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Good Morning !  



We all know that the Standard Model of particle 
physics has been a Great Achievement !!

• We know the particles

• We know the forces

• We know the “rules of engagement”

• What’s not to love !!



BUT! We also hear that the Standard Model is 
somehow “incomplete”

And, it seems like it’s taking forever to figure out how to complete it.

• Theorists are developing creative “new physics models”
• To “fix” one or more of the known SM problems 

• e.g, Dark Matter?, Hierarchy?, Gravity?, Matter-Antimatter Asymmetry? …

• Or to just propose new aspects or particles 
• e.g., Dark Photons, Time-Changing Fundamental Constants, Extra Dimensions, …

• Experimentalists are detectives looking for “smoking gun” evidence to 
support or rule out these suggestions
• “Negative” results help get rid of wrong models
• “Positive” results might indicate something NEW!    

Today I will tell you a POSITIVE story 



How do experimentalists go about this?

Usually by smashing particles together very violently
• To reach high mass scales directly
• To be “general” in observations of interactions
• Because it “works” 
• Hurrah for the Higgs!

Arguably, this “completes” the Standard Model.  What tools do we use to search beyond it ?
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HL-LHC

But, there is also an indirect approach:  “Quantum tunneling” 

Direct 

approach

The LHC @ High Luminosity

Generally, two approaches
(I often use this metaphor; my apologies if you’ve seen it)

SM



The Indirect approach using Precision and Intensity
SNS -- nEDM

Underground - LUX

Hg-199 EDMPSI: MEG, Mu3e, nEDM

g-2

UW - ADMX

JLab - Qweak

 Is lepton number conserved?

 MEG, Mu2e, Mu3e

 Origin of the Matter – Antimatter asymmetry in the universe

 EDMs of neutrons, atoms, molecules …

 Are neutrinos their own antiparticles? 0nbb efforts

 What is Dark Matter ?

 WIMP searches – many clever experiments

 Axion searches - ADMX

 Are there deviations from SM predictions?

 Muon g-2

 Parity Violating Electron Scattering … running of sin2qW

 Tests of the unitarity of the CKM mixing matrix 

 Atomic physics tests with incredible precision (too many to list)

Mu2e



For nearly 20 years, one measurement has stood out as being 
inconsistent with the Standard Model

Blame the experiment?

Blame the theory?
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The Muon’s Anomalous Magnetic Dipole Moment

Dirac: g = 2 for a point-like spin 1/2 fermionԦ𝜇 = 𝐠
𝑄𝑒

2𝑚
Ԧ𝑆

One can also have an “anomalous” moment 
-- from internal structures that nucleons have
-- from virtual loops that encapsulate all possible 

interactions with an external field

The “g-2 Test” compares a measurement to a precise calculation to 
investigate the completeness of the Standard Model

𝒂𝝁 ≡
𝒈 − 𝟐

𝟐

Question: How well does the Standard Model predict this quantity?
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g(exp) 2.002331

g(thy) 2.002331

The Muon g Factor Summarized  (not yet including today’s result)

QED quantized 

electromagnetism

99.99% of aμ

And eventually all these:
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g(exp) 2.00233184

g(thy) 2.00233183

The Muon g Factor Summarized  (not yet including today’s result)

QED quantized 

electromagnetism

99.99% of aμ

QCD strong force that 

binds nucleons

0.0061% of aμ

Mostly “data driven” from e+e- cross sections:
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g(exp) 2.002331841

g(thy) 2.002331836

The Muon g Factor Summarized  (not yet including today’s result)

QED quantized 

electromagnetism

99.99% of aμ

QCD strong force that 

binds nucleons

0.0061% of aμ

Electroweak force that 

makes nucleons (and muons) 

unstable

0.0001% of aμ

TINY effect
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g(exp) 2.00233184178

g(thy) 2.00233183620

Dark Matter?

