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The Standard Model:  Great success, many open questions!
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• Current Status
– Theory
• Dispersive Calculation
• Updated e+/e- Measurements
• Lattice QCD

– Experiment
• Fermilab Experimental Technique

• Runs 2-3
– Hardware and analysis improvements
– Crosschecks

• Outlook
– General timeline: What comes next?
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• Fortuitous lifetime = 2.2 µs
• Spin 1/2 particle 
• Encodes information about 

spin in its decay

Our favorite probe: The muon
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• Fortuitous lifetime = 2.2 µs
• Spin 1/2 particle 
• Encodes information about 

spin in its decay

Our favorite probe: The muon
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
µ  = g  q

2m

S

Magnetic  Field

- + ?       ?
•  g= 2 + contributions from 

virtual particles 

• This g-factor is the “g” in “g-2”



• aµ is the anomalous magnetic moment (i.e the part that differs from 2) 

Muon g-2: The Basics
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
µ  = g  q

2m

S

g =         2               +

aµSM = (gµSM-2)/2 = aµQED + aµEW + aµQCD

g = ++ +

DgQCDDgQED
         + DgEW

    + 

+ ?

aµNP

+ DgNP



Motivation: Theory vs Experiment in 2020
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T. Aoyama, N. Asmussen, M. Benayoun et al., The anomalous 
magnetic moment of the muon in the Standard Model, Physics 
Reports (2020), https://doi.org/10.1016/j.physrep.2020.07.006.

+

g-2

?       ?

Logical Possible Explanations for 3.7s discrepancy
1. Theory calculation is wrong
2. Experimental determination is wrong
3. New Physics Explains the gap
4. Some combination of the above
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Theory
• Muon g-2 Motivation
• Current Status
– Theory
• Dispersive Calculation
• Updated e+/e- Measurements
• Lattice QCD

– Experimental status
• Fermilab Experimental Technique
• Runs 2-3
– Hardware and analysis improvements
– Crosschecks

• Outlook
– General timeline: What comes next?



Muon g-2 calculation
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g =         2               +

g = ++ +

O(10-7)QCDO(10-3)QED         + O(10-9)EW    + 

• Dominated by hadronic contributions à study those calculations in more detail

Value

Uncertainty (ppm)            0.001          ,         0.01         , 0.34 (HVP)& 0.15(HLBL)  



Dispersive Theory Calculation is Driven by Experimental Input
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R(s) ⌘ �tot(e+e� ! hadrons)

�tot(e+e� ! µ+µ�)

(aHAD,LO
µ ) /

Z 1

4m2
⇡

ds
K(s)

s
R(s)

• Low-energy region dominates

Relates these 
terms

To observable 
processes like

HVP

[A. Keshavarzi et al, arXiv:1802.02995] 



Dispersive Theory Calculation is Driven by 
Experimental Input
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 e+e-  facilities involved in HVP measurement  

KLOE SND CMD-3 

HVP measurements 

BaBar 

BNL-821 

BELLE-II 

BES-III 

KEDR 

Many detailed 
measurements lead to 
precise theory 
calculation

Theory WP: https://doi.org/10.1016/j.physrep.2020.07.006

The combination 
uncertainty is 
driven by tension in 
low-energy region

Many machines/exp pushing to 
improve to sub % precision

https://doi.org/10.1016/j.physrep.2020.07.006


• Provides alternative method of calculating hadronic contributions

• Maps Minkowski spacetime ßà Euclidean space 

Lattice QCD Introduction
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A. El-Khadra P5 town hall, 21-24 Mar 2023

hadrons

e+

e−

      Hadronic Corrections

 X

Two different, independent strategies:  
  

 For HVP: use dispersion relations to rewrite integral in terms of hadronic cross section:   
 
 
  

Many experiments (over 20+ years) have measured the  cross sections for the different 
channels over the needed energy range with increasing precision.  
For HLbL: new dispersive approach

e+e−

➠Im[ ] ∼ | |2
hadrons

 Direct calculation using Euclidean Lattice QCD 

                                      

  
 ab-initio method to quantify QCD effects 
 already used for simple hadronic quantities with high precision 
 requires large-scale computational resources 
 allows for entirely SM theory based evaluations

L 

a 

x 

Approximations:  
  discrete space-time (spacing a) 
  finite spatial volume (L), and time extent (T)  
  …

Integrals are evaluated 
numerically using 
Monte Carlo methods. 

aHVP,LO
µ =

⇣↵
⇡

⌘2
Z

dq2!(q2) ⇧̂(q2)aHVP,LO
µ =

m2
µ

12⇡3

Z
ds

K̂(s)

s
�exp(s)

