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Summer Collaboration meeting at University of Liverpool  July 24-28, 2023

Hundreds of people 

from all around the 

world working together 

to calculate + measure 

“just” 1 value!

Muon g-2 Theory Initiative | Bern Workshop | September 2023
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Basics: Magnetic Moments

The gyromagnetic ratio (‘g’-factor) determines 

spin precession frequency in a magnetic field

Ԧ𝜏 = Ԧ𝜇 × 𝐵

Ԧ𝜇 = 𝑔
𝑒

2𝑚𝑐
Ԧ𝑠

Ԧ𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦

Ԧ𝑆

Inception (2010)
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Basics: Magnetic Moments

The gyromagnetic ratio (‘g’-factor) determines 

spin precession frequency in a magnetic field

Ԧ𝜏 = Ԧ𝜇 × 𝐵

Ԧ𝜇 = 𝑔
𝑒

2𝑚𝑐
Ԧ𝑠

Dirac's equation predicts, for a spin-1/2 

charged fermion:

Ԧ𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦

Ԧ𝑆

Inception (2010)𝑔 = 2
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Basics: Magnetic Moments

The gyromagnetic ratio (‘g’-factor) determines 

spin precession frequency in a magnetic field

Ԧ𝜏 = Ԧ𝜇 × 𝐵

Ԧ𝜇 = 𝑔
𝑒

2𝑚𝑐
Ԧ𝑠

Interactions with virtual particles alter the 

value, making it slightly greater than 2

Ԧ𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦

Ԧ𝑆

Inception (2010)𝑔 > 2



Schwinger calculated the first order 

correction to 𝒂𝝁 in the 1940’s

𝒂 ≡
𝒈 − 𝟐

𝟐
→

𝜶

𝟐𝝅
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Theoretical Calculation

T. Aoyama et. al. The anomalous magnetic moment of the muon in the Standard Model (2020). 

Tree Level QED HVP HLBL Electroweak

𝑔 = 2  1 + .00116 … + .00000006845 … +  .00000000092 … +  .000000001536 …  

Source Value (× 10−11) Error (× 10−11) Error (ppb)

Schwinger 116140973.30 - -

QED 116584718.93 0.1 0.9

HVP*** 6845 40 343

HLbL 92 18 154

EW  153.6 1.0 8.6

Total 116,591,810 43 368

(2020 White Paper)



Schwinger calculated the first order 

correction to 𝒂𝝁 in the 1940’s

𝒂 ≡
𝒈 − 𝟐

𝟐
→

𝜶

𝟐𝝅

9/14/2023 Josh LaBounty | Muon g-2 Run-2/3 Result | BNL Particle Physics Seminar7

Theoretical Calculation

T. Aoyama et. al. The anomalous magnetic moment of the muon in the Standard Model (2020). 

Tree Level QED HVP HLBL Electroweak

Source Value (× 10−11) Error (× 10−11) Error (ppb)

Schwinger 116140973.30 - -

QED 116584718.93 0.1 0.9

HVP*** 6845 40 343

HLbL 92 18 154

EW  153.6 1.0 8.6

Total 116,591,810 43 368

𝑔 = 2  1 + .00116 … + .00000006845 … +  .00000000092 … +  .000000001536 …  

(2020 White Paper)

***we’ll talk about 
this again later



Schwinger calculated the first order 
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Theoretical Calculation

T. Aoyama et. al. The anomalous magnetic moment of the muon in the Standard Model (2020). 

Tree Level QED HVP HLBL Electroweak

Source Value (× 10−11) Error (× 10−11) Error (ppb)

Schwinger 116140973.30 - -

QED 116584718.93 0.1 0.9

HVP*** 6845 40 343

HLbL 92 18 154

EW  153.6 1.0 8.6

Total 116,591,810 43 368

?

New Physics?