Undiscovered things?

dark matter, SUSY,…

The Muon g Factor Summarized  (not yet including today’s result)

QED quantized 

electromagnetism

99.99% of aμ

QCD strong force that 

binds nucleons

0.0061% of aμ

Electroweak force that 

makes nucleons (and muons) 

unstable

0.0001% of aμ



Muon g-2 Theory Initiative defines benchmark value for gm

They published a global “reference value” in 2020

The Standard Model uncertainty is 358 ppb

Had LbL

p0,h,h’

m

X



We determined the g-factor of the muon to be:

Our final uncertainty is 460 ppb 
&

The new world average experimental result is at 350 ppb

(540 ppt)



The results were published in 4 papers on April 7th … day of release

PRL

PRD

PRA

PR-AB Beam Dynamics Corrections

Proton Precession

Muon Precession
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The story behind a new measurement
Muon g-2 Collaboration

(>200 collaborators, 35 institutes, 7 countries)

We include: Particle-, Nuclear-, Atomic-, Optical-, Accelerator-, and Theoretical Physicists

But, we all aim to measure g-2 to 140 ppb

(with about 20x the data obtained at BNL)



The Fundamental Experimental Principle 

Determine difference between spin precession frequency and cyclotron 

frequencies for a muon moving in a magnetic field

Measure these

Get am

Momentum

Spin

e
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The expression is more complicated when you add in 

E-field focusing and out of plane oscillations

Term cancels at 3.094 GeV/c, the “Magic g”0 if “in plane”

The motion is very nearly planar and the momentum is very nearly the ideal 

one, but both effects are not perfect and require corrections 

Momentum

Spin

e

18



4 “miracles permit measurement of g-2 to sub-ppm precision

1) Polarized muons produced naturally in pion decay 

~97% polarized for forward decays

2) The anomalous spin precession frequency is 
proportional to (g-2) … not to “g”

a factor of ~850 easier from that

3) At the magic momentum, the electric holding field 
does not perturb the spin frequency

major breakthrough recognized in the 70’s

4) Parity violation encodes the anomalous precession 
frequency in the e+ vs time spectrum

n  p+ m+

µ

m

++ nnm ee



am is obtained from 2 frequency measurements we make

… and well-known fundamental factors from others

We measure these 2 frequencies 

′

Measured to 10.5 ppb at T = 34.7℃
Metrologia 13, 179 (1977)

Rev. Mod. Phys. 88 035009 (2016)

Phys. Rev. Lett. 82, 711 (1999)

Phys. Rev. A 83, 052122 (2011)

Bound-state QED (exact) 

Known to 22 ppb from muonium

hyperfine splitting

Measured to 0.28 ppt
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in
te

n
si

ty
150 ns 16 shots / 1.4 s

• 8 GeV protons

• Divide in 4 bunches

• Extract each to strike target

• Magnetic lenses  collect p  mn

• p/p/m beam enters Delivery Ring –
protons get kicked out; pions decay away

• And only muons enter storage ring

Creating the Polarized Muon Beam for g-2

Comment on polarity flip for Mu Minus running



Inject muons into the ring and kick them onto a stable orbit 

Inflector

B(t)
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QUADS

Electrostatic quadrupoles provide weak vertical focusing.
The ring is a large “Penning Trap” 
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2/32 DAMAGED  tRC > 100 ms
UNstable during fit …. Lots of 
consequences will follow that cost 
us considerable time to understand

BAD

GOOD



Let’s pause to drive around inside the ring …

You can spot …

1) Quads
2) Kicker
3) Straw Trackers



Muon g-2

We can make a movie of where the muons are as they go past one of 

our detectors 

Average x-y profile 
around the ring

2 sets of these trackers
25



24 Calorimeter stations located all around the ring

378 NMR probes and electronics located all around the ring
Above and below vacuum chambers

• 24 calorimeters measure the e+

decay time and energy
and

• 378 NMR probes continuously 
measure the magnetic field
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The precession frequency, wa is derived from a time histogram of high-energy e+ decay events 

e+

Software threshold

Spin
Momentum
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The precession frequency, wa is derived from a time histogram of high-energy e+ decay events 

e+

Software threshold

Spin
Momentum

Events above threshold
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The Field, wp begins with the BNL magnet moved to Fermilab