A. El-Khadra P5 town hall, 21-24 Mar 2023  X

adjustable parameters 

lattice spacing:  

finite volume, time:    

quark masses (mf): 
tune using hadron masses  
extrapolations/interpolations

Lattice QCD Introduction

L 

a 

x 

discrete Euclidean space-time (spacing a) 
derivatives ➙ difference operators, etc… 
finite spatial volume (L) 
finite time extent (T) 

LQCD =
X

f

 ̄f (D/+mf ) f +
1

4
trFµ⌫F

µ⌫

a ➙ 0

L ➙ ∞, T > L

MH,lat = MH,exp

mf ➙ mf,phys mud ms mc mb

Integrals are evaluated 
numerically using monte 

carlo methods. 
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L 

FIG. 6. Distribution of four-flavor QCD gauge-field ensembles used in this work. Ensembles that
are new with respect our previous analysis [23] are indicated with black outlines. Ensembles with
unphysical strange-quark masses are shown as gold disks with orange outlines. The area of each
disk is proportional to the statistical sample size Nconf ⇥ Nsrc. The physical, continuum limit is
located at (a = 0, M⇡ ⇡ 135 MeV).

charm and bottom quarks with controlled discretization errors. Figure 7 shows the range
of valence heavy-quark masses used in our analysis. On the coarsest a ⇡ 0.15 and 0.12 fm
ensembles, we have only two values mh = 0.9m0

c
and m

0
c
; on our finest a ⇡ 0.042 and 0.03 fm

ensembles, however, we have several heavy-quark masses between 0.9m0
c

 mh  5m0
c
,

reaching just above the physical b-quark mass. Second, as discussed in Sec. III, we have
large statistical sample sizes, with about 4,000 samples on most ensembles and large lattice
volumes; the resulting errors on the decay constants range from 0.04% to 1.4%.

Because of the breadth and precision of the data set, it is a challenge to find a theo-
retically well-motivated functional form that is sophisticated enough to describe the whole
data set. We therefore rely on several EFTs to parameterize the dependence of our data
on each of the independent variables just described: Symanzik e↵ective field theory for lat-
tice spacing dependence [37], chiral perturbation theory for light- and strange-quark mass
dependence, and heavy-quark e↵ective theory for the heavy-quark mass dependence. These
EFTs are linked together within heavy-meson rooted all-staggered chiral perturbation the-
ory (HMrAS�PT) [64]. Here we use the one-loop HMrAS�PT expression to describe the
nonanalytic behavior of the interaction between pion (and other pseudo-Goldstone bosons)
and the heavy-light meson, and supplement it with higher-order analytic functions in the
light- and heavy-quark masses and lattice spacing to enable a good correlated fit.

Even with these additional terms, however, the extrapolation a ! 0 and the interpolation
mh ! mb oblige us to restrict the range of amh. In practice, we are able to obtain a good
correlated fit of our data with heavy-quark masses amh  0.9. Note, however, that our final
fit function describes even the data with amh > 0.9 quite well.
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MILC nf = 2+1+1
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• Process
– Perform calculations with different

• lattice spacings 
• total volume
• Particle masses

– Use results to dis-entangle systematics and 
extrapolate to the physical, continuum limit

Lattice QCD Calculations
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In 2020 WP:  
Lattice HVP average at  total uncertainty: 
    
BMW 20 (published in 2021)  
first LQCD calculation with sub-percent ( ) error 
in tension with data-driven HVP ( ) 
Further tensions for intermediate window 
 
 
 
 
 
 
 
 
-  tension with data-driven evaluation  
-  tension with RBC/UKQCD18

2.6 %
aHVP,LO

μ = 711.6 (18.4) × 1010

0.8 %
2.1σ

3.7σ
2.2σ

HVP: lattice

 X

Use windows in Euclidean time to consider the different time regions 
separately. [T. Blum et al, arXiv:1801.07224, 2018 PRL] 
 
Short Distance (SD)        
Intermediate (W)            
Long Distance (LD)         
 
 
  

disentangle systematics/statistics from long distance/FV and 
discretization effects  
intermediate window: easy to compute in lattice QCD & using 
disperse approach:  
Internal cross check:  compute each window separately (in continuum, 
infinite volume limits,…) and combine:

t : 0 → t0
t : t0 → t1
t : t1 → ∞

aHVP,LO
µ =

⇣↵
⇡

⌘2
Z 1

0
dt w̃(t)C(t)

<latexit sha1_base64="bwdIsym4glyVPgnTM0fRxWwPX2s="></latexit>

Hartmut	Wittig

Window	observables

4

Restrict	integra3on	over	Euclidean	3me	to	sub-intervals	
		 		reduce/enhance	sensi3vity	to	systema3c	effects→

