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Measuring the muon magnetic anomaly 𝒂𝝁
with the Muon g-2 experiment at Fermilab



What is “g-2” ?
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• gP : proportionality constant between 
spin and magnetic moment for particle P

• aP :  magnetic anomaly
• aP = 0 at tree level (purely Dirac particle)  

𝜇⃗! = −𝑔!
𝑒

2𝑚!
𝑆

𝑎! =
𝑔! − 2
2

• Using modern language, the term (g-2)/2 reflects the 
magnitude of the Feynmann diagrams beyond leading order
a =                  0                 +                  a/2p                   +       ....

B

µ µ

Dirac Schwinger
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Standard Model determination of aµ

QED       Weak        HLO           HLbL       New Physics.
Known               Known                  Data                  Models/Lattice              ?

Theory Initiative White Paper (arXiv 2006:08443) 
𝑎! = 116 591 810 ± 43 ×10"## → 370 ppb
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+   ?

Value (⇥ 10
�10

) units
QED (� + `) 11 658 471.8951± 0.0009± 0.0019± 0.0007± 0.0077↵
HVP(lo) Davier17 692.6± 3.33
HVP(lo)KNT2017 693.9± 2.6
HVP(ho) KNT2017 �9.84± 0.07
HLbL Glasgow 10.5± 2.6
EW 15.4± 0.1
Total SM Davier17 11 659 181.7± 4.2
Total SM KNT17 11 659 182.7± 3.7
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A rich history of g-2 Theory and Experiment 

THEORY EXPERIMENT

CERN

BNL

THEORY
“Consolidation”

4

Tension between theory and experiment
30/09/22 Marco Incagli - INFN Pisa



• Difference between spin precession and cyclotron revolution 
for a muon (charged particle with spin) in a magnetic field*:

𝜔" = 𝜔# −𝜔$ = 𝑔
𝑒
2𝑚𝐵 −

𝑒
𝑚𝐵 =

𝑔 − 2
2

𝑒
𝑚𝐵 = 𝑎%

𝑒
𝑚𝐵

*s and p are assumed to be in a plane perpendicular to B
• simple classical calculation
• the relativistic approach provides the same result

The Fundamental Experimental Principle
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g = 2 g > 2
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• Use V-A structure of weak decays to build a polarized beam...

• ... and to measure the muon polarization looking for energetic 
positrons

How do we measure the spin direction?
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• The number of observed positrons above a threshold energy 
oscillates with the wa/2p frequency due to spin precession

Measuring the spin precession
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• exponential decay 
modulated by spin 
precession 

• note that the x-axis 
"wraps up" every 100 
µsec for a total of 
~700 µs à ~10 muon 
lifetimes

time (µsec)

N (t) = N0e
−t /τ [1+ A cos(ωat +φ)]
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𝝎𝒂 = 𝒂𝝁 ⁄(𝒆 𝒎)𝑩 à 𝒂𝝁 = ⁄⁄𝝎𝒂 𝑩(𝒎 𝒆)
by expressing B in terms of the (shielded) proton precession frequency:
(𝐵 = ⁄ℏ𝜔!& 2𝜇!& ):

𝑎# =
𝜔$
,𝜔%&
-
𝜇%&

𝜇'

𝑚#

𝑚'

𝑔'
2
= 𝑅#& -

𝜇%&

𝜇'

𝑚#

𝑚'

𝑔'
2

Extracting aµ(simplified)

External data

3𝜔′! = (shielded) Proton angular velocity weighted for the muon distribution

𝑅!" =
𝜔#
$𝜔′$

ratio of muon to proton precessions in 
the same magnetic  field

8

What we 
measure
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• Neglecting the corrections, the three key ingredients to 
measure the muon magnetic anomaly are:

The key ingredients
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Fermilab Muon g-2 Experiment
Combined Run-1 Data

Data
Fit

𝝎𝒂

𝑴(𝒙, 𝒚, 𝜑)𝝎𝒑(𝒙, 𝒚, 𝜑)𝝎𝒑(𝒙, 𝒚, 𝜑)

𝑅!" =
𝜔#
$𝜔$

3𝝎𝒑 = 𝝎𝒑 𝒙, 𝒚, 𝜑 : 𝑴(𝒙, 𝒚, 𝜑)
w’p=proton precession frequency M=muon spatial distribution

wa=muon spin precession  respect to 
momentum  (in B field)

′

′ ′



muons

24 Calorimeters + 2 trackers located all around the ring

NMR probes and electronics located all around the ring

Muon g-2
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Inflector

Kicker

QUADS

RING

FIELD

DETECTORS
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• The ratio 𝑅%& requires additional corrections related to beam 
dynamics and to magnetic transient fields:

• 𝑓$01$2 = blinding frequency

Corrections due to beam dynamics

Corrections due to transient magnetic fields

Additional corrections

30/09/22 Marco Incagli - INFN Pisa11

𝑅#& =
𝜔$
,𝜔′%

-
1 + 𝐶' + 𝐶% + 𝐶() + 𝐶%$

1 + 𝐵* + 𝐵+
- 𝑓,)-,*



• Fit with simple positron oscillation: 

𝑁3 𝑡 = 𝑁4 exp − ⁄𝑡 𝜏 % [1 + 𝐴𝑐𝑜𝑠 𝜔"𝑡 + 𝜑 ]
• This simple fit is clearly not sufficient and well defined

resonances are observed in the residuals

Measuring 𝜔$ : 5 parameters fit function
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muon lifetime: tµ=gt0µ = 64.33 µsec

RESIDUALS (in frequency space)
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CBO = Coherent Betatron Ocillations
VW = Vertical Waist (oscillations)



The complete 22 parameters fit function
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Red = free parameters
Blue= fixed parameters 