(2020 White Paper)

𝑔 = 2  1 + .00116 … + .00000006845 … +  .00000000092 … +  .000000001536 … + 𝒪 100 ∗ 10−11  



Where we were in 2021
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Measurement of the Positive Muon Anomalous Magnetic Moment to 0.46 ppm
Phys. Rev. Lett. 126, 141801 – Published 7 April 2021

Muon g-2 
TI 2020

The anomalous magnetic moment of the muon in the Standard Model
Physics Reports Volume 887, 3 December 2020, Pages 1-166
https://doi.org/10.1016/j.physrep.2020.07.006 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://www.sciencedirect.com/journal/physics-reports
https://www.sciencedirect.com/journal/physics-reports/vol/887/suppl/C
https://doi.org/10.1016/j.physrep.2020.07.006
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Muon g-2 in a Storage Ring: 𝝎𝒔 vs. 𝝎𝒄

⨀𝐵

? 𝐸

In a storage ring, the spin of a muon 

will precess to first order like:

𝒅𝒔

𝒅𝒕
= 𝝁 × 𝑩  − 𝜷 × 𝑬  

 = 𝝎𝒔 = −
𝒈𝒆

𝟐𝒎
𝑩 − 𝟏 − 𝜸

𝒆𝑩

𝜸𝒎

and the momentum will precess like:

𝒅𝒑

𝒅𝒕
= 𝝎𝒄 = −

𝒆𝑩

𝜸𝒎

The difference in these precession 

frequencies is:

𝝎𝒂 ≡ 𝝎𝒔 − 𝝎𝒄 = 𝒂𝝁

𝒆𝑩

𝒎
where

𝒂𝝁 ≡
𝒈 − 𝟐

𝟐
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𝜔𝑎 ≡ 𝜔𝑠 − 𝜔𝑐

 = 𝑎𝜇

𝑒𝐵

𝑚

In a Storage Ring 𝝎𝒂 is Directly Sensitive to 𝒂𝝁

𝑔 = 2 𝑔 > 2



Beam 

Dynamics
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𝒂𝝁 =
𝝎𝒂

෩𝑩

𝒎

𝒆
+ ⋯

𝐵 ෨𝐵

𝜔𝑎

Ԧ𝑥
Precise 
NMR 
Metrology 

‘Traditional’ 
HEP/Nuclear Physics
Techniques

Accelerator 
Physics 
Techniques



Muon Production and the Beamlines

9/14/2023 Josh LaBounty | Muon g-2 Run-2/3 Result | BNL Particle Physics Seminar13

A. Schreckenberger

M. Fertl
R. Reimann

Protons are accelerated 
to 8 GeV and injected 
into the recycler ring 

Long proton fills are 
reshaped into ≈ 120 
ns wide bunches 
using RF cavities

Bunches are 
extracted 1 by 1 to 
the AP0 target hall



How Muons are Made
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Ԧ𝑆
𝜇+

Ԧ𝑝

𝜋+

𝜈𝜇

𝑆 = 0

Ԧ𝑆Ԧ𝑝
↓

80% of 𝜋+ decay 
along M2/M3. 
Selecting forward 
going muons yields 
polarization of ~95%

Protons hit a target and produce 𝜋+, 
those around 3.1 GeV/c are selected 
and transported along M2/M3

N. Froemming

💥

Image: Brian Drendel

Delivery 
Ring

Most remaining 𝜋+ 
decay along the ≈ 2km 
DR detour. Protons can 
be separated from 𝜇+



Previous Generation: E821 at BNL
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E821 Final Report
Phys. Rev. D 73, 072003

Image: Kevin Brown

Image: g-2 Collaboration

https://indico.fnal.gov/event/20260/contributions/56661/attachments/35440/43242/BNLSlowExtraction_ICFA_SXWS_2019.pdf
https://www.g-2.bnl.gov/


In An Alternate Universe…
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E821 Final Report
Phys. Rev. D 73, 072003

Additional 
“Delivery Ring”

Upgrade to 𝜋+ target for 5 GeV 
pions, use backward muon 
decays and eliminate pion flash

https://www.bnl.gov/npp/docs/pac0904/p969.pdf
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Storage Ring
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Storage Ring
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𝜔𝑝 ∝ 𝐵



Storage Ring
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Storage Ring
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𝐵 𝑥, 𝑦

𝛿𝐵 < 50 ppb for Run-2/3!
(proposal goal: 70 ppb)

Fixed Probe 

Interpolation



Inject muons into the storage ring
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μ+ ≈ 10,000 𝜇+ @ 11.4 Hz

Beam Profile at Inflector Entrance
≈ 125𝑛𝑠

A
rb

. U
n

it
s



μ+

Kick onto the proper orbit
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B

Kicker

💥



Kick onto the proper orbit
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Electrostatic Quadrupoles Focus Vertically
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Ring Azimuth