<latexit sha1_base64="RZkSrxSX7M0m0SIdaFXvIxBtAEI="></latexit>

ahvp,win
µ =

✓↵
⇡

◆2 Z 1

0
dt K̃(t) G(t) W(t; t0, t1)

Short	distance:
<latexit sha1_base64="xgdpZMpcp8rV9Ka6WJ9p5hBGgKA="></latexit>

WSD(t; t0) = 1 � ⇥(t, t0,�)

Intermediate	distance:
<latexit sha1_base64="mXPnf6Q0yTt3Zm6UpEf/wXuXM2E="></latexit>

W ID(t; t0, t1) = ⇥(t, t0,�) � ⇥(t, t1,�)
<latexit sha1_base64="NVv4bsheoXwrNXVLs/nYU1XFiPg="></latexit>

WLD(t; t1) = ⇥(t, t1,�)Long	distance:

• Precision	test	of	different	laKce	calcula3ons	

• Comparison	with	corresponding	 -ra3o	es3mateR

Intermediate	window:
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⇥(t, t0,�) = 1
2
⇥
1 + tanh(t � t0)/�

⇤
Step	func3on:

“Standard”	window	quan33es:
<latexit sha1_base64="3/X9k7tHfEFhYfCh5/e+1KR+S3s="></latexit>

t0 = 0.4 fm, t1 = 1.0 fm, � = 0.15 fm

H. Wittig @ Lattice 2021

t0 = 0.4 fm, t1 = 1.0 fm

Window observable

restrict correlator to window
0.4 � 1.0 fm [RBC/UKQCD’18]

fewer difficulties
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Cont. extrap. systematics:

1 SRHO vs no improvement

2 � = 0 or 3

3 linear, quadratic or cubic

4 skip coarse lattices

aµ = aSDµ + aWµ + aLDµ
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• Status
– In 2020 WP, lattice HVP had 2.6% total 

uncertainty
– In 2021, BMW first LQCD calculation, 0.8% 

uncertainty
– 3.7s tension with data-driven evaluation

Example of contribution in a subset of the lattice



• Intermediate window
– lattice uncertainties are smaller and the dispersive r-ratio data can be mapped to the 

Euclidean space for direct comparison

Lattice QCD Windows
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Use windows in Euclidean time to consider the different time regions 
separately. [T. Blum et al, arXiv:1801.07224, 2018 PRL] 
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disentangle systematics/statistics from long distance/FV and 
discretization effects  
intermediate window: easy to compute in lattice QCD & using 
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In 2020 WP:  
Lattice HVP average at  total uncertainty: 
    
BMW 20 (published April 2021)  
first LQCD calculation with sub-percent ( ) error 
in tension with data-driven HVP ( ) 
Further tensions for intermediate window: 

Note: int window ~ 1/3 of   
Still need independent LQCD calculations of all windows 
and sub-leading contributions. 

2.6 %
aHVP,LO

μ = 711.6 (18.4) × 1010

0.8 %
2.1σ

aHVP,LO
μ

HVP: lattice

 X

Evaluations of short-distance windows [ETMC, RBC/UKQCD] 
Proposals for computing more windows:   

Use linear combinations of finer windows to locate the tension (if it 
persists) in      [Colangelo et al, arXiv:12963] 

Use larger windows, excluding the long-distance region    to 
maximize the significance of any tension [Davies at at, arXiv:2207.04765] 

For total HVP:  
independent lattice results at sub-percent precision: coming soon! 
Including   states for refined long-distance computation  
(Mainz, RBC/UKQCD, FNAL/MILC) 
include smaller lattice spacings to test continuum extrapolations  (needs 
adequate computational resources) 

s
t ≳ 2 fm

ππ

Ongoing work:

If results are consistent, Lattice HVP (average) with  errors 
feasible by 2025

∼ 0.5 %

What the hell is going on with HVP?

230 235 240 245

BMW 2020

RBC/UKQCD 2018

Mainz 2022

R-ratio data

RBC/UKQCD 2022

ETMC 2022

ETMC 2021

FNAL/HPQCD/MILC 2022

aHVP, win

µ ⇥ 1010

In this talk: no new answers, but old ones to frequently asked questions, and some

more perspectives

M. Hoferichter (Institute for Theoretical Physics) Dispersive determination of HVP in the muon g � 2 Sep 23, 2022 2

R-ratio data [Colangelo et al, arXiv:2205:12963]
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– Contributes 1/3 of the lowest order HVP contribution
• Work continues on other windows, multiple groups, 0.5% uncertainty goal by 2024  

Stats / finite 
volume issues

Discretization 
issues



• HLBL has smaller contribution that HVP
• HLBL Dispersive calculation is more challenging than HVP
• The dominant pion-exchange contributes about 75% and is determined to 6%
• The subleading terms dominate the uncertainty for HLBL 
• Multiple lattice groups performing complete calculation (at unphysical pion mass)

• Both dispersive and Lattice will approach target of <= 10% feasibly by 2024

Hadronic Light by Light
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A. El-Khadra P5 town hall, 21-24 Mar 2023

Hadronic Light-by-light

 X

µ−(p) µ−(p′)

↓ k = p′ − p

=

π0, η, η′

+ . . .+

π+

+ . . .+
Exchanges of

other resonances

(f0, a1, f2, . . .)