Yoke Iron 
Aligned to sub-mil 
precision

Superconducting coils
And cryostat

Magnet shimming kit

• NMR probes 
• Probe Multiplexer
• Pulser-Mixer

29



Built-in shimming tools provide many knobs to tune uniformity

Large gradientsSmall gradients

(FID) Waveforms with ~10 ppb resolution

A 25-element pNMR shimming Trolley was 

used to map the field during a year-long 

shimming campaign

30

Innovative installation of ~8000 tiny iron laminations to 

minimize field inhomogeneity locally all around the ring 

Final field uniformity is ~3 x finer than BNL !



Analysis of Run-1 Data

fidarsi è bene non fidarsi è meglio

Multiple analysis teams 
Calibration, alignment, calibration …

Relatively blind analysis intermediate stages
Many specialized systematic measurements

31



Many measurements determine am.  Let’s walk through a few of them 
so you can appreciate the multiple and parallel efforts

• Blinded clock

• Measured precession frequency

• Electric field correction

• Pitch correction

• Muon loss correction

• Phase-acceptance correction

• Absolute magnetic field calibration

• Field tracking multipole distribution

• Muon weighted multipole distributed

• Transient field from the eddy current in kicker

• Transient field from the quad charging 32



The master clock is blinded until the 
entire analysis is complete
▶ Clock

- Both 𝜔𝑎 and 𝜔𝑝 frequencies are measured by a single 10 MHz, GPS-disciplined master clock.

- Clock is hardware-blinded to have (40 − 𝜖) MHz with the blinding range of ±25 ppm.

▶ Blinding factor

- Set by and only known to two trusted individuals outside the collaboration.

▶ Envelopes held at UW and Fermilab for security

Takeaway:  Uncertainty “0”  (clocks are very stable and accurate) 33



The e+ time histograms are prepared with 
exquisite gain (energy) control

1296 PbF2 crystals with individual laser calibrations into each channel

Inside the our laser hut, developed by our  
Pisa Optical Institute collaborators

Laser gain stability to 10-4

Spectrum before 
pileup removal

Spectrum after 
PU removal

They also require pileup removal to 
avoid an important systematic

34



Bad !!

Fit to get the “measured” precession frequency

▶ Ideally, a simple five-parameter function makes sense

- This fit model is incomplete.
- FFT of residuals shows peaks at CBO frequencies (radial and vertical motions) and a slow 

component from muon losses
- Fit function expands to include all motions and dynamic effects

Modulates the spectrum

Coherent Betatron Oscillations

Radius

Calorimeter triple 
coincidences give muon 
loss spectrum needed in fit

35



When the fit is complete, it must look like this 
before being considered in the averaging

Residuals now

36
Lots and lots of consistency checks … ask if you want to learn more



• Steps to obtain this quantity:
1) Absolute field calibration

2) Periodic in-ring mapping of field multipoles

3) Continuous monitoring of field while muons are in the ring

4) Continuous measurement of muon spatial profile in ring

5) Folding field multipoles with e+ weighted muon distribution 

The prime: proton NMR, calibrated in terms of the 

equivalent precession frequency wp(Tr) of a proton 

shielded in a spherical sample of water at 34.7 °C

The tilde: The magnetic field multipoles folded with the 

muon distribution around the ring and throughout the run

37

Design Goal: 35 ppb. Achieved: 15 ppb



Fixed probes

• 17-element Trolley maps full azimuth every 
few days (muons not present)

• 378 Fixed probes monitor between trolley 
runs (during muon data collection)

