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BSM physics: a lot of things we donôt knowé

ÅDespite the great success of the Standard Model (SM), many ongoing mysteries for Particle Physics!

²ƘŀǘΩǎ ƎƻƛƴƎ ƻƴ ǿƛǘƘ ŘŀǊƪ 
matter?  

²Ƙȅ ǿŀǎƴΩǘ ǘƘŜǊŜ ƳƻǊŜ 
antimatter in the early 
ǳƴƛǾŜǊǎŜΚ ²ƘŜǊŜΩǎ ǘƘŜ /t 
violation needed to cause 

that?

Why do we have three generations 
in the SM, and why do they have 

the structure they do?

Is there any physics beyond 
the Standard Model (besides 
ǿƘŀǘ ǿŜΩǾŜ ŀƭǊŜŀŘȅ ŦƻǳƴŘύ Κ

+ much more!
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The magnetic moment of the muon

ÅCharged particle in B field interacts via intrinsic magnetic moment:

ÅDirac equation predicts g = 2 for spin ½ particles, but virtual particles in loops lead to corrections: g > 2. 

ÅUnique indirect way to test precision of SM!  

ÅWe define the óanomalous magnetic momentô and measure that:
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Theoretical predictions of g -2 (2020 status)

ὥА (SM) = 116591810(43) x ρπ  

1st Order QED (Schwinger)

Higher order 
QED (Vacuum 
polarization) Hadronic (HVP or HLBL) Electroweak

(Muon g-2 theory initiative: WP2020)

g = 2 

~ 0.1 x ρπ HVP: ~ 40 x ρπ  I[.[Υ Ϥ мф Ȅ ρπ ~ 1 x ρπUncertainties:
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Theory status: today
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Theory status: today

ÅSince 2020, increasing tensions within the theory 
predictions for g-2:

ÅData-driven approaches: using experimental 
results (e.g. cross sections of ὩὩ  to hadrons) to 
calculate g-2.

ÅSome small differences seen earlier, e.g. BaBar 
and KLOE didnôt quite agree.

ÅBut, still able to combine multiple independent 
results into a single value. 
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Theory status: today

ÅBombshell #1: CMD-3ôs 2021 result (ὩὩ  O
 ʌʌ ):

ÅDid not agree with the other data-driven methods. 

ÅDid not agree with itôs own old result (CMD-2)! 

ÅSND new results (multiple channels), still agreed 
with other old results. 

ÅThis is pretty puzzling! 

ÅNew BaBar result (this Aug): re-analysis of the 
ὩὩ  O  ʌʌ cross-section: good agreement 
with their previous result. 

ÅKLOE are also planning to do a reanalysis with 
more modern techniques. 
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Theory status: today

ÅBombshell #2: High-precision lattice results:

ÅLattice QCD method: ófirst principlesô method for 
calculating HVP without data input.  

ÅBig uncertainties ï none included in 2020 WP for 
this reason. 

ÅFirst sub-% precision from BMW group ï in 
tension with data-driven results. 

ÅSince then, blinded lattice analyses show good 
agreement, and sit higher than the data-driven 
approach.

ÅWP 2025 chose to use lattice over data-driven. 
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A long experimental history...

ÅMeasurements + calculations have 
been done since the 1950sé

ÅAs the experimental sensitivity 
improves, more contributions tested.

ÅSM prediction and experiment agreed 
well up to CERN-III. 
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BNL g -2 measurement 

ÅGroundbreaking experimental techniques ï most of all, 
manufacturing of ósingle pieceô magnet for B field 
uniformity. 

Å2006 result: showed a tantalising hint of potential new 
physics with a 3.7 sigma discrepancy. 

ÅNeeded to do this measurement again, but better! 
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The move to Fermilab

ÅThe BNL magnet was/is an incredible feat of engineering ï strong motivation to reuse it. But, how to 
get it from BNL to FNAL? 

