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Strong astrophysical evidence for existence of            
dark matter (~5 times more dark matter than 
ordinary matter)

Dark Matter

𝜌𝜌DM ≈ 0.4 GeV/cm3

𝑣𝑣DM ∼ 300 km/s
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Low-mass Spin-0 Dark Matter
• Low-mass spin-0 particles form a coherently oscillating 

classical field 𝜑𝜑 𝑡𝑡 = 𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑐𝑐2𝑡𝑡/ℏ , with energy density   

𝜌𝜌𝜑𝜑 ≈ 𝑚𝑚𝜑𝜑
2𝜑𝜑02/2 (𝜌𝜌DM,local ≈ 0.4 GeV/cm3)

𝑉𝑉 𝜑𝜑 =
𝑚𝑚𝜑𝜑
2𝜑𝜑2

2

𝜑̈𝜑 + 𝑚𝑚𝜑𝜑
2𝜑𝜑 ≈ 0
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[Related figure-of-merit:  ⁄λdB,𝜑𝜑 2π ≤ 𝐿𝐿dwarf galaxy ∼ 100 pc ⇒ 𝑚𝑚𝜑𝜑 ≳ 10−21 eV]
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• Recent searches for ultralight scalar DM have focused on 
the electromagnetic (photon) and electron couplings

Probes of Ultralight Scalar DM

see, e.g., [Stadnik, Flambaum, PRL 114, 161301 (2015); PRL 115, 201301 (2015)] for details

𝑔𝑔

𝑒𝑒

Δ𝐸𝐸 ∝ Ry = 𝑚𝑚𝑒𝑒α2/2

Atomic clocks Optical cavities

𝐿𝐿 ∝ 𝑎𝑎B = ⁄1 𝑚𝑚𝑒𝑒α
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• Recent searches for ultralight scalar DM have focused on 
the electromagnetic (photon) and electron couplings

• What about searching for ultralight scalar DM via its other 

couplings (e.g., to muons)?

• Possible flavour/generational dependence of scalar 
couplings in the lepton sector

• Extra motivation from persistence of various anomalies in 
muon physics, such as:

- Proton radius puzzle

- (𝑔𝑔 − 2)𝜇𝜇 puzzle

• No stable terrestrial sources of muons (unlike electrons)

Muonic Probes of Ultralight Scalar DM



Probing Oscillations of 𝑚𝑚𝜇𝜇 with Muonium Spectroscopy
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Estimated Sensitivities to Scalar Dark Matter        
with 𝜑𝜑𝜇̅𝜇𝜇𝜇/Λ𝜇𝜇 Coupling

Up to 7 orders of magnitude improvement possible with existing datasets!

[Stadnik, arXiv:2206.10808]
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𝑒𝑒 (e.g., sourced by Earth)

𝜇𝜇

Local value of 𝑔𝑔 measured in free-fall experiments using muonium 
would differ from experiments using non-muon-based test masses

Recently started LEMING experiment at the Paul Scherrer Institute 
aims to measure 𝑔𝑔 with a precision of ⁄∆𝑔𝑔 𝑔𝑔~ 0.1 using muonium



Probing Scalar-Muon Coupling with Muonium Free-fall
[Stadnik, arXiv:2206.10808]

Up to 5 orders of magnitude improvement possible with ongoing measurements!

Assume Λ𝜇𝜇 ≪ Λ𝑒𝑒 ≪ Λother SM fields



• Recent searches for ultralight scalar DM have focused on 
the electromagnetic (photon) and electron couplings

• Muonium spectroscopy offers a powerful probe of ultralight 
scalar dark matter via interactions with muons leading to 
apparent oscillations of muon mass                                           
– With existing datasets, up to ~107 improvement possible 
for 𝜑𝜑𝜇̅𝜇𝜇𝜇 coupling (up to ~108 for the 𝜑𝜑2𝜇̅𝜇𝜇𝜇 coupling over an 
even broader range of scalar DM masses)

• Ongoing muonium free-fall experiments to measure 𝑔𝑔 offer 
up to ~105 improvement in sensitivity for the combination of 
𝜑𝜑𝜇̅𝜇𝜇𝜇 and 𝜑𝜑𝑒̅𝑒𝑒𝑒 couplings by searching for 𝜑𝜑-mediated forces

Summary
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• Low-mass spin-0 particles form a coherently oscillating 

classical field 𝜑𝜑 𝑡𝑡 = 𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑐𝑐2𝑡𝑡/ℏ , with energy density   

𝜌𝜌𝜑𝜑 ≈ 𝑚𝑚𝜑𝜑
2𝜑𝜑02/2 (𝜌𝜌DM,local ≈ 0.4 GeV/cm3)

• Coherently oscillating field, since cold (𝐸𝐸𝜑𝜑 ≈ 𝑚𝑚𝜑𝜑𝑐𝑐2)