+

q

+ . . .

Dispersive approach: 
[Colangelo at al, 2014; Pauk & Vanderhaegen 2014; …]   

model independent 
significantly more complicated than for HVP 
provides a framework for data-driven evaluations 
can also use lattice results as inputs

Dominant contributions ( of total):≈ 75 %

Well quantified with   uncertainty 
  pole contributions: Canterbury approximants only 
Ongoing work: consolidation of   pole contributions 
using disp. relations and LQCD

≈ 6 %
η, η′ 

η, η′ 

µ−(p) µ−(p′)

↓ k = p′ − p

=

π0, η, η′

+ . . .+

π+

+ . . .+
Exchanges of

other resonances

(f0, a1, f2, . . .)

+

q

+ . . .

µ−(p) µ−(p′)

↓ k = p′ − p

=

π0, η, η′

+ . . .+

π+

+ . . .+
Exchanges of

other resonances

(f0, a1, f2, . . .)

+

q

+ . . .

Subleading contributions ( of total):≈ 25 %

Not yet well known  
➠ dominant contribution to total uncertainty 
Ongoing work: 
- Implementation of short-distance constraints (now at 2-loop) 
- DR implementation for axial vector contributions 
- new   DR program for higher spin intermediate states  

[Luedtke @ Higgscentre workshop with Procura and Stoffer, in progress] 

- Mainz and BESIII ramping up   programs 
[A. Denig and C. Redmer @ Higgscentre workshop]

q4 = 0

γ(*)γ*

Dispersive, data-driven evaluation of HLbL with 
 total uncertainty feasible by ~2025. ≤ 10 %



• Important to see how story evolves
– Will need to see how other 

windows compares
– There are several tensions within 

the dispersive calculations, within 
lattice and between dispersive and 
lattice contributions for HVP

• Critical to support efforts to 
understand these discrepancies 
and develop a firm theoretical 
calculation

Summary: New Precise Lattice Calculations are 
in tension with Dispersive Calculations for aµ
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Outline
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• Muon g-2 Motivation
• Current Status
– Theory
• Dispersive Calculation
• Updated e+/e- Measurements
• Lattice QCD

– Experimental status
• Fermilab Experimental Technique
• Runs 2-3
– Hardware and analysis improvements
– Crosschecks

• Outlook
– General timeline: What comes next?



Starting Point: Run-1 Result

*Muon g – 2 Theory Initiative white paper (WP) value
https://doi.org/10.1016/j.physrep.2020.07.006

*

aμ(Exp) = 0.00 116 592 061(41) [350 ppb] 
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aμ(FNAL; Run-1) = 0.00 116 592 040(54) [463 ppb] 

• Theoretical situation is 
complex and it is premature to 
interpret comparisons 
between theory and 
experiment

• 3.7s discrepancy between BNL 
and WP 2020

• 4.2s discrepancy between 
World Average 2021 and WP 
2020



Runs 2-3 Result: Measured Value

• Experimental situation solidifying

• Excellent agreement with 
both Run-1 and BNL!

• Uncertainty more than 
halved to 215 ppb

aμ(FNAL; Run-2/3) = 0.00 116 592 057(25) [215 ppb] 

• Both FNAL values dominated by 
statistical error
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Runs 2-3 Result: FNAL Run-1 + Runs 2-3 Combination
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aμ(FNAL) = 0.00 116 592 055(24) [203 ppb] 

• FNAL combination: 203 ppb 
uncertainty

• Both FNAL and BNL 
dominated by statistical error



Run-2/3 Result: FNAL + BNL Combination
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aμ(FNAL) = 0.00 116 592 055(24) [203 ppb] 

aμ(Exp) = 0.00 116 592 059(22) [190 ppb] 

• FNAL combination: 203 ppb 
uncertainty

• Both FNAL and BNL 
dominated by statistical error

• Combined world average 
dominated by FNAL values.
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• Muon g-2 Motivation
• Current Status
– Theory
• Dispersive Calculation
• Updated e+/e- Measurements
• Lattice QCD

– Experimental status
• Fermilab Experimental Technique
• Runs 2-3
– Hardware and analysis improvements
– Crosschecks

• Outlook
– General timeline: What comes next?



