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2004   (3.7𝜎𝜎)

2021   (3.3𝜎𝜎)

▶ Confirmation of the previous experiment at BNL.
▶ New experimental average has 4.2𝜎𝜎 tension with SM.

▶ Immediate large impact on physics community
since the official announcement on April 7th, 2021.
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Bird(𝜇𝜇+)’s Eye View of the Muon 𝑔𝑔 − 2 Experiment

Production Storage Decay

𝜋𝜋+
𝜈𝜈𝜇𝜇 𝜇𝜇+

spin

momentum

Pion rest frame

▶ High energy muons are highly polarized.

𝜇𝜇+

𝜇𝜇+

𝜇𝜇+

𝜇𝜇+
𝜇𝜇+

▶ The spin precesses under 𝐁𝐁 field.
▶ Precession frequency 𝜔𝜔𝑎𝑎 ∝ 𝑎𝑎𝜇𝜇.

𝜔𝜔𝑎𝑎 =
𝑞𝑞
𝑚𝑚𝑎𝑎𝜇𝜇𝐵𝐵

▶ High energy positrons are preferentially 
emitted along the muon spin direction.
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Uncertainty Budget
What we measure.

Known to 24 ppb

Target sensitivity

Statistical (100 ppb)

▶ Needs 150 billion decay 𝑒𝑒+ data!

Systematic (𝜔𝜔𝑎𝑎) (70 ppb)

▶ Calorimeter gain changes (20 ppb)
▶ Pileup (40 ppb)
▶ Beam dynamics (Lost muons, CBO, 
𝜔𝜔𝑎𝑎 corrections….) (50 ppb)

Systematic (�𝜔𝜔𝑝𝑝) (70 ppb)

▶ Calibration, temperature 
fluctuation, tracking error, muon 
weighting, transient field….
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Beam Dynamics Systematics

• One of the dominant sources is Coherent Betatron Oscillations (CBO).

Coherent Betatron Oscillation

Muon beam coherently oscillates in transverse 
direction with respect to the central orbit.

Muon 
storage 
region

Straw trackers measure the 
muon spatial distribution.
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Beam Dynamics Systematics

• Muon losses: unwanted muon depletion due to the material effects during the fitting period.

Δ𝑡𝑡 = 6.25 ns Δ𝑡𝑡 = 6.25 ns

𝜇𝜇+

▶ Measured by a triple coincidence technique.

▶ Muon loss time spectrum ≠ Decay 𝑒𝑒+ time spectrum
→ Fit function should be modified accordingly.

𝐹𝐹 𝑡𝑡 → Λ 𝑡𝑡 𝐹𝐹 𝑡𝑡

Λ 𝑡𝑡 = 1 − 𝜅𝜅 �
0

𝑡𝑡
𝑒𝑒𝑡𝑡′/𝜏𝜏 𝐿𝐿 𝑡𝑡′ 𝑑𝑑𝑑𝑑𝑑
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Beam Dynamics Systematics

• Final fit model function which incorporates all important beam dynamics effects.

CBO

Vertical
CBO

Muon
losses

CBO

CBO
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RF Phase Space Matching

• Can we get rid of the CBO and muon losses in the first place, rather than accommodating their 
effects in analysis?

• The beam phase space should be “trimmed” to suppress them – Resonant E-field will do!
- The more centered the beam is, the smaller the CBO amplitude is.

- The less spread near the acceptance the beam is, the less the muon losses are.

CollimatorCollimator CollimatorCollimator

▶ Simulation results without/with the RF phase space matching New J. Phys. 22, 063002 (2020)
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RF Phase Space Matching

“What you just saw looks simple, but it’s a combination of 3 RF matching skills.”

▶ Dipole RF resonantly reduces the CBO. ▶ RF scraping by pushing the beam towards the collimator.

Acceptance

𝑥𝑥

𝑥𝑥𝑥

𝑥𝑥

𝑥𝑥𝑥

Dipole RF E field

Beam population

𝑥𝑥

𝑥𝑥𝑥

“Scraped”

● High Momentum (d𝑝𝑝/𝑝𝑝 > 0)

● Low Momentum (d𝑝𝑝/𝑝𝑝 < 0)

▶ Quadrupole RF resonantly squeezes the 
beam (exploiting the symmetry between 
the high/low momenta particles).
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RF System

• The RF system is attached as an add-on to the existing electrostatic quadrupole (ESQ) system.

▶ ESQs cover ~40% of the circumference.

▶ High voltage is 
applied via feedthrough 
box.

▶ Quadrupole E-field focuses the beam vertically.

+18 kV

+18 kV

-18 kV
-18 kV
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RF System
▶ RF rack
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Commissioning Results and Analysis

• Both CBO amplitude and muon losses were reduced by several factors.

No RF With RF

▶ CBO amplitude was reduced by a factor of 4.

With RF: 0.55 × 10−4

No RF: 1.93 × 10−4

▶ Muon losses reduced by a factor of ~4.

▶ Preliminary study also showed the CBO decoheres faster with RF –
needs more investigation.
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Outlook
▶ Statistics status
- TDR goal is to take ~21 × BNL statistics.
- Run-5 will start in several weeks.
- Run-2/3 analysis results would come in 2022, with half 

the Run-1 uncertainty.

▶ RF matching run in Run-4
- Total 60 hours of RF data has been collected at the end of 

Run-4 (currently under production).
- Nearline analysis is ongoing.