• ⁄Δ𝐸𝐸𝜑𝜑 𝐸𝐸𝜑𝜑 ~ ⁄𝑣𝑣𝜑𝜑2 𝑐𝑐2 ~ 10−6 ⇒ 𝜏𝜏coh ~ ⁄2π Δ𝐸𝐸𝜑𝜑 ~ 106𝑇𝑇osc
Probability distribution function of 𝝋𝝋𝟎𝟎

(e.g., Rayleigh distribution)

𝜑𝜑0

Evolution of 𝝋𝝋𝟎𝟎 with time

⁄𝑡𝑡 τcoh

Low-mass Spin-0 Dark Matter



ℒγ =
𝜑𝜑
Λγ

𝐹𝐹𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇

4
≈
𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡

Λγ
𝐹𝐹𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇

4
⇒

δα
α
≈
𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡

Λγ

ℒ𝑓𝑓 = −
𝜑𝜑
Λ𝑓𝑓
𝑚𝑚𝑓𝑓 ̅𝑓𝑓𝑓𝑓 ≈ −

𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡
Λ𝑓𝑓

𝑚𝑚𝑓𝑓 ̅𝑓𝑓𝑓𝑓 ⇒
δ𝑚𝑚𝑓𝑓

𝑚𝑚𝑓𝑓
≈
𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡

Λ𝑓𝑓

𝜑𝜑 = 𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡 − 𝒑𝒑𝜑𝜑 · 𝒙𝒙 ⇒ 𝑭𝑭 ∝ 𝒑𝒑𝜑𝜑sin 𝑚𝑚𝜑𝜑𝑡𝑡

Dark-Matter-Induced Variations                  
of the Fundamental Constants

[Stadnik, Flambaum, PRL 114, 161301 (2015); PRL 115, 201301 (2015)],
[Hees, Minazzoli, Savalle, Stadnik, Wolf, PRD 98, 064051 (2018)]

ℒγ′ =
𝜑𝜑2

Λγ′
2
𝐹𝐹𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇

4

ℒ𝑓𝑓′ = −
𝜑𝜑2

Λ𝑓𝑓′
2 𝑚𝑚𝑓𝑓 ̅𝑓𝑓𝑓𝑓

⇒
δα
α
∝
δ𝑚𝑚𝑓𝑓

𝑚𝑚𝑓𝑓
∝ ∆𝜌𝜌𝜑𝜑

𝑭𝑭 ∝ 𝛁𝛁𝜌𝜌𝜑𝜑



Linear couplings (𝝋𝝋�𝑿𝑿𝑿𝑿) Quadratic couplings (𝝋𝝋𝟐𝟐�𝑿𝑿𝑿𝑿)

Consider the effect of a massive body (e.g., Earth) on the scalar DM field

𝜑𝜑 = 𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡 ± 𝐴𝐴
𝑒𝑒−𝑚𝑚𝜑𝜑𝑟𝑟

𝑟𝑟

□𝜑𝜑 + 𝑚𝑚𝜑𝜑
2𝜑𝜑 = ±𝜅𝜅𝜅𝜅 Source term □𝜑𝜑 + 𝑚𝑚𝜑𝜑

2𝜑𝜑 = ±𝜅𝜅′𝜌𝜌𝜑𝜑 Potential term

Fifth Forces: Linear vs Quadratic Couplings
[Hees, Minazzoli, Savalle, Stadnik, Wolf, PRD 98, 064051 (2018)]

𝑚𝑚eff
2 𝜌𝜌 = 𝑚𝑚𝜑𝜑

2 ∓ 𝜅𝜅′𝜌𝜌

Profile outside of a spherical body



Linear couplings (𝝋𝝋�𝑿𝑿𝑿𝑿) Quadratic couplings (𝝋𝝋𝟐𝟐�𝑿𝑿𝑿𝑿)

Consider the effect of a massive body (e.g., Earth) on the scalar DM field

Gradients + amplification/screening“Fifth-force” experiments: torsion 
pendula, atom interferometry

Motional gradients: 𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡 − 𝒑𝒑𝜑𝜑 · 𝒙𝒙

𝜑𝜑 = 𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡 ± 𝐴𝐴
𝑒𝑒−𝑚𝑚𝜑𝜑𝑟𝑟

𝑟𝑟 𝜑𝜑 = 𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡 1 ±
𝐵𝐵
𝑟𝑟 − ℏ𝐶𝐶

𝑒𝑒−2𝑚𝑚𝜑𝜑𝑟𝑟

𝑟𝑟3

□𝜑𝜑 + 𝑚𝑚𝜑𝜑
2𝜑𝜑 = ±𝜅𝜅𝜅𝜅 Source term □𝜑𝜑 + 𝑚𝑚𝜑𝜑

2𝜑𝜑 = ±𝜅𝜅′𝜌𝜌𝜑𝜑 Potential term

Fifth Forces: Linear vs Quadratic Couplings
[Hees, Minazzoli, Savalle, Stadnik, Wolf, PRD 98, 064051 (2018)]
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