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Overview

• Muons and Standard Model
• The g-2 value: Standard Model vs Experiments
• The E989 Experiment Setup

• Ring
• Calorimeters
• Laser System
• Trackers

• Precession Frequency Analysis
• Conclusions
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Who ordered that?
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I. I. Rabi



Standard Model
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The Muon: 



Muon magnetic moment

• A particle in a magnetic field feels a 
torque due to the spin-magnetic field
interaction:

𝜏 = 𝜇⃗×𝐵
• The magnetic moment:

𝜇⃗ = 𝑔
𝑒
2𝑚

𝑆

• and the spin precession frequency:

𝜔0 = 𝑔
𝑒𝐵
2𝑚
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spin



The g-2 value: Standard Model

• Dirac’s equation naturally predicts 𝑔 = 2
• Standard Model corrections contribute ∼ 0.1% to the value

𝑎7 =
89:
:
= 𝑎7

;<= + 𝑎7?@AB + 𝑎7CDE + 𝑎7CFGF

28 - Oct -19 Matteo Sorbara           MUSE Outreach @ Rome Tor Vergata 6

Schwinger: ∼ H
:I

Z0

Dirac



Just QED
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Hadronic contribution

• Hadron Vacuum Polarization:
𝑎7CDE ∝ K

LMNO

PQ𝐾 𝑠
𝑠

𝑅 𝑠 𝑑𝑠

𝑅 𝑠 =
𝜎 𝑒P𝑒9 → ℎ𝑎𝑑𝑟𝑜𝑛𝑠
𝜎 𝑒P𝑒9 → 𝜇P𝜇9

R(s) is measured in experiments (KLOE-2, 
BELLE-II, BaBar…)

• Light by Light: non perturbative, from 
models and from lattice QCD
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The g-2 value: Experimental Value

BNL value between 2001 and 2006:

𝑎7\]F = 11 659 208.0 5.4 3.3 ×109cd [0.54 𝑝𝑝𝑚] (Phys.Rev.D73:072003,2006)
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The measured value shows a 3.7𝜎
discrepancy with the SM prediction. This can 
be a hint of new physics in the 𝑔 − 2 value.
It worths the effort (both from theoretical
and experimental side) to reduce the 
uncertainties in order to clarify the origin of 
this difference.

Keshavarzi et al., arXiv:1802.02995

Theory Experiments



Hint of new physics?

• Corrections are proportional to 
jk
M

:
so can be a probe of new 

physics in the mass range 100 MeV – 1 TeV
• It’s worth to take a deep look inside this “anomaly”
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How to measure 𝑎7
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The measure is based on the anomalous spin precession
frequency of a muon in a uniform magnetic field:

𝜔A = 𝜔0 − 𝜔l
For relativistic particles it becomes:

𝜔A = −
𝑒
𝑚𝑐 𝑎7𝐵 − 𝑎7 −

1
𝛾: − 1 𝛽×𝐸 − 𝑎7

𝛾
𝛾 + 1 𝛽 ⋅ 𝐵 𝛽

Where the E-field term is caused by focussing electrostatic 
quadrupoles (more later). For 𝛾 = 29.3 (CERN III) the E-field term 
vanishes, and using a magnetic field perpendicular to the beam 
𝛽 ⋅ 𝐵 = 0, so the expression becomes:

𝜔A = −
𝑒
𝑚𝑐 𝑎7𝐵

We need to measure precisely 𝜔A and the B-field.



How to measure 𝑎7
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To measure the muon’s spin we use the parity violating muon’s decay. High energy 
positrons are emitted opposite to neutrinos and behave like a massless particle 
(so they are righthanded). Because of the angular momentum conservation, the 
muon and positron’s spin are aligned.

𝜇P
𝑒P

𝜈̅7
𝑆tk

𝑆7

𝜈@

𝑆tu 𝑆@

Counting the number of decay positrons in a fixed direction gives a decay 
exponential modulated by the spin precession frequency. 



Muon 𝑔 − 2 (𝐸989) at Fermilab
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The Muon g-2 (E989) at Fermilab aims to reduce the uncertainty on the anomalous
magnetic moment by a factor 4  (0.54 ppm → 0.14 ppm):
• Fermilab’s accelerator to produce muon beam

• higher rate, more clean beam, better muon storage

• 21 times BNL statistics to reduce statistical uncertainty
• More uniform magnetic field

• magnet shimming and wedging, field intensity measured with NMR probes

• Improved detectors
• fast and segmented Čerenkov scintillators for EM calorimeter

• Better Beam tracking
• in-vacuum tracker detector to reconstruct the beam profile 



The E989 Goal
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Category Improvements Goal [ppb] BNL [ppb]