Muon Trajectory

𝜓𝑚𝑎𝑥

Vertical Amplitude

Electric Field Requires Correction to 𝒂𝝁
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𝝎𝒂 =
𝒆𝑩

𝒎𝒄
𝒂𝝁 − 𝑎𝜇

𝛾

𝛾+1
𝛽 ⋅ 𝐵 Ԧ𝛽  − 𝑎𝜇 −

1

𝛾2−1
Ԧ𝛽 × 𝐸  

Pitch Correction
 𝐶𝑝~𝒪(200 𝑝𝑝𝑏) 

𝛿𝐶𝑝~𝒪(5 𝑝𝑝𝑏)  

𝐸 Field Correction 
𝐶𝑒~𝒪(500 𝑝𝑝𝑏) 

𝛿𝐶𝑒~𝒪(30 𝑝𝑝𝑏)  

𝒂𝝁 = 𝝎𝒂

𝒎𝒄

𝒆𝑩
(𝟏 + 𝑪𝒑 + 𝑪𝒆 + ⋯ )



Muons decay to positrons, which spiral inward
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𝛾𝜏𝜇 ≈ 64.4𝜇𝑠



Tracking Detectors can Reconstruct Decay Vertices
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Radial Beam Position [mm]
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Combined with Trolley Measurements, this Yields ෩𝑩
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Time averaged beam position from 
trackers gives us the weighted 𝐵 field

𝐵Ԧ𝑥

×⟨ ⟩

= ෨𝐵



Calorimeters Measure 𝒆+ Energy
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*before energy/timing calibration

💥

24 calorimeters → 1296 lead fluoride crystals with 

their own energy/timing/gain calibrations.

 > 99% uptime over the life of the experiment



Muons Decay is Self-Analyzing
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Muons Decay is Self-Analyzing
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Spin

Momentum

Real Data 

(Run-3a)

Time Spectrum

Energy Spectrum



This dataset: 5.3 x BNL, 4.7x Run-1

Better running conditions

• Improved quadrupole performance 

throughout

• Improved kick strength in the 

latter half of Run-3

• Improved magnet and detector 

stability

Improved analysis techniques

• Pileup improved in one 

reconstruction algorithm by a 

factor or 2+

• Upgrades to how some 

systematics are handled, new 

measurement techniques 

incorporated as cross-checks
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Run-2/3 Dataset

+ many more improvements



Simplest functional form:

𝑵 𝒕 = 𝑵𝟎𝒆−𝒕/𝝉𝝁 𝟏 − 𝑨𝟎 𝒄𝒐𝒔 𝝎𝒂𝒕 − 𝝓𝒂

However the fit to the data is relatively 

poor:

𝝌𝟐/𝑵𝑫𝑭 = 𝟏𝟎. 𝟕
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Run-2

Precession Frequency Analysis



Simplest functional form:

𝑵 𝒕 = 𝑵𝟎𝒆−𝒕/𝝉𝝁 𝟏 − 𝑨𝟎 𝒄𝒐𝒔 𝝎𝒂𝒕 − 𝝓𝒂

However the fit to the data is relatively 

poor:

𝝌𝟐/𝑵𝑫𝑭 = 𝟏𝟎. 𝟕

Looking at the residuals, we see clear 

evidence of frequencies beyond the 

pure g-2 oscillation.

These are the beam oscillation 

frequencies, which if not accounted 

for can bias our extraction of 𝝎𝒂.
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Run-2

Precession Frequency Analysis



Simplest functional form:

𝑵 𝒕 = 𝑵𝟎𝒆−𝒕/𝝉𝝁 𝟏 − 𝑨𝟎 𝒄𝒐𝒔 𝝎𝒂𝒕 − 𝝓𝒂

However the fit to the data is relatively 

poor:

𝝌𝟐/𝑵𝑫𝑭 = 𝟏𝟎. 𝟕

Looking at the residuals, we see clear 

evidence of frequencies beyond the 

pure g-2 oscillation.

These are the beam oscillation 

frequencies, which if not accounted 

for can bias our extraction of 𝝎𝒂.
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Run-2

Precession Frequency Analysis



The largest beam oscillation 

frequency is the radial ‘coherent 

betatron oscillation’ [CBO].

