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TO PEEK BEYOND

ÅStandard Model does a loté

ÅPredictions of interactions, masses, 
experiment observables

ÅStill some unanswered questions

ÅMatter -antimatter asymmetry

ÅPresence of dark matter

ÅMass and strength hierarchy

ÅA bunch of anomalies

ÅMuon g -2 indirect new physics search

ÅVirtual particles + behavior of muons
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THROUGH WHICH EYES?

ÅMuonõs magnetic moment is used as the handle to search for 
potential new physics

ÅRelation between moment and spin through g -factor

ᴆ‘ Ὣ ᴆὛ

Åg also tells us the precession rate of the spin vector in a 
magnetic field

‫ Ὣ

ÅFor Dirac point -like particle, Ὣ ς
ÅAnd if nature only cared about one Feynman diagramé

S
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THROUGH WHICH EYES?

ÅMuonõs magnetic moment is used as the handle to search for 
potential new physics

ÅRelation between moment and spin through g -factor

ᴆ‘ Ὣ ᴆὛ

ÅSpin is quantized, and the muon is a spin one -half particle 

ÅFor Dirac point -like particle, Ὣ ς
ÅIf nature only cared about one Feynman diagramé

S

Really likes art!
˓

T˓. Aoyama et al., Phys. Rev. Lett. 109, 111807 (2012)
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THROUGH WHICH EYES?

ÅFor Dirac point - like particle, ▌
ÅRadiative corrections from fundamental forces increase value of g

ÅStandard Model predicts g > 2, so what gives?

Schwinger Term 
♪

Ⱬ
QCD Electroweak
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DEFINING AN ANOMALY

ÅIndicator for potential unknown processes

ÅDefine the anomaly ( ╪Ⱨ), which tells us the fractional difference 
between exciting things and a Boring Universe

ÅAnomaly is the parameter of interest for the Muon g -2 Experiment

Schwinger Term 
♪

Ⱬ
QCD Electroweak BSM?
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REWIND TO MARCH 2021

ÅQED contributes most to anomaly, least to uncertainty

ÅHadronic terms bring most uncertainty ðQCD is non -perturbative

ÅHints from tension between Brookhaven (BNL) result and theory
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CONTRIBUTION VALUE 

Experiment (Final BNL) 116 592 089.        (63)

QED 116 584 718.931(104)

Electroweak 153.6        (1)

HVP (▄▄ , LO + NLO + NNLO) 6845.        (40)

HLbL(pheno . + lattice + NLO) 92.        (18)

Total Standard Model (SM) Value 116 591 810.        (43)

Difference: ╪ⱧFinal"., ╪Ⱨ3- 279.        (76)

╪Ⱨ
▌Ⱨ



BRIEF THEORETICAL ASIDE

ÅCollaboration compares result to 
WP20 prediction value 
ÅFrom Muon g -2 Theory Initiative
ÅGroup continues to update its result

ÅBMW20 Lattice QCD calculation is first 
lattice result with sub -percent 
precision
ÅPotential decrease in tension with 

experiment

ÅStill being discussed in theory 
community

ÅFocus on explaining the experiment
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BUILDING AT FERMILAB

ÅPhysicists love tensioné finding ité resolving ité

ÅThe Universe is the most imaginative thing in the room. How imaginative is it?

ÅAfter ~20 years, Fermilab Muon g -2 formed to try to answer the underlying 
questions from BNL

ÅFermilab experiment aims to make 140 ppb measurement

ÅWhy the move? Lots of muons!

Å8 GeV protons extracted from Recycler Ring

ÅSent incident on nickel -based target

ÅLeft with a highly polarized muon beam at the end
of this beamline
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THE EXPERIMENTAL PRINCIPLE

ÅStorage ring provides 1.45T field

ÅPhysics ensnared in mismatch between 
cyclotron and spin precession frequencies

Å‫ ὄ

Å‫ ὄρ ‎ὥ

Å‫ ḙ‫ ‫ ὥὄ

10

g = 2 g > 2



A MAGIC MOMENTUM

ÅStorage ring provides 1.45T field

ÅPhysics ensnared in mismatch between 
cyclotron and spin precession frequencies

Å‫ ὄ

Å‫ ὄρ ‎ὥ

Å‫ ḙ‫ ‫ ὥὄ

ÅRing field = horizontal focusing

ÅElectrostatic quadrupoles used for vertical

ÅMuons observe magnetic field
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A MAGIC MOMENTUM

