

● Muon enters the solenoid 
through a SC injection channel

● Magnetic pulse kicker stops the 
muon’s longitudinal motion within 
a weakly focusing field where it 
is stored

● Radial electric field ‘freezes’ the 
spin so that the precession due 
to the g-2 is cancelled

● Up-down detectors measure the 
asymmetry of the muon decay

Principle of the FS-EDM measurement
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muEDM Phase I and Phase II

Phase 1:
● Negative helicity (95%)
● p=28 MeV/c
● B=3T
● Flux: O(106 μ+/s)
● Storage rate: O(102 μ+/s)
● ɣ=1.04
● Sensitivity/year < 3x10-21 e⋅cm

Phase 2:
● Positive helicity (95%)
● p=125 MeV/c
● B=3T
● Flux: O(108 μ+/s)
● Storage rate: O(100x103 μ+/s)
● ɣ=1.56
● Sensitivity/year < 6x10-23 e⋅cm



Overview of muEDM Phase I

31

Off-axis Injection tubes

Cryostat in vacuum
Vacuum 
cross for 
services

SC storage 
magnet

Magnet lifter

4K cryo head

𝜇2
A “tabletop” experiment

Guan Ming
WONG

Tianqi HU



Overview of muEDM Phase I
Inside the storage solenoid

32

SciFi
Tracker

Water-cooled 
correcting coils

HV electrode GND 
electrodeWeakly 

focusing coil

Trigger 
detector

SC tubes

Magnetic 
steel tubes

Magnetic 
kicker

𝜇2
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Muon trigger detector

Provides trigger signal of storage 
pulse kick
• Fast detector 
• Only does so for storable muons
• Rejects out-of-acceptance muons

SciFi
Tracker

Water-cooled 
correcting coils

HV electrode GND 
electrodeWeakly 

focusing coil

Trigger 
detector

SC tubes

Magnetic 
steel tubes

Magnetic 
kicker

Precise hole drilling using CNC 
machine at the TDLI muon lab

Optimized detector 
geometry to maximize 
storage muons
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Fast trigger for kicker coils

Fast electronics design to satisfy stringent timing requirements

SciFi
Tracker

Water-cooled 
correcting coils

HV electrode GND 
electrodeWeakly 

focusing coil

Trigger 
detector

SC tubes

Magnetic 
steel tubes

Magnetic 
kicker
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Storage pulse kicker

Short trigger delay necessitates internal latency of pulse generator to < 60 ns

• Coil quadrants generating pulsed longitudinal 
kick to store muons

• Technical requirements:
• large amplitude
• rapid triggering of short-duration pulsed 

magnetic field, with strong tail suppression

Pulse shape

First prototype

SciFi
Tracker

Water-cooled 
correcting coils

HV electrode GND 
electrodeWeakly 

focusing coil

Trigger 
detector

SC tubes

Magnetic 
steel tubes

Magnetic 
kicker
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Frozen-spin electrodes

Technical requirements:
• Precise alignment with muon storage plane
• Heat dissipation
• Minimal multiple scattering for positrons
• Suppress Eddy current

Current solution:
• 25 𝜇m Kapton films
• Strip-segmented 

~30 nm Al coating
• 2.2 mm pitch

Strip-segmented Alu-Kapton film approach 
suppresses Eddy current damping, without 
compromising electric field uniformity.

𝑬~𝟑 𝒌𝑽/𝒄𝒎

Radial electric field applied by two concentric electrodes enclosing muon orbit
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Positron detectors for EDM signal

• Double barrel SciFi tracker

• Measures longitudinal asymmetry of positron 

• Bundles of fibers with good timing and position 

resolutions

• transverse and longitudinal fibers

𝚫𝒛 ≈ 𝟏𝟎𝟎 𝝁𝒎

𝚫𝒕 < 𝟐 𝒏𝒔

Fibers layout

• Photon time and position 
(longitudinal info on internal 
barrel)

• Large number of readout 
channel a challenge

• Considering other possible 
geometries
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Annual beam tests at PSI

Characterisation of 
potential beam lines

2019

Study multiple scattering of e+ at 
low momenta

2020

Characterization of potential electrode 
material with

e+ and 𝝁!

2021

Performance test of prototype entrance 
detector and TPC tracker

2022

Aligning muon beam with centre axis 
of injection channel 

2023 2024

Positron detection efficiency, 
muon trigger detector
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muEDM Phase-I timeline
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Summary and outlook
• Muon g-2 at Fermilab
• Final results released, reached 127 ppb uncertainty!
• In good agreement with TI WP 2025 (HVP based on LQCD)
• However, more work is needed to understand the data-driven approach versus LQCD
• BSM searches ongoing: EDM, CPT/LV, Dark Matter

• Muon EDM at PSI
• Aiming for sensitivity 10⁻²³ e·cm using the frozen-spin technique.
• Phase I progressing well: Beam tests since 2019, first measurement expected by 2026.
• Sensitive to new CP-violation sources, complementary to Muon g-2
• BSM searches to be performed: Muonphilic Dark Matter
📌 Muon experiments continue to be a powerful probe for new physics—testing 
quantum corrections (g-2), CP violation (EDM), and Muonphilic Dark Matters!



Thank you for your attention!



Muons ~ 200 times heavier than electrons

• Electron g-2 is ~1,000 times more precise, but 
muon’s sensitivity is ~40,000 times greater to 
quantum loop effects

Relatively long lifetime of 2.2 μs

• It can be produced copiously and stored

Muon spin is self-analyzing

• Decay positrons are emitted primarily along the 
muon spin direction.

Why the muon?

42
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Measuring the spin precession frequency

Larger statistics reveal even more prominent
frequency components.

Simplest fit model captures exponential decay & g-2 oscillation
𝑵 𝒕 = 𝑵𝟎 𝒆#𝒕/𝝉 𝟏 + 𝑨cos(𝝎𝒂𝒕 − 𝝓𝟎)



• Stored muon beam exhibits coherent betatron oscillation (CBO)
• Coupled with the calorimeter acceptance, it distorts the time spectrum

CBO biases 𝝎𝒂 measurement 

Calorimeter

higher acceptance

lower acceptance

44

𝑵 𝒕 = 𝑵𝟎 𝒆"𝒕/𝝉 𝟏 + 𝑨 cos(𝝎𝒂𝒕 − 𝝓𝟎)

Fitting with this simple function
will lead to a wrong 𝝎𝒂.
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Ultralight Bosonic DM
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Ultralight Bosonic DM limits
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Measuring the spin precession frequency

Final fit functions include 40+ additional 
parameters to model these effects!

Simplest fit model captures exponential decay & g-2 oscillation
𝑵 𝒕 = 𝑵𝟎 𝒆#𝒕/𝝉 𝟏 + 𝑨cos(𝝎𝒂𝒕 − 𝝓𝟎)

Must account for beam oscillations, muons losses, and detector effects 

Example:
Beam dynamics modeling, such as CBO
• If not accounted for: ~800 ppb effect 

without the additional RF
• If not accounted for: ~80 ppb effect

with the additional RF 
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Corrections: Time-Dependent Mean Phase

Phase Acceptance 𝑪𝒑𝒂
• Detector Acceptances x Beam Motion

Muon Loss 𝑪𝒎𝒍
• Muons scattered out from the storage ring
• Negligible in Run-4/5/6 

Differential Decay 𝑪𝒅𝒅
• Momentum-dependent muon lifetime x 

phase-momentum correlations 