This (and other beam motion 

frequencies) enter our fit due to 

detector acceptance difference for 

different decay positions.
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Run-2

𝜔
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Precession Frequency Analysis



We can modify the fit function to 

incorporate these beam motion effects. 

The lowest order effect is the CBO 

motion, which we incorporate as:

𝑵 𝒕 = 𝑵𝟎𝑵𝒙𝒆−𝒕/𝝉𝝁 𝟏 − 𝑨𝟎 𝒄𝒐𝒔 𝝎𝒂𝒕 − 𝝓𝒂

where:

𝑵𝒙 𝒕 = 𝟏 + 𝑨𝒄𝒃𝒐𝒆−𝒕/𝝉𝒄𝒃𝒐𝒄𝒐𝒔 𝝎𝒄𝒃𝒐𝒕 + 𝝓𝒄𝒃𝒐

With this addition:

𝝌𝟐/𝑵𝑫𝑭 = 𝟏. 𝟏𝟖
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Precession Frequency Analysis: Adding 1st Order CBO
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𝑁 𝑡 = 𝑁0𝑁𝑙𝑜𝑠𝑠 𝑡 𝑁𝑥 𝑡 𝑁𝑦 𝑡 𝑁𝑥𝑦 𝑡  𝑒−𝑡/𝜏 1 + 𝐴 𝐴𝑥 𝑡 cos 𝑅 𝜔𝑎 𝑡 − 𝜙𝑎 𝜙𝑥(𝑡)

𝑁𝑙𝑜𝑠𝑠 𝑡 = 1 − 𝐾𝑙𝑜𝑠𝑠Λ(𝑡) 

𝑁𝑥 𝑡  = 1 + 𝑒−2𝑡/𝜏𝑐𝑏𝑜𝐴𝑁𝑋22 cos 𝜔𝑐𝑏𝑜 𝑡 𝑡 + 𝜙𝑁𝑋22  
𝑁𝑦 𝑡  = 1 + 𝑒−𝑡/𝜏𝑦  𝐴𝑁𝑌11 cos 𝜔𝑦 𝑡 𝑡 + 𝜙𝑁𝑌11  

𝐴𝑥 𝑡  = 𝑒−𝑡/𝜏𝑐𝑏𝑜𝐴𝐴𝑋11 cos 𝜔𝑐𝑏𝑜 𝑡 𝑡 + 𝜙𝐴𝑋11  

𝜙𝑥 𝑡  = 1 + 𝑒−𝑡/𝜏𝑐𝑏𝑜𝐴𝜙𝑋11 cos 𝜔𝑐𝑏𝑜 𝑡 𝑡 + 𝜙𝜙𝑋11  

𝑁𝑥𝑦 𝑡  = 1 + 𝑒−𝑡/𝜏𝑐𝑏𝑜  𝐴𝑁𝑋11 cos 𝜔𝑐𝑏𝑜 𝑡 𝑡 + 𝜙𝑁𝑋11  

                        + 𝑒−𝑡/𝜏𝑣𝑤  𝐴𝑁𝑌22 cos 𝜔𝑉𝑊 𝑡 𝑡 + 𝜙𝑁𝑌22  
 + 𝑒−𝑡/𝜏𝑐𝑏𝑜−𝑡/𝜏𝑣𝑤  ∗ 

 𝐴𝑥𝑦+ cos 𝜔𝑉𝑊 + 𝜔𝑐𝑏𝑜 𝑡 + 𝜙𝑥𝑦+ + 𝐴𝑥𝑦− cos 𝜔𝑉𝑊 − 𝜔𝑐𝑏𝑜 + 𝜙𝑥𝑦−  

 

Precession Frequency Analysis: Full Fit Function
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Revealed with higher statistics Run-2+3. 
More expected in Run-4+

R ≡ blinded proxy for 𝜔𝑎
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Run-2

Precession Frequency Analysis

After the addition of terms accounting 

for vertical and horizontal beam 

motions and Muon losses, we arrive 

at a final fit. 

No more peaks are seen in the 

residuals, and the fit converges to a 

stable minimum.