▶ RF matching run in Run-5
- Currently in Summer Shutdown, our system is under the 

maintenance check, upgrade on the monitoring system, 
etc.

- Will be fully implemented in Run-5.

~6% of full stats
434 ppb (stat) ⨁ 157 ppb syst errors 

Run 2/3 analysis in progress
Half the Run-1 uncertainty
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Storage Ring Axion-EDM Experiment

• Axion-like particles (ALPs) couple to nucleons, which induces an oscillating nucleon electric 
dipole moment (EDM)1:

𝑑𝑑𝑛𝑛 = 𝑔𝑔𝑑𝑑𝑎𝑎

• For QCD axion dark matter, for instance, this gives 𝑑𝑑𝑛𝑛
QCD ≈ 9 × 10−35 𝑒𝑒 ⋅ cm cos 𝑚𝑚𝑎𝑎𝑡𝑡 .

• Storage ring EDM method can be sensitive to search for low-mass ALPs (≪ μeV)

1Phys. Rev. D 88, 035023 (2013)
2Phys. Rev. D 99, 083002 (2019)

MDM
𝐵𝐵 or 𝛽𝛽 × 𝐸𝐸

spin

Ring in-plane

EDM generates (extremely small) radial component of 𝜔𝜔𝑠𝑠 vector ∝ 𝑑𝑑𝑛𝑛.
It makes 𝑆𝑆𝑦𝑦 oscillate feebly (unless the spin is “frozen” – then it grows).
What if 𝑑𝑑𝑛𝑛 oscillates as well?
What if 𝑑𝑑𝑛𝑛 oscillates by the same rate with the spin?

EDM
𝐸𝐸 or 𝛽𝛽 × 𝐵𝐵

𝜔𝜔𝑠𝑠

▶ Spin resonance! 𝑆𝑆𝑦𝑦 grows2.
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New Idea using an RF Wien Filter

• Spin resonance condition with the oscillating EDM in the previous method is: 𝜔𝜔𝑔𝑔−2 = 𝑚𝑚𝑎𝑎.
- The 𝑔𝑔 − 2 frequency is normally given as:

- One can tune 𝐸𝐸0 or 𝐵𝐵0 to sweep 𝜔𝜔𝑔𝑔−2 in the desired range, but the momentum of the particle should 
be changed accordingly (𝑝𝑝 ∝ 𝐸𝐸∗𝑅𝑅).

• What if we add another degree of freedom (knob) to tune at the resonance?

Where is 𝑚𝑚𝑎𝑎?

More statistics!

Rather “discrete” 𝜔𝜔𝑔𝑔−2.

Some RF EM field 𝜔𝜔RF.

▶ RF Wien Filter is a perfect candidate!
Since it does not affect the beam dynamics 
but only spin!

𝐅𝐅WF = 𝑞𝑞 𝐄𝐄WF + 𝐯𝐯 × 𝐁𝐁WF = 0
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AxionEDM-WF Resonance

• The new resonance condition is1: 𝜔𝜔WF = 𝜔𝜔𝑔𝑔−2 ± 𝑚𝑚𝑎𝑎

▶ Without the WF ▶ With the WF (on resonance)

1arXiv:2105.06655
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Systematics from the WF Misalignment

• Similarly as 𝜔𝜔WF = 𝜔𝜔𝑔𝑔−2 ± 𝑚𝑚𝑎𝑎 is sensitive to 𝑑𝑑AC, 𝜔𝜔WF = 𝜔𝜔𝑔𝑔−2 is sensitive to 𝑑𝑑DC1.

• However, the latter is vulnerable to a WF misalignment (tilt).

• On the other hand, being away from the systematic resonance
(𝜔𝜔WF = 𝜔𝜔𝑔𝑔−2), this method doesn’t suffer from the misalignment.

• Nonetheless, other systematics such as momentum dispersion,
radial B field, intrinsic resonances, etc. should be studied in more
details.

1Phys. Rev. ST Accel. Beams 16, 114001 (2013)

Systematic signal scales with the misalignment angle: 𝑆̇𝑆𝑦𝑦 ∝ 𝜃𝜃
The “real” signal could be an order of nrad/s
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Polarimeter Statistical Sensitivity

• Detecting apparatus is a polarimeter1.

• Estimated statistical sensitivity with the WF.

1Rev. Sci. Instrum. 87, 115116 (2016)
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Projected Sensitivity for ALP Parameter Space

• Assuming the experimental parameter values which optimize the statistical sensitivity.

Right side of the kink is restricted by the axion DM Q-factor (106)
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Summary

• Muon 𝑔𝑔 − 2 experiment at Fermilab has announced its first result – consistent with the previous 
experiment at BNL and the combined experimental value has 4.2𝜎𝜎 tension with the SM!

• Beam phase space matching with an resonant RF electric field can reduce some important 
beam dynamics systematic effects – CBO, Muon losses.

- Full implementation on Run 5 is planned.

• Storage ring axion-EDM experiment utilizes a novel method to look for low-mass axionlike dark 
matter in storage rings (2019).

• Another new idea using an RF Wien Filter to detect the axion-induced oscillating EDM has been 
proposed more recently (2021).

• The resonant RF (to beam & spin) is of service to improve sensitivity in storage ring 
experiments!



Backups
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