2013
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The move to Fermilab

ÅFermilab chosen for purity and intensity of muon beam: 

ÅProtons from FNAL complex in the recycler ring (8 GeV) 
incident on Inconel (nickel-iron alloy) target ï makes pions. 

ÅPions separated from other hadrons + sent to delivery ring, 
where they decay into muons. 

ÅMuons (~ 3 GeV) injected into the g-2 experiment.

Å8 or 16 óbunchesô per 1.4s, ~ 10k stored muons per bunch.  
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Measuring ╪А in a storage ring

ÅStorage ring provides 1.45 T vertical B field. 

ÅTwo oscillations: cyclotron frequency and spin 
precession. Measure the difference:

ÅIf we also measure the field to high precision: can 
extract ὥА.

Measured by us Measured by other experiments

‫ ‫ ‫ ḙ ὥА
Ὡὄ

άА
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Why muons?

ÅElementary particle ï keeps things simple, one decay channel! 

ÅHigher mass than electron, so higher sensitivity to new physics (  θlepton mass squared).

ÅDecently long lifetime ï long enough to observe the induced motion.

ÅIs why we donôt use taus for this (tau g-2 is a thing, just not measurable with a storage ring!). 

ÅParity violation makes things even more convenient:

ÅPion decay gives us highly polarised muons ï needed for the experiment to work. 

ÅMuon decay being polarised means it encodes the spin information ï use detected Ὡ  for measurement.
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Muon storage

ÅMagnet: provides radial focusing.

ÅInflector: Prevents large beam deflections. 

ÅLocated at entrance to ring, cancels local B field.

ÅKicker: Pushes incoming beam onto equilibrium orbit. 

ÅElectrostatic quadrupoles: vertical focusing.

Quads

0 when in a flat plane

л ŀǘ ǘƘŜ ΨƳŀƎƛŎ ƳƻƳŜƴǘǳƳΩ Ґ оΦлфп DŜ±
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The magnetic field - uniformity

ÅKnowing the field to high precision is essential!

ÅSuperconducting magnet cooled to 5K, ~ 7m radius. 

ÅBoth passive and active shimming used to maintain field 
uniformity: 

ÅWedges and edge shims all adjustable: many month long 
campaign after magnet arrived to get this as uniform as 
possible. 

ÅActive shimming done by surface coils: field monitored 
over the entire lifetime of the experiment.  

Measured by us Measured by other experiments
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Detector systems: calorimeters

ÅCalorimeters are the ómainô detector for the g-2 measurement:

ÅGet energy + count over time from them. 

Å24 PbF2 calorimeters around inside of ring:

Å54 crystals per calorimeter, read out using SiPMs

ÅLaser calibration system to control the ógainô.

ÅTime synchonisation to ~ 50ps. 

ÅSiPM energy calibration at the 0.04% level for all timescales.
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Detector systems: trackers

ÅTrackers designed for high-resolution beam measurements in 
real time:

Å~ 100µm hit resolution.

Å2 straw tracker stations: 

Å8 modules per station, 4 x 32 straws Ar:C2H6.

ÅHits fitted into tracks, which are then extrapolated back to the 
point of decay.

Built in the UK at 
Liverpool!
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Extracting a µ from data 

ÅAll effects accounted for in the ómaster formulaô for ʖ / ʖᴂ :

ʖ

ʖᴂ

Ὢ  ʖ ρ  ὅ ὅ ὅ ὅ ὅ

Ὢ ʖ ὼȟώȟה ὓὼȟώȟה ρ  ὄ  ὄ

blinding factor precession beam dynamics corrections

absolute field 
calibration

magnetic field sampled by 
the muon distribution

magnetic transient 
corrections
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Blinding the data

ÅTwofold approach to blinding: 

ÅHardware blinding: < 40 ppb shift in the clock 
frequency, applied and documented by two 
people external to the experiment. 

ÅSoftware blinding: an extra frequency shift 
applied using code prior to looking at data. 