Precession Frequency Analysis: Cross Checks
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Start time Energy Bin Calorimeter

𝑅 𝜔𝑎  stability vs:

R ≡ blinded proxy for 𝜔𝑎



Precession Frequency Analysis: Cross Checks
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+ many, many more cross checks

𝜔
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Run-3: 𝜔𝑎/ 𝜔𝑝 vs. Inflector Current

Run-3: 𝜔𝑎/ 𝜔𝑝 vs. sub-dataset



Putting it all together…
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𝑎𝜇 =
𝜔𝑎

෨𝐵

𝑚𝜇

𝑒
=

𝜔𝑎

𝜔𝑝

𝜇𝑝
′ (𝑇𝑟)

𝜇𝑒(𝐻)

𝜇𝑒 𝐻

𝜇𝑒

𝑚𝜇

𝑚𝑒

𝑔𝑒

2

𝑓𝑐𝑙𝑜𝑐𝑘𝜔𝑎
𝑚𝑒𝑎𝑠 1 + 𝐶𝑒 + 𝐶𝑝 + 𝐶𝑚𝑙 + 𝐶𝑝𝑎 + 𝐶𝑑𝑑

𝑓𝑐𝑎𝑙𝑖𝑏 Ԧ𝑥 𝑥, 𝑦, 𝜙 × 𝜔𝑝 𝑥, 𝑦, 𝜙 (1 + 𝐵𝑘 + 𝐵𝑞)

with corrections

Changes in 𝜙𝑎Changes in 𝜔𝑎

Transient 
magnetic fields

External Constants



Systematic Improvements: 𝑪𝒑𝒂
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𝑓𝑐𝑙𝑜𝑐𝑘𝜔𝑎
𝑚𝑒𝑎𝑠 1 + 𝐶𝑒 + 𝐶𝑝 + 𝐶𝑚𝑙 + 𝐶𝑝𝑎 + 𝐶𝑑𝑑

𝑓𝑐𝑎𝑙𝑖𝑏 Ԧ𝑥 𝑥, 𝑦, 𝜙 × 𝜔𝑝 𝑥, 𝑦, 𝜙 (1 + 𝐵𝑘 + 𝐵𝑞)

⊗ =

Ԧ𝑥(𝑥, 𝑦, 𝑡)𝜙(𝑥, 𝑦)

Run 1

−158 ± 75 ppb
𝜙(𝑡)

𝜔𝒂𝒕 + 𝝓 → 𝝎𝒂𝒕 + 𝝓 𝒕  

 = 𝝎𝒂𝒕 + 𝝓𝟎 +
𝒅𝝓

𝒅𝒕
𝒕 +

𝒅𝟐𝝓

𝒅𝒕𝟐 𝒕𝟐 …  

↓

𝝎𝒂
𝒎𝒆𝒂𝒔 = 𝝎𝒂 +

𝒅𝝓

𝒅𝒕
+ ⋯

𝑦𝑟𝑚𝑠(𝑡) [mm]
Run-1



Run 1

Systematic Improvements: 𝑪𝒑𝒂
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𝑓𝑐𝑙𝑜𝑐𝑘𝜔𝑎
𝑚𝑒𝑎𝑠 1 + 𝐶𝑒 + 𝐶𝑝 + 𝐶𝑚𝑙 + 𝐶𝑝𝑎 + 𝐶𝑑𝑑

𝑓𝑐𝑎𝑙𝑖𝑏 Ԧ𝑥 𝑥, 𝑦, 𝜙 × 𝜔𝑝 𝑥, 𝑦, 𝜙 (1 + 𝐵𝑘 + 𝐵𝑞)

⊗ =

Ԧ𝑥(𝑥, 𝑦, 𝑡)𝜙(𝑥, 𝑦)

𝜙(𝑡)

Additional systematic studies done to verify phase/
acceptance maps. Cross checks between different 
simulation programs to ensure consistent results.



Systematic Improvements: 𝑪𝒑𝒂
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𝑓𝑐𝑙𝑜𝑐𝑘𝜔𝑎
𝑚𝑒𝑎𝑠 1 + 𝐶𝑒 + 𝐶𝑝 + 𝐶𝑚𝑙 + 𝐶𝑝𝑎 + 𝐶𝑑𝑑

𝑓𝑐𝑎𝑙𝑖𝑏 Ԧ𝑥 𝑥, 𝑦, 𝜙 × 𝜔𝑝 𝑥, 𝑦, 𝜙 (1 + 𝐵𝑘 + 𝐵𝑞)

⊗ =

Ԧ𝑥(𝑥, 𝑦, 𝑡)𝜙(𝑥, 𝑦)

Run 1

𝜙(𝑡)