A precision measurement of the muon’s 
anomalous spin-precession frequency in a 

well-measured magnetic field will tell us how  
muons see the universe. 

Muon g-2 basics in a storage ring
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𝜔! =
𝑒𝐵
𝑚
𝑎"



1. Build a racetrack for the muons
2. Inject and store polarized muons
3. Detect the decay positrons to 

determine the muons’ properties
4. Map and track the magnetic field

What are the main experimental steps to get 𝑎" ? 
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𝜔! =
𝑒𝐵
𝑚
𝑎"



1. Build a racetrack for the muons: Bring the magnet to Fermilab
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2013

2014
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150 ns

16 shots / 1.4 s

• 8 GeV protons

• Use RF to create bunches

• Create pions on a target
• Transfer and decay p à µn, 

creating a polarized muon beam

• Delivery Ring kicks out remaining 
protons, muons are extracted

• ~5000 stored muons per pulse

Brynn MacCoy
• Repeat!
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2. Inject and store polarized muons



• Muons are injected into storage ring & bend in the B field
2. Inject and store polarized muons

μ+
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μ+

μ+

B

Kicker
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• Fast kicker pulse transfers muons to central orbit
2. Inject and store polarized muons



2. Inject and store polarized muons

B

Quadrupole Plates
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• Pulsed quads provide vertical focusing (restoring force)

μ+



1. Cyclotron frequency:

2. Spin precession frequency

2. Inject and store polarized muons
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𝑔 − 2
2 =

𝑒𝐵
𝑚 𝑎$

𝜔# =
𝑒
𝑚𝛾 	𝐵 1 + 𝛾

𝑔 − 2
2



1. Cyclotron frequency:

2. Spin precession frequency

2. Inject and store polarized muons
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Difference frequency ⍵a is prop. to aμ (and B)

3. Spin rotates ahead of momentum as 
muon orbits the ring

• At each point in the ring spin 
rotates radially in & out at ⍵a



• Time & energy of decay e+ are measured by 24 calorimeters
3. Detect decay positrons to determine the muons’ properties

μ+

μ+

B

Calos
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e+



Sep 12, 2023 B. Kiburg | Run 2-3 Result Muon g-233

3. Detect decay positrons to determine the muons’ properties

e+

PbF2 xtals



3. Detect decay positrons to determine the muons’ properties
• Due to parity violation, as the μ+ spin points towards & away from calos the 

number of high energy e+ oscillates

• Count e+ hitting calos above threshold (or weight the hits) 
• We measure the oscillation frequency ωa
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Threshold Energy

Time SpectrumEnergy 
Spectrum

Real Data 
(Run-3a)

Spin
Momentum



Muon Precession (⍵a): “Wiggle Plot”
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• Select decay positrons with E > 1.7  GeV to maximize sensitivity 
• Fit the time spectrum to extract ωa

Run-3a: 33 B e+



Muon Precession (⍵a):
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Start with simple 5 parameter fit:

FFT of fit residuals



Muon Precession (⍵a):
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• Actual fit has to account for:
• Beam oscillations – couple to acceptance & modulate signal

• Muon losses – decay isn’t purely exponential
22 parameter fit



3. Measure decay positrons to determine the muons’ properties
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Muon’s view of the storage region

Two Trackers
Decay positron detected
Reconstruction of muon beam distribution
Measurement of beam dynamics properties

μ+

B

Trackers
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•Measure beam oscillations 
directly
– Beam-dynamics corrections
– Tuning simulations
– Optimizing experiment running

3. Measure decay positrons to determine the muons’ properties



4. Map and Track the Magnetic Field
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• Nuclear Magnetic Resonance (NMR)
• Extremely Precise (~10 ppb)
• Measures Total Field Proton-rich 

sample

RF Coils tip 
magnetization
Induced EMF

• Turn on  
magnetic field

H

RF

Digitize to 
extract wp

Vo
lta

ge
 (V

)



4. Map and Track the Magnetic Field: Start with a uniform field
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BNL FINAL à FNAL Shimming Progress



4. Map and Track the Magnetic Field: Start with a uniform field
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Nov 2015 Sep 2016

Large 
gradients

Small gradients

17 petroleum jelly 
NMR probes



• In-vacuum NMR trolley maps field every ~3 days
4. Map and track the magnetic field
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2D field maps 
(~8000 points)

Fixed probes 
above/below muon 

storage region

17 petroleum jelly 
NMR probes

Azimuthally-
Averaged

Variation < 1 ppm
• 378 fixed probes monitor field during muon storage at 72 locations



• Cross-calibrate using a cylindrical plunging H2O probe which 
repeatedly changes places with trolley (petroleum jelly probes)

4. Map and track the magnetic field

• This probe is checked against a spherical probe 
using an MRI magnet at ANL

• Both also cross-checked against a 3He probe 
(different systematics)