• Field map is interpolated between trolley 
runs using fixed probe information

• Fold with Muon Spatial Distribution

Measure the field moments vs time

Sequence of field 2D field 
slices as trolley moves

38



Electric field correction compensates for motional 

magnetic field “(v x E)” for off-momentum muons 

Magic Momentum

g = gm

g < gm

g > gm

Note: For Run-3/4 Kicker, beam is centered and Ce is smaller

X
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𝑪𝒆 = 𝟒𝟖𝟗 𝐩𝐩𝐛, 𝜹𝑪𝒆 = 𝟓𝟑 𝐩𝐩𝐛



The pitch correction compensates for the average 

vertical angle muons travel in vertical B field

On average, non-zero

Ay measured by trackers
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𝑪𝒑 = 𝟏𝟖𝟎 𝐩𝐩𝐛, 𝜹𝑪𝒑 = 𝟏𝟑 𝐩𝐩𝐛



Two corrections involve a time dependence 

to the average ensemble phase constant if 

measured vs. time-in-fill

What if phase is not a constant?  
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• The Cml correction accounts for muons that escape the ring before they decay

• The Cpa “phase-acceptance correlation” correction accounts for the Run-1 quadrupole 

malfunction that allowed the stored beam to move vertically and shrink in vertical width 

• This held us up for a very long time until we understood it fully

• ASK me about it if you wish at Q&A time… it’s a bit technical, but interesting

𝑪𝒎𝒍 = −𝟏𝟏 𝐩𝐩𝐛, 𝜹𝑪𝒎𝒍
= 𝟓 𝐩𝐩𝐛 𝑪𝒑𝒂 = −𝟏𝟓𝟖 𝐩𝐩𝐛, 𝜹𝑪𝒑𝒂 = 𝟕𝟓 𝐩𝐩𝐛



Two transients effects perturbed B within 

the kicker and quadrupole plates at injection

Quads pulsed on every fill

 induces mechanical vibrations 

 oscillating B field

 Net effect was small, but… complicated!

42

Zoom

m in ring

1 spot in 1 fill

Kickers fire on every fill

 induces small Eddy currents

We measured with custom magnetometers 

based on the Faraday effect

𝑩𝒒 = −𝟏𝟕 𝐩𝐩𝐛, 𝜹𝑩𝒒 = 𝟗𝟐 𝐩𝐩𝐛

𝑩𝒌 = −𝟐𝟕 𝐩𝐩𝐛, 𝜹𝑩𝒌 = 𝟑𝟕 𝐩𝐩𝐛



At this point, we know all the numbers in the master formula
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The Run-1 Uncertainties and Corrections and the Goals 

Final total uncertainty goal is ~140 ppb

Target:  Net Systematic ~100 ppb

Target: Statistical at ~100 ppb

Corrections okay, just watch their uncertainties

44

Bad resistors in Run1; Fixed, but still under 

study to set new (smaller) uncertainty

Quad-Transient Field;  Now mapped much 

more precision to reduce uncertainty

Subtle possible correlation with beam bunch, 

momentum, and kicker under study now



The “Unblinding”

UW envelope

FNAL envelope

Same numbers!

45



We confirm the BNL result

The combined discrepancy with SM increases

46



What could it mean? … a literature summary by Dominik Stockinger
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RED = “no”

GREEN = “maybe”

The April 7 result 

release PRL has 300 

citations as of this 

morning … so many 

ideas have emerged



Or maybe the SM will shift per new Lattice result?
• The BMW collaboration’s result is the first of its kind at sub-percent precision;  it is compared to decades of expt. results

• We look forward to continued efforts by all lattice groups as we require the SM precision to increase over time



The University of Washington g-2 Team:  Grad Students / Postdocs / Faculty/Scientists

ELBA 2019



It’s just too early to say…

Our error will go down (by a lot) and the SM will improve further

The fun is just beginning

The g-2 Collaboration in Elba, Spring 2019

(when we had hoped to open the box)
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Overcoming the Quad-Transient by mapping in great detail 

around the ring will reduce the systematic considerably

51

UW built PEEK trolley and 

probe for inside quad 

measurements during pulsing



The muons that escape (lost) during a fill 

have a slightly different phase compared to 

those that remain stored

𝑪𝒎𝒍 = −𝟏𝟏 𝐩𝐩𝐛, 𝜹𝑪𝒎𝒍
= 𝟓 𝐩𝐩𝐛

Because of a double correlation.  We measured both and determined this effect to be TINY