ÅStorage ring provides 1.45T field

ÅPhysics ensnared in mismatch between 
cyclotron and spin precession frequencies

Å‫ ὄ

Å‫ ὄρ ‎ὥ

Å‫ ḳ‫ ‫ ὥὄ

ÅRing field = horizontal focusing

ÅElectrostatic quadrupoles used for vertical

ÅMuons observe magnetic field
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ADDED COMPLEXITY

ÅòMagic Momentumó minimizes electric 
field correction

ÅMuon beam swims and breathes in both horizontal and vertical directions 

ÅPitch correction needed to address motion outside the ring plane

ÅBeam dynamics effects become more pertinent to analysis

ÅLots of effects to consider, but eventually we reach a form for the anomalyé
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HOW WE TACKLE ὥ

Åⱷ╪is the anomalous precession frequency 

ÅὝ▬‫ is the Larmor precession frequency of 

protons in a water sample mapping the B field 
and weighted by the muon distribution

ÅEvaluates the magnetic field observed by the 
muons as they propagate around the ring

ÅGoal: 140 ppb [ 100 ppb (stat) + 100 ppb (sys) ]
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TOOLS OF THE TRADE

ÅStorage ring: 1.45T field, horizontal focusing

ÅHigh uniformity through shimming process

15



TOOLS OF THE TRADE

ÅStorage ring: 1.45T field, horizontal focusing

ÅHigh uniformity through shimming process

ÅInflector: Superconducting magnet

ÅEntryway for muon beam
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TOOLS OF THE TRADE

ÅStorage ring: 1.45T field, horizontal focusing

ÅHigh uniformity through shimming process

ÅInflector: Superconducting magnet

ÅEntryway for muon beam

ÅKickers: Nudge injected beam onto 
storable trajectories
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TOOLS OF THE TRADE

ÅStorage ring: 1.45T field, horizontal focusing

ÅHigh uniformity through shimming process

ÅInflector: Superconducting magnet

ÅEntryway for muon beam

ÅKickers: Nudge injected beam onto 
storable trajectories

ÅElectrostatic Quadrupoles: vertical focusing

ÅFour quads cover 43% of the storage ring
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TOOLS FOR ϳ‫ ‫ Ὕ

ÅNeed to determine B at < 100 ppb to determine ╪Ⱨ
ÅUse NMR to assess B-field in terms of proton precession frequency ‫
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378 fixed probes

continuous monitoring

NMR Trolley maps field 

every three days

Trolley cross -calibrated to 

absolute probes

Absolute probes all cross -

calibrated at ANL test magnet



MORE THAN JUST THE B-FIELD

ÅMuons in beam weakly decay Ⱨ ᴼ ⱨⱧⱨ▄▄
ÅDecay positrons pass through straw trackers

ÅConstruct muon beam profile from tracker data

ÅCombine with field map
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Straw Trackers



THE DENOMINATOR

ÅMagnetic field map + Beam profile = AVERAGE FIELD THE MUONS OBSERVE
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ṧ

related to Ὕ▬‫



THE NUMERATOR

Å24 calorimeters placed around the ring measure positron energy spectrum

ÅThe power of an energy cuté

ÅParity-violating weak decay Ⱨ ᴼ ⱨⱧⱨ▄▄ Ą high -energy positrons 
preferentially emitted in direction of muon spin
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THE NUMERATOR

ÅCut at events above 1.7 GeV

ÅNumber of events in that range 
depends on the anomalous 
precession frequency

ÅFit to determine ‫

ÅAll of the pieces are in placeé
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THE NUMERATOR

ÅCut at events above 1.7 GeV

ÅNumber of events in that range 
depends on the anomalous 
precession frequency

ÅFit to determine ‫

ÅAll of the pieces are in placeé
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THE WIGGLE PLOT



THE REALITIES OF ANALYSIS

ÅComplexities discovered and 
considerations made

ÅKickers and quads operations 
required four subruns

ÅPulse-power systems also 
involved with the field transients

ÅCorrections and systematics 
studied in excruciating detail

ÅòExpect results in a year!ó ~Talk 
circa 2018
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(1 + Ce + Cp + Cml + Cpa)

(1 + Bq + Bk)

fclock

ffield

Field transients

E-field & pitch corrections

Muon loss & phase acceptance corrections

Field calibration



EXCRUCIATING DETAIL
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