H2O Probe 3He Probe
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Putting it all together
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𝑎' =
𝑚
𝑒
𝜔(
𝐵



From ideal to reality
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<latexit sha1_base64="8k551U70pfSFp/qVoj5hVvUum60="></latexit>

!a

!p
=

!m
a

!m
p

1 + Ce + Cp + Cpa + Cdd + Cml

1 +Bk +Bq

Calibrated proton precession 
frequency (NMR)

Measured anomalous µ 
precession frequency

Transient magnetic fields 
only present when µ 

circulate

Beam dynamics effects that 
modify the observed µ 
precession frequency



Outline
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• Muon g-2 Motivation
• Current Status
– Theory
• Dispersive Calculation
• Updated e+/e- Measurements
• Lattice QCD

– Experimental status
• Fermilab Experimental Technique
• Runs 2-3
– Hardware and analysis improvements
– Crosschecks

• Outlook
– General timeline: What comes next?



Run 1 Uncertainties: Where can we improve?
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Run-1
Systematics

Run-1
Uncertainties

Statistical
434 ppb

Systematic
157 ppb

Total Uncertainty: 462 ppb

Total Systematic: 157 ppb

Target: quadrupole transient field Bq and 
phase-acceptance effect Cpa

Dominated by 
statistical error



Systematic Errors

BNL 
(E821)

Proposal Run 1

Gain 120 20 10
Pileup 80 40 30
CBO 70 30 40

E & Pitch 50 30 55
Lost Muons 90 20 5

Phase 
Acceptance

* * 75

Total 180 70 108
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Numbers are approximate
Category mapping is imperfect

Muon precession - ωa (ppb) BNL 2001
(E821)

Prop-
osal

Run 1

Absolute 
Calibration

50 35 19

Trolley 
Calibration

90 30 32

Trolley Baseline 50 30 40
Fixed Probe 

Baseline
70 30 23

Muon 
Weighting

30 10 18

Quad Transient * * 92
Kicker 

Transient
* * 37

*Others 100 50 -
Total 170 70 114

B-Field (proton precession) ωp (ppb)



Run-2/3 Uncertainty Improvement Categories
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Statistics

Analysis ImprovementsSystematic 
Measurements & Studies

Running Conditions



Run-2/3 Uncertainty Improvement Categories
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Statistics

Analysis ImprovementsSystematic 
Measurements & Studies

Running Conditions



Run-2/3 Improvement: Statistics
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Weighted e+ in our 
final fit after quality 

control

E > 1 GeV
 t > 30 us

Factor 4.7 more data in Run-2/3 than Run-1
Dataset Statistical Error [ppb]
Run-1 434
Run-2/3 201
Run-1 + Run-2/3 185



Run-2/3 Uncertainty Improvement Categories
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Statistics

Analysis ImprovementsSystematic 
Measurements & Studies

Running Conditions



Running Conditions: Hall Temperature
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• Temperature stability makes magnetic field less variable

Run-1

Run-2

Run-3

Added Insulation



Running Conditions: Hall Temperature
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Improved 
Hall Cooling

• Temperature stability makes magnetic field less variable

Run-1

Run-2

Run-3



Running Conditions: Kicker Strength
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• Last 18% of Run-2/3 has upgraded, stronger kicker

• Mom. distribution more centered

• Lower E-field correction Ce 
• (off-momentum muons whose 

electric field aren’t cancelled by 
magic momentum technique) 

• Phase space matching improved

• Smaller beam oscillations

Fractional Momentum Shift: dp/p0 [%]



Run-2/3 Uncertainty Improvement Categories
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Statistics

Analysis ImprovementsSystematic 
Measurements & Studies

Running Conditions



• Quads are pulsed synchronously with muons
• We observed a motion of the quad plates associated with these pulses
• Affects field observed by muons, but not the field mapped by trolley (quads off)

Transient Fields affect the muons

Sep 12, 2023 B. Kiburg | Run 2-3 Result Muon g-258 First Results From the Muon g-2 Experiment at Fermilab

• As muons are injected, electrostatic quads in the ring are pulsed 
• The motion of these plates causes a magnetic field perturbation 
• Affects the fixed probe measurements — but not the trolley (beam stopped)
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quad plates

fixed probes

Pulsing the Quads
• Side plates bend, 

oscillate radially 
• Top/bottom plates 

oscillate vertically
• Distinct oscillation 

in fixed probe
measurements+ + +

ωp’ Analysis: Electrostatic Quad Interference (Bq)