Δ𝜔𝑎 =
𝑑𝜙

𝑑𝑡
=

𝑑𝜙

𝑑𝑝
∙
𝑑𝑝

𝑑𝑡
≠ 0

Phase depends on momentum Loss rate depends on momentum

p < p0

p > p0
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Run-1 commissioning Challenges … (resolved by now)

2/32 ESQ resistors “damaged” Kicker sparks limited range to 
below optimum

Hall T unstable
 B changing
 Gains changing
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The damaged resistors allowed the optical 

lattice to evolve during a fill… and that turned 

out to be a very tough problem to evaluate

𝑪𝒑𝒂 = −𝟏𝟓𝟖 𝐩𝐩𝐛, 𝜹𝑪𝒑𝒂 = 𝟕𝟓 𝐩𝐩𝐛

Detector acceptance couples 

phase to decay X-Y coordinate 

inside storage volume

(Peak of “wiggle” plot different 

for 1 and 2 slightly)

This will always be true

Bad resistors squeezed the 

vertical width during the fill !

This should never happen

Creates a measured f(t) that 

had to be removed from the fit

An unfortunate reality   Cpa

1

2
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Two transients effects perturbed B within 

the kicker and quadrupole plates at injection

Zoom

𝑩𝒒 = −𝟏𝟕 𝐩𝐩𝐛, 𝜹𝑩𝒒 = 𝟗𝟐 𝐩𝐩𝐛

Quads pulsed every fill

 induces mechanical vibrations (43% of ring)

 oscillating conductor perturbs B field

8 bunch sequence; 10 ms spacing 

 close to 100 Hz natural resonance!!!

Special NMR probes used to map the effect 

Lucky, small when muons are present, averaged over 

bunches and reduced by quad coverage of azimuth 

Uncertainty large now because we have not 

yet mapped all quads; takes time 

Expect 𝜹𝑩𝒒reduction x2-3 in future

m in ring

55

1 spot in 1 fill



Eddy currents are produced when Kicker fires 

 leaves a small decaying magnetic field

𝑩𝒌 = −𝟐𝟕 𝐩𝐩𝐛, 𝜹𝑩𝒌 = 𝟑𝟕 𝐩𝐩𝐛

Magnetometer between kicker plates

• The ~ 220 G kicker pulse produces a transient 
magnetic field  for 150 ns in the storage volume 
 eddy currents 

• 2 Faraday magnetometers installed between the 
kicker plates measured the rotation of polarized 
light  in a crystal due to the transient field

• Consistent results for both magnetometers

• Signal was fitted with an exponential function
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Consistency checks.  R = (blinded)             in PPM 

Takeaway:  Statistical Uncertainty = 434 ppb
Systematic uncertainty = 56 ppb

vs. Calorimeter #

Comparison of analysis methods by 6 
teams over 4 subgroups of Run-1
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David Hertzog / APS - April 
2021
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Two corrections involve a time dependence 

to the average ensemble phase constant if 

measured vs. time-in-fill

What if phase is not a constant?  

Phase constant is the orientation of the muon ensemble average spin at time t = 0  “injection”

It has no important “physical” meaning, but it is assumed to be constant
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Fit Equation

Red = free parameters
Blue= fixed parameters 

wy, wvw vertical oscillations
wCBO, w2CBO,  radial oscillation

Muon Loss term 
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Consistency checks.  R = (blinded)             in PPM 

Takeaway:  Statistical Uncertainty = 434 ppb
Systematic uncertainty = 56 ppb

vs. Calorimeter #

Comparison of analysis methods by 6 
teams over 4 subgroups of Run-1
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