Gain changes laser gain calibration 20 120

Pileup calorimeter segmentation, 
low noise electronics 40 80

Lost muons beam collimation, precise 
simulation 20 90

Coherent betatron oscillation Better kicker, higher n value < 30 70

E-field and pitch tracker, precise simulation 30 50
Total Quadrature sum 70 180



New Experiment, same magnet!
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New Experiment, same magnet!
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New Experiment, same magnet!
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Near St. Louis

Almost at Fermilab
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• LINAC: accelerates 
H- ions up to 400 
MeV

• Booster: takes in 
protons and boost 
(duh) the energy 
to 8.89 GeV

• Protons are 
injected in the 
recycler and 4 
bunches are 
produced

• Protons are sent to 
the target station
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• In the target 
station protons hit 
a Ni/Cr target

• Secondary 
particles are 
focused a lithium 
lens and selected 
at 3.11 ± 10% GeV

• Pions and muons 
are sent in the 
delivery ring 
(protons are 
separated)

• Muons are 
injected in the g-2 
ring



Polarised 𝜇P

• To polarise muons we use the pion decay:

• A highly polarised muon beam can be easily obtained selecting the 
highest energy muons 

• The pure muon beam is then injecteted into the g-2 storage ring
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𝜋P
𝜇P𝜈7

𝑆t 𝑆7

𝑆I = 0



One Ring to rule them all, One Ring to find them, One Ring to bring them all, 
and in the Darkness blind them. J. R. R. Tolkjen - Lord Of The Rings
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𝜇P



Kickers
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𝜇P

K1

K2

K3

• 3 magnets
• 10 mrad kick to put muons in the storage region
• 55 kV voltage



Kickers
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𝜇P

K1

K2

K3



Field
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Field Map
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Calorimeters
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• 24 calorimeters along the 
inner radius of the ring

• Each calorimeter is a 6×9
array of 𝑃𝑏𝐹: crystals 

• Each crystal is 2.5×2.5 𝑐𝑚:

and 14 𝑐𝑚 deep (= 15 𝑋d)
• Čerenkov crystals: Fast 

response and less pile up
• Crystals are read by Large 

Area SiPM (1.2×1.2 𝑐𝑚:)



Calorimeters
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Gain Calibration: Laser system
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In Fill Gain correction

Correct for the gain fluctuation
during the fill:

𝐺 𝑡� =
𝑆𝑖𝑃𝑀��
𝑆𝑀�� #�

⋅
𝑆𝑀���
𝑆𝑖𝑃𝑀��� 0�

Data are fitted using an exponential
function:

𝐺��� 𝑡 = 1 − 𝐴𝑒9#/�
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A

Elia Bottalico



Tracker Detector
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Straw tracker to reconstruct the track
of particles (positrons and lost
muons).
Used to reconstruct the beam
position and profile from the decay
positron’s track.



Tracker Detector
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Tracker Detector: Beam dynamics
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What do we see?
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PRELIMINARY

En
er

gy
 (M

eV
)

Time (µs)



Wiggle Plot
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*BLINDED



The 𝜔A fit

The 𝜔A value is extracted form the wiggle
plot fit using:

𝑁 𝑡 = 𝑁d𝑒9#/� 1 − 𝐴 cos 𝜔A𝑡 + 𝜙

But…

The residuals FFT shows peaks related to 

beam dynamics and pile up events, we

need to account for them.
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CBO

Vertical Waist

PileUp + Lost Muons
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PRELIMINARY



The 𝜔A fit: corrections

𝑁 𝑡 = 𝑁d𝑒9#/� 1 − 𝐴 cos 𝜔A𝑡 + 𝜙 ⋅ C t ⋅ Λ 𝑡 ⋅ 𝑉(𝑡)

C t : CBO correction

𝑉 𝑡 : vertical oscillations terms

Λ 𝑡 = 1 − 𝐾FM ∫d
# 𝑒

��

  𝐿 𝑡¢ 𝑑𝑡¢: lost muons
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PRELIMINARY

PRELIMINARY
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Lost Muons

28 - Oct -19 Matteo Sorbara           MUSE Outreach @ Rome Tor Vergata 42

+

+ + +

• Lost Muons are detected via 
coincidences in calorimeters

• Tracker is also used to get the 
correct muons signature



Measuring 𝑎7
𝑎7 is finally the result from three different measures:

𝑎7 =
𝜔A
£𝜔¤
𝑔@
2
𝑚7

𝑚@

𝜇¤
𝜇@

• 𝜔A from the precession frequency analysis
• 𝜔¤ from the NMR frequency analysis

• £𝜔¤ is the value from the magnetic field convoluted with the muons distribution
inside the ring

• £𝜔¤ = 𝜔¤ ⊗ 𝜌(𝑟) (field analysis ⊗ muon distribution)
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Three experiments in one!
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Questions?
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EXPERIMENT.  