Pulsing Quads
• Side plates 

oscillate radially
• Oscillating 

conductor 
perturbs B-field

• Fixed probes 
sensitive to 
oscillation

Dedicated measurement

Run 1



• Measured with a new NMR probe housed in insulator

=
• For Run-1 analysis, we had limited measurement positions 

around the ring

• Largest Run-1 systematic: 92 ppb
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Muon fills

Improved Measurements: Quad Transient Field
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ESQ1 ESQ2 ESQ3ESQ4

Run-1 Measurement 
Locations



• For Run-2/3 analysis, probe runs on the trolley rails

Improved Measurements: Quad Transient Field

ESQ1 ESQ2 ESQ3ESQ4

Run-1 Measurement 
Locations

• Allows full mapping of all quad stations:

• Uncertainty is reduced to 20 ppb

Measurement probe mounted 
on trolley rail train
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Run-2/3 Uncertainty Improvement Categories

Sep 12, 2023 B. Kiburg | Run 2-3 Result Muon g-261

Statistics

Analysis ImprovementsSystematic 
Measurements & Studies

Running Conditions



• Many systematics come from effects that change the phase of the detected e+ over time

• These make us mis-measure ωa with no other indications that we’re getting it wrong

• In general, anything that changes from early-to-late within each muon fill can be a cause 
of systematic error.

• Most phase shifts are eliminated by design or before fitting the data, but we must correct 
for one particular effect ( CPA)

ωa Systematics: Phase Shifts
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CPA – Phase-Acceptance Correction
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• The 𝑔 − 2 phase of the accepted positrons depends on the muon decay position (𝑥, 𝑦, 𝜙) and 
energy.

(Exaggerated) Example “decay cones” at the different radial 
positions.

Not an issue if the muon distribution doesn’t change shape 
over a fill

x



• The spatial muon distribution should be stable during 
the measurement period. However…

• 2 out of 32 Quad HV resistors were damaged which 
led to unstable beam conditions
– The electric field changed during the measurement
– The mean vertical position and width changed
– Resulted in a -158 ppb correction with 75 ppb unc.
– Resistors fixed prior to Run2 à much more stable

CPA – Phase Acceptance error in Run 1
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𝐶!" Correction 
[ppb]

Unc. 
[ppb]

Run
-1

−158 75 

Run
-2/3

−27 13 



• Systematic improvements in all parameters
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Uncertainty Improvements Summary

• After improvements, total 
systematic comes from multiple 
sources

Analysis 
Improvements

Running 
Conditions

Improved 
Measurements

<latexit sha1_base64="8k551U70pfSFp/qVoj5hVvUum60="></latexit>
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• Total uncertainty is 215 ppb
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2023 B. Kiburg | Run 2-3 Result Muon g-266

Run-2/3 Uncertainties: Final Values

Systematic uncertainty of 70 ppb surpasses 
our proposal goal of 100 ppb!

• Near-equal improvement: We’re 
still statistically dominated

[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



Outline
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• Muon g-2 Motivation
• Current Status
– Theory
• Dispersive Calculation
• Updated e+/e- Measurements
• Lattice QCD

– Experimental status
• Fermilab Experimental Technique
• Runs 2-3
– Hardware and analysis improvements
– Crosschecks

• Outlook
– General timeline: What comes next?



Crosschecks: Run 2-3 sub-datasets sorted chronologically
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• Identified many 
variables and 
subdivide run2-3 
into ~5-10 
subsets sorted 
on each variable

• Everything was 
consistent with 
expectations



Stability against different beam conditions 
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Acbo is the amplitude of beam oscillations, 
kloss is stored muon losses, which can shift phase



Measurements at Different Magnetic Fields
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~14 ppm

• Across BNL and Runs 1-3, datasets were taken at slightly different field settings

• Allows a simple cross-check of scaling between µ and p precession frequency

M
uo

n 
pr

ec
es

sio
n

Magnetic field



Outline
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• Muon g-2 Motivation
• Current Status
– Theory
• Dispersive Calculation
• Updated e+/e- Measurements
• Lattice QCD

– Experimental status
• Fermilab Experimental Technique
• Runs 2-3
– Hardware and analysis improvements
– Crosschecks

• Outlook
– General timeline: What comes next?