ÅMultiple stage unblinding: each sub-dataset, 
analyser has their own unblinding.

ÅRelative unblinding between methods to check 
consistency.

ÅFinal unblinding done after collaboration vote: 
envelopes with hardware blinding opened. 



Dominika Vasilkova  

Slide 21/33

Extracting Ἡ

ÅCount number of positrons seen above an 
energy threshold:

Åʖ  extracted from the wiggle plot using ~ 
30 fit parameters. 

ÅBasic 5-parameter fit: 

ÅExtra parameters for beam motions, lost 
muon effects, slow-varying effects etc. 

ὔὸ ὔὩ Ⱦ ρ ὃὧέί‫ὸ ‰
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Beam dynamics corrections

ÅE-field correction (Ce) and pitch correction (Cp):

ÅSpread in muon momentum values/ vertical betatron oscillations make 
these not exactly 0. 

ÅMuon loss (Cml) , Phase acceptance (Cpa), Differential decay (Cdd).

ÅLost muons have a different phase, which can bias the overall fits.

ÅPhase varies across beam, and boosted muon lifetime depends on the 
momentum.

ÅThese lead to time-varying phase.

ÅQuantify these using tracker data/MC simulation. 

0 when in a flat plane

л ŀǘ ǘƘŜ ΨƳŀƎƛŎ ƳƻƳŜƴǘǳƳΩ Ґ оΦлфп DŜ±
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Magnetic field measurements

ÅField is measured with a series of probes 
(on trolley and around ring) which need to 
be calibrated.

ÅExternal H20 probe used with He3 as a 
cross-check.

ÅTrolley measures field maps, then fixed 
probes monitor in between trolley runs. 

Field maps

Muon distribution

ÅNeed to know what field the muons óseeô: 
so convolute with the beam measured by 
the trackers. 
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Field transients

ÅBoth kickers and the quadrupoles perturb the field: 

ÅBoth effects need to be accounted for to accurately get the field seen by the muons.

ÅRun 1 had very large quad transients due to damaged resistors. 

Quadrupoles introduce a mechanical vibration when 
charging/discharging: Kickers cause eddy currents: 
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Muon g -2 data collection

ÅData collection period was 2018 ï 2023, we separate distinct beam time regions into runs:

ÅStatistical uncertainty target of 
100ppb :

Run Positrons [109] % total Stat. unc. [ppb]

1 15.4 5 434

2/3 70.9 23 201

4/5/6 222.2 72 114

1-6 308.5 - 98
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Run 1 and Run 2/3

ÅFirst two results from g-2 were Run 1 (2021) and Run 2/3 
(2023):

ÅRun 1: compared to WP2020, gave ~ 4.7ů, which made 
everyone very excitedé

ÅRun 2/3: would be > 5ůé but now we have CMD-3 and the 
lattices. 

ÅExcellent agreement seen between our results (and 
also with BNL).

ÅMany improvements/extra studies for Run 4/5/6 ï will 
briefly cover some of them now! 
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Kicker performance + transient 

ÅGetting a well-centred beam ended up being quite a challenge ï many years of upgrades to cables 
and impedance matching. 

ÅMuch better understanding of kicker transient in Run 4/5/6 due to new magnetometer ï radial 
dependence found and accounted for. 
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Quad RF: reduce beam motion

ÅBeam motion complicates things, especially when it varies over time ï so introduce a RF 
dampening system to reduce the overall amplitude of it. 

ÅReduces CBO by a factor of 9, 
improving associated uncertainties! 

No RF With RF
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Bonus studies: the MiniSciFi  + tracker target

ÅBeam position/momentum distributions tested destructively with 
new miniSciFi detector + tracker scattering target. 

ÅIndependent check of tracker beam dynamics measurements + 
uncertainties as well as detector alignment.  

Scattering target
MiniSciFi
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Final Run 4/5/6 systematics

ÅTDR goal of 100ppb reached! 

ÅNo ódominantô source of systematic 
uncertainty ï any further improvements 
would need to be across many categories. 