𝜔", 𝜔#$ vertical oscillations
𝜔%&', 𝜔(%&' radial oscillations
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Lost muons (µ hitting 
collimators)
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Final fit to get 𝜔$
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• A Cylinder with 17 NMR probes (“trolley”) runs inside the ring 
every 2-3 days to map the field experienced by muons

• A set of 378 fixed probes, located in 72 azimuthal positions, 
continuosly measures the field

• Absolute probes for calibration tested at Argonne (ANL) magnet

The “trolley”         The "trolley" inside the beam "pipe”                  The map

Magnetic field 𝑩 determination

17 Trolley 
Probes

Fixed Probes
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• Two tracker stations, made of 
straw tube modules, placed at 
f~180o and f~270o, are used to 
trace back positrons and get the 
muon distribution

• Use Beam Dynamics models to 
extrapolate the distribution all 
around the ring

• Systematic uncertainties mostly 
due to Beam Dynamics models 
used for extrapolation and to  
tracker alignment

𝜔′% → ,𝜔′% : muon distribution inside the Ring

30/09/2216 Marco Incagli - INFN Pisa



17

aµ: Unblinding and result
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• 462 ppb total 
uncertainty

• The combined 
𝑎% value shows 
a 4.2s tension 
with the 
standard model 
2020 prediction 
in the Theory 
Initiative 
Group White 
Paper



• ~130 physicists collaborated for 3 years [June 2017 – June 
2020] in seven workshops to produce a reference number for 
am to be used by FNAL g-2 experiment as a benchmark

The Theory Initiative
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• The BMW (Budapest, 
Marseille, Wuppertal) 
collaboration published the 
result of their lattice 
calculation in april 2021 (pre-
print in 2020): closer to the 
experimental value than with 
the Theory Initiative one

The lattice evaluation of 𝑎#
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• The Theory Initiative evaluated the (leading order) hadronic 
contribution to 𝑎% using the dispersion integral:

𝑎%678 =
1
4𝜋9O:!

"

;
𝐾 𝑠 𝜎<"= 𝑠 𝑑𝑠 ; 𝑤𝑖𝑡ℎ 𝐾(𝑠) ∝

1
𝑠

• which is based on the experimental measurement of the 
cross section 𝜎<"= 𝑠 ⟹ 𝜎(𝑒>𝑒? → ℎ𝑎𝑑𝑟𝑜𝑛𝑠)



• Use the 
“Intermediate 
region”, more 
under control

• This region 
corresponds to 
~235/700=33% 
of the full 
hadronic 
contribution

News on lattice calculations (ICHEP 2022)
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• It (approximately) corresponds to the energy window 1-3 GeV
• Note: the largest contribution to 𝑎%<"= still comes from the r-

resonance region, i.e below 1 GeV



• Recent lattice results are in agreement with BMW calculation 
in the intermediate region 

• strong tension with the value obtained from e+e- data

New results from ICHEP22
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• Is it possible a “mistake” in 𝜎<"= 𝑠 ?
• In principle yes (experimental cuts) but

– many different experiments should have same bias
– an upward shift in 𝜎!"# 𝑠 induces an increase of ∆𝛼!"# 𝑀$

𝑎%678 =
1
4𝜋9O:!

"

;
𝐾 𝑠 𝜎<"= 𝑠 𝑑𝑠 ; 𝑤𝑖𝑡ℎ 𝐾(𝑠) ∝

1
𝑠

∆𝛼<"== O
:!
"

;
𝑔 𝑠 𝜎<"= 𝑠 𝑑𝑠 ; 𝑤𝑖𝑡ℎ 𝑔(𝑠) ∝

𝑀@
A

𝑀@
A − 𝑠

• Similar dispersion integral with a different kernel function

Hadronic cross section
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• An upward shift in the 
hadronic cross section 
to move the theoretical 
prediction towards the 
lattice one, or towards 
the exp. value, also 
“pushes down” the 
preferred Higgs Mass 
value in the global 
electroweak fit (green 
band)

Hadronic cross section and fine structure 
constant
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Keshavarzi, Marciano, Passera, Sirlin, PRD 2020



Clearly there is something going on there.

Our task: reduce as much as possible the 
experimental uncertainty on g-2 !
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Collected data: 18.8 
BNL equivalent
Publications:
• Run1 

7/apr/2021:  
±462 ppb

• Run2,3 
spring 2023: 
±220 ppb

• Run4,5,6 
beginning 2025:  
±140 ppb (maybe 
±120 ppb)

FNAL g-2: next publications
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• Thermalization of experimental Hall
• Kicker HV to design value 

Main improvements wrt Run1
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• Thermalization of experimental Hall
• Kicker strength to design value 
• New Radio Frequency System 

mounted on quadrupoles which 
reduces Beam Betatron oscillations

Main improvements wrt Run1
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• The final TDR goal of 140ppb is at reach!
• And we can do more with Run 6 (next slide)..

Perspectives on final uncertainty Run 1-5
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• In August 2022, the new Fermilab Director Lia Merminga 
confirmed a Run 6 with MU+ in Nov22-Jul23

• The priority, however, will be given to machine development 
for MU2E experiment

• Aim to reduce systematics, rather than to increase statistics

Run 6
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• There is clearly something going on in the muon anomalous 
magnetic moment

• Lots of theoretical and experimental activity to pin down the 
hadronic contribution to 𝑎%

• The “Muon g-2” experiment has collected data to reduce by a 
factor of 4 the published uncertainty on 𝑎%, thus reaching the 
TDR goal, and it has the potentiality to even gain some 10-
20% additional reduction in Run6

• This will be the more precise measurement of the muon 
anomaly for several decades, thus every possible reduction 
of the finale uncertainty should (and will) be pursued in the 
next 2-3 years

Conclusions
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