FNAL Data Summary
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• Run-6 is final dataset collection 
ended in July 2023
– Total integrated statistics reached 

the TDR goal of 21xBNL (actual = 
21.9xBNL)

– Systematic uncertainty (~70ppb) 
should exceed the ~100 ppb 
experimental goal

– Experimental uncertainty should 
exceed ~140 ppb

• Additional magnet systematics 
ongoing for ~6 months

• Raw production on Runs 4-6 
complete

• Pushing into new regime, new 
puzzles

2021 
pub

2023 pub (in 
progress)

~2024-2025 pub



• Maintained temperature stability and pulsed system quality control near optimal 
parameters

• Reduced beam oscillations by augmenting quads with RF phase-space matching

Improved Operations in Run 4-5-6
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Non-RF

RFBe
am
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en

te
r



• Theory prediction is less clear now, but we can still make some comparisons

Experiment vs Theory Comparison
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• ~5s wrt Theory Initiative WP (dispersive) à will 
likely decrease

• Include BMW result by swapping HVP from WP 
with their value. Some caveats:

• other lattice groups have checked 
intermediate window, which contributes 
less than 40% of the discrepancy with the 
dispersive calculation

• Looking forward to seeing additional full 
lattice calculations in 2024

• Ignores many dispersive results

• As expected, BMW falls in between WP 
(2020) and experiment



Runs 1-3 Results / Implications
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Excellent agreement between BNL 
and FNAL Run 1-3 

This hypothesis is much less likely 
now

2025 FNAL result will reduce 
experimental uncertainty by ~30% 
and establish legacy target

• What can explain the difference?
(a) Experimental Error
(b) Theory Error
(c) New Physics
(d) Some combination of the above



• What can explain the difference?
(a) Experimental Error
(b) Theory Error
(c) New Physics
(d) Some combination of the above

First Results / Implications
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Longstanding dispersive calc
 - Investigating recent tension
 - What can CMD-3 tell us?

New lattice QCD approach 
suggests higher value
– Could new physics be lurking in 

e+/-e- measurements?
– Systematic e+/e- experimental 

error?
 



• What can explain the difference?
(a) Experimental Error
(b) Theory Error
(c) New Physics
(d) Some combination of the above

First Results / Implications
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Many Exciting theory possibilities

 ?       ?

Run1: link

Runs 2-3: https://arxiv.org/abs/2308.06230 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://arxiv.org/abs/2308.06230


Physics possibilities (papers citing August arxiv paper, which 
has now been accepted for PRL)
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• Major 
experimental 
result in 2023

• Theory planning 
significant 
updates in 2024

• Open questions 
on theory-theory 
& theory-exp 
anomalies will be 
addressed on 
this timeline

Overall Timeline & Summary
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A. El-Khadra P5 town hall, 21-24 Mar 2023

Near-term Timeline

 X

Theory Initiative:  
ongoing activities: develop method average for Lattice HVP 
CMD-3 seminar (virtual): 27 March 2023 at 8:00am US CDT 
WP update with all available results ~ late 2023

Run 4
Run 5

Result from 
Runs 2&3

?

20
21

20
22

20
23

Final result  
from E989  

?

J-PARC E34FNAL E989

?

Run 1 result 
announced

Physics Reports 887 (2020) 1–166

Contents lists available at ScienceDirect

Physics Reports

journal homepage: www.elsevier.com/locate/physrep
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Muon g-2 TI 
WP published 

Run 6

Result from 
Run 4&5  

20
25

WP

20
24

TI workshops:   
Jun 2021 @ KEK (virtual) 
Sep 2022 @ Higgscentre 
Sep 2023 @ Bern 
Summer 2024 @ KEK

WP update 

A. El-Khadra’s talk at P5 town hall, March 2023
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Muon g-2 Collaboration
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181 collaborators
33 Institutions
7 countries 



J-PARC Experiment & MUONE
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J-PARC muon g-2/EDM experiment

Shields, area control (2022)

RF Acc. Test at S2 area (May 2023)

210 MeV

25 meV

µ+(4 MeV)

Constructed in 2021

J-PARC MLF

4 MeV

Construction from FY2022

Muon beam

0.66 m

Muon storage ring

Aiming for data taking
from 2028
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J-PARC Experiment
• Complementary technique

– µ beam accelerated from rest
– no E fields
– smaller magnet

• Aiming for a result comparable to Run-
1 result towards the end of the decade

8/10/2384 James Mott: New Results from Muon g-2

• Under construction aiming for data taking from 2028.
• Succeeded to deliver a surface muon beam to H-line.
• Constructed the experimental area for muon cooling and 

the first stage of the acceleration.
• Currently taking data to demonstrate the muon cooling by 

using the laser ionization of muonium, followed by RF 
acceleration tests.

Sep 12, 2023 B. Kiburg | Run 2-3 Result Muon g-2
84



• A novel approach to determine the 
leading hadronic contribution via a 
very precise measurement of the 
shape of the differential cross 
section of 𝜇𝑒 elastic scattering

Additional Experimental handle being pursued: MUonE at CERN 

Sep 12, 2023 B. Kiburg | Run 2-3 Result Muon g-285

• Be scattering target
• Tracking via silicon strip detectors
• Status

– Scattering test beam studies 2017-
2018

– Test run in 2021/2022
• Goal: 3 years of running à 0.3% 

precision on 𝑎!"#$