𝑦𝑟𝑚𝑠(𝑡)

𝑥𝑚𝑒𝑎𝑛(𝑡)



Systematic Improvements: 𝑪𝒑𝒂
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𝑓𝑐𝑙𝑜𝑐𝑘𝜔𝑎
𝑚𝑒𝑎𝑠 1 + 𝐶𝑒 + 𝐶𝑝 + 𝐶𝑚𝑙 + 𝐶𝑝𝑎 + 𝐶𝑑𝑑

𝑓𝑐𝑎𝑙𝑖𝑏 Ԧ𝑥 𝑥, 𝑦, 𝜙 × 𝜔𝑝 𝑥, 𝑦, 𝜙 (1 + 𝐵𝑘 + 𝐵𝑞)

⊗ =

Ԧ𝑥(𝑥, 𝑦, 𝑡)𝜙(𝑥, 𝑦)

Run 1

Run 2𝜙(𝑡)

𝐶𝑝𝑎 Correction [ppb] Uncertainty [ppb]

Run-1 −158 75 

Run-2/3 −27 13 



Selected Systematic Improvements
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Better running conditions reduced 
muon losses: 𝐶𝑚𝑙 is now negligible

Cumulative Lost Muons [𝑡 > 30𝜇𝑠]Triple Coincidences in All Calorimeters

Run-1 Measurement Points
Run-2+ Measurement Points

More measurements of quad transient: 
𝐵𝑞 is now much better understood



Run-2/3 Systematics
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Systematic uncertainty of 

70 ppb surpasses our 

proposal goal of 100 ppb!

[ppb] Run-1 Run-2/3 Ratio

Stat. 434

Syst. 157

[ppb] Run-1 Run-2/3 Ratio

Stat. 434 201

Syst. 157

[ppb] Run-1 Run-2/3 Ratio

Stat. 434 201

Syst. 157 70

[ppb] Run-1 Run-2/3 Ratio

Stat. 434 201 2.2

Syst. 157 70 2.2

🎉 🎉

53
13
75
-
5

56
37
92

157
25
462

434
56

10
22
0



Where we stand now
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463 ppb

460 ppb



Where we stand now
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215 ppb

463 ppb

460 ppb



Where we stand now
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203 ppb

215 ppb (Assuming systematics 
are 100% correlated)

463 ppb

460 ppb



Where we stand now
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190 ppb

203 ppb

215 ppb

460 ppb

463 ppb

(Proposal goal: 140 ppb)



Where we stand now
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Muon g-2 Collaboration Meeting − Elba 2019

Were there no updates to the theory side, I could end the 
talk here…



Where we stand now
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Disclaimer for CMD-3 Values
A. Keshavarzi | Lattice 2023

HVP

https://indico.fnal.gov/event/57249/contributions/271581/


You’re about to hear an 

experimentalist talk about 

theory…
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Theoretical Tensions: Dispersive vs. Lattice
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Aida X. El-Khadra | Lattice QCD
Laurent Lellouch

𝑎𝜇
𝐻𝑉𝑃,𝐿𝑂 =

𝛼2

3𝜋3 𝑠

∞ 𝑑𝑠

𝑠
 𝑅 𝑠 𝐾(𝑠) 

HVP

KNT 2018
Muon g-2 TI White Paper
A. Keshavarzi | Lattice 2023

https://arxiv.org/abs/hep-ph/9412279
https://moriond.in2p3.fr/2022/EW/slides/3/1/2_LLellouch_NO_BACKUP.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025
https://muon-gm2-theory.illinois.edu/white-paper/
https://indico.fnal.gov/event/57249/contributions/271581/


Only one sub-percent evaluation of 

𝒂𝝁
𝑯𝑽𝑷 on the lattice [BMW 20]

Goal: many 0.5% lattice calculations

➢ Limited supercomputer time

➢ Timescale: 1.5-2 years

Goal: comparisons of lattice with 

dispersive results

➢ Tools developed to make 

intermediate comparisons

➢ Timescale: right now!
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Theoretical Tensions: Dispersive vs. Lattice

Simon Kuberski | Lattice 2023

(2021 result)

Results 
since 
WP20

2020 White Paper |

https://www.nature.com/articles/s41586-021-03418-1
https://indico.fnal.gov/event/57249/contributions/271582/