Run-4/5/6

Electric Field
Pitch

Phase Acceptance

Differential Decay
Muon Loss

Transient Kicker
Transient Quads
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Final Run 4/5/6 (and overall) results

ÅFinal precision of 127 ppb, more that 4x better than 
BNL result (and better than experimental TDR goal). 

ÅCombined with BNL: 124 ppb precision. 

ÅExcellent consistency seen across our datasets! 

ÅMost precise determination of aµ for years to come ï 
provides a stringent test of the SM and limits on BSM 
models. 

╪ⱧἏἦἜ       ἸἸἪ

D. P. Aguillard et al. (Muon g-2), Phys. Rev. Lett. 
135, 101802 (2025), arXiv:2506.03069 [hep-ex].

https://journals.aps.org/prl/abstract/10.1103/7clf-sm2v
https://journals.aps.org/prl/abstract/10.1103/7clf-sm2v
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Whatôs next for muon g -2?

ÅFrom FNAL g -2: more analyses (and physics!) to come: 

ÅElectric dipole moment (EDM) search ï targeting ~ an order 
of magnitude better world limit. 

ÅCPT/LV and Dark Matter searches. 

ÅJ-PARC g-2 experiment: independent verification of our 
results: 

ÅCompletely different experimental method using a surface 
muon beam.

ÅMUonE @ CERN: measure HVP from hadronic running of 
ŬQED :

ÅFinal precision expected to be similar to current HVP 
estimates, so cross-checks them.



Thank you!
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Contact:
Email: D.Vasilkova@liverpool.ac.uk
Socials: @dragondodo.bsky.social
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EDM analysis

ÅInteresting as ~ 0 in SM ï any observation 
is new physics (that is CP violating!)

ÅUse trackers to look for extra ótiltô 
precession, at g-2 frequency but out of 
phase with it

Signal extracted by fitting 
vertical angle oscillation:
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CPT/LV

ÅLorentz Violation: existence of a preferred direction in space/time, some uniform background 
vector óeffectô.

ÅCPT allows but doesnôt need LV.

ÅSignal is a ósiderealô or annual variation in the value of ʖ .
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Dark matter

Åg-2 has sensitivity to ultralight dark matter:


	Slide 1: Muon g-2 at Fermilab: latest results and future prospects 
	Slide 2: BSM physics: a lot of things we don’t know…
	Slide 3: The magnetic moment of the muon
	Slide 4: Theoretical predictions of g-2 (2020 status)
	Slide 5: Theory status: today
	Slide 6: Theory status: today
	Slide 7: Theory status: today
	Slide 8: Theory status: today
	Slide 9: A long experimental history...
	Slide 10: BNL g-2 measurement 
	Slide 11: The move to Fermilab
	Slide 12: The move to Fermilab
	Slide 13: Measuring bold italic a. sub µ in a storage ring
	Slide 14: Why muons?
	Slide 15: Muon storage
	Slide 16: The magnetic field - uniformity
	Slide 17: Detector systems: calorimeters
	Slide 18: Detector systems: trackers
	Slide 19: Extracting aµ from data 
	Slide 20: Blinding the data
	Slide 21: Extracting bold omega sub bold a. 
	Slide 22: Beam dynamics corrections
	Slide 23: Magnetic field measurements
	Slide 24: Field transients
	Slide 25: Muon g-2 data collection
	Slide 26: Run 1 and Run 2/3
	Slide 27: Kicker performance + transient 
	Slide 28: Quad RF: reduce beam motion
	Slide 29: Bonus studies: the MiniSciFi + tracker target
	Slide 30: Final Run 4/5/6 systematics
	Slide 31: Final Run 4/5/6 (and overall) results
	Slide 32: What’s next for muon g-2?
	Slide 33: Thank you!
	Slide 34: Bonus slides
	Slide 35: EDM analysis
	Slide 36: CPT/LV
	Slide 37: Dark matter