9/14/2023 Josh LaBounty | Muon g-2 Run-2/3 Result | BNL Particle Physics Seminar60

Image: UC Berkeley/UH-Manoa/Illumina Studios

CALCULABLE

Discretization 

effects

Noise

Finite volume 

corrections

…

Good statistical precision

Small finite volume effects

https://news.berkeley.edu/2013/11/04/astronomers-answer-key-question-how-common-are-habitable-planets


Lattice: Euclidean Time Windows
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Image: Antoine Gérardin | Lattice 2023
Equation: Phys. Rev. D 106, 114502 (2022)

[0.4,1] [1, ∞][0,0.4]

https://indico.fnal.gov/event/57249/contributions/271164/
https://indico.fnal.gov/event/57249/contributions/271164/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.114502


Theoretical Tensions: Intermediate Window
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Left:   Antoine Gérardin | Lattice 2023
Right: Maarten Golterman | Lattice 2023

Light quark connected contribution to 
intermediate window

Tensions between dispersive and lattice 

calculations persist even where lattice 

extrapolation effects are sub-dominant

https://indico.fnal.gov/event/57249/contributions/271164/
https://indico.fnal.gov/event/57249/contributions/270697/


Theoretical (Input) Tensions: Babar, KLOE, and CMD-3

9/14/2023 Josh LaBounty | Muon g-2 Run-2/3 Result | BNL Particle Physics Seminar63

F. Ignatov et al, arXiv:2302.08834

For 2020 WP, 
known tensions 
between KLOE 
and BABAR were 
incorporated 
into systematic 
error

𝑒+𝑒− → 𝜋+𝜋−



Theoretical (Input) Tensions: Babar, KLOE, and CMD-3
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F. Ignatov et al, arXiv:2302.08834

Same 

collaboration 

with similar 

methods

Co-located at VEPP-2K. Subset 

of the same running period

𝑒+𝑒− → 𝜋+𝜋−

*Still in pre-print 

stage, but being 

heavily scrutinized 

and no ‘smoking gun’ 

explanation for the 

difference yet
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Maarten Golterman | Lattice 2023

“Replace 2-pion data between 0.33 and 

1.2 GeV by CMD3 data, keeping KNT19 

data elsewhere (preliminary)”
Light quark connected contribution 
to intermediate window

https://indico.fnal.gov/event/57249/contributions/270697/


What does it all mean?
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The Experiment 

Correctly 

Measures Nature

“Old dispersive inputs are right”

“Lattice calculations are right”

“CMD-3 cross sections are right”

• 5𝜎 signal of new physics!
• Difference between dispersive and lattice results needs to be 

understood.

• Standard model lives to fight another day
• Still need more independent (blinded) calculations to confirm the 

results
• ≈ 4𝜎 tension (in some energy ranges) between lattice and dispersive 

evaluations to solve. Do dispersive calculations get the right inputs? 

• Assuming CMD-3 is gives the ‘truest’ value of the low-energy 𝑒+/𝑒− 
cross section, the lattice and dispersive calculations can agree

• How did 20+ years of experiments get the wrong 𝑒+/𝑒− cross sections?  
• What did CMD-3 do different? No ‘smoking gun’ yet.
• Does this cause tensions elsewhere?

66

Assuming



What does it all mean?

9/14/2023 Josh LaBounty | Muon g-2 Run-2/3 Result | BNL Particle Physics Seminar67

Theory initiative plans for an 
updated white paper in late 2024



Experimental outlook: The best is yet to come!
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This result

~2025



Improvements for Run-4+
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Experimental 
conditions 
continue to 
improve. Quad RF 
in Run-5 reduces 
CBO amplitude RF Off    RF On

Measurements of 
the magnetic field 
(main field + 
transients) 
continue post-
Run-6

Additional systematic studies and 
new detectors in Run-4/5/6

Tracker    MiniSciFi

On track to beat our proposal goal of 140ppb!



• The Muon g-2 Experiment at 

Fermilab has measured 𝑎𝜇 to 0.2 

ppm

• Theoretical calculations of 𝑎𝜇 

remain in flux → Updated white 

paper in 2024

• Run-4+ promises more 

improvements in statistical and 

systematic uncertainties

It’s an exciting time for muons!

Conclusions
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190 ppb

203 ppb



Muon g-2 Collaboration Meeting − Elba 2019

Thank you!
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