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Paramagnetic systems (contain one or more unpaired electrons)     
are mainly sensitive to leptonic sources of CP violation                            

– e.g., ThO, HfF+, YbF, Tl, Cs

For semi-leptonic sources of CP violation, the story is more 
complicated – the “classification” generally depends on whether      

the interactions involve mainly electron spin or nuclear spin

Conventional Wisdom in the Classification 
of Atomic/Molecular EDM Experiments



Leptonic CP Violation in Paramagnetic Molecules

232ThO bound: 𝑑𝑑𝑒𝑒 < 10−29 𝑒𝑒 cm
[Andreev et al. (ACME collaboration), Nature 562, 355 (2018)]

Over the past decade, molecular experiments have improved     
the sensitivity to electron EDM de by more than 100-fold:
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Leptonic CP Violation in Paramagnetic Molecules

232ThO bound: 𝑑𝑑𝑒𝑒 < 10−29 𝑒𝑒 cm
[Andreev et al. (ACME collaboration), Nature 562, 355 (2018)]

Sensitivity boost comes from large effective electric field seen     
by unpaired electrons*: 𝐸𝐸eff ~ 10 − 100 ⁄GV cm ~ 105𝐸𝐸lab,max

What about sensitivity of paramagnetic                       
systems to hadronic CP violation?

* Molecules often have pairs of opposite-parity levels with close energies that can        
be fully mixed by modest applied electric fields, whereas atoms (usually) don’t

Over the past decade, molecular experiments have improved     
the sensitivity to electron EDM de by more than 100-fold:



Hadronic CP Violation in Diamagnetic Atoms
Nucleon EDMs: [Crewther, Di Vecchia, Veneziano, Witten, PLB 88, 123 (1979)]

Intranuclear forces: [Haxton, Henley, PRL 51, 1937 (1983)],
[O. Sushkov, Flambaum, Khriplovich, JETP 60, 873 (1984)]

Nucleon EDMs

ℒ = 𝜃𝜃
𝑔𝑔𝑠𝑠2

32π2 𝐺𝐺
�𝐺𝐺Illustrative example:
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Nucleon EDMs: [Crewther, Di Vecchia, Veneziano, Witten, PLB 88, 123 (1979)]

Intranuclear forces: [Haxton, Henley, PRL 51, 1937 (1983)],
[O. Sushkov, Flambaum, Khriplovich, JETP 60, 873 (1984)]

Nucleon EDMs CP-violating intranuclear forces

In nuclei, tree-level CP-violating intranuclear forces dominate over    
loop-induced nucleon EDMs [loop factor = ⁄1 8π2 ].
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Classical explanation for nuclear EDM: A neutral atom does not 
accelerate in an external electric field!

Schiff’s Theorem: “In a neutral atom made up of point-like non-
relativistic charged particles (interacting only electrostatically), the 
constituent EDMs are screened from an external electric field.”

Schiff’s Theorem
[Schiff, Phys. Rev. 132, 2194 (1963)]

electron

pointlike nucleus
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Classical explanation for nuclear EDM: A neutral atom does not 
accelerate in an external electric field!

Schiff’s Theorem: “In a neutral atom made up of point-like non-
relativistic charged particles (interacting only electrostatically), the 
constituent EDMs are screened from an external electric field.”

Schiff’s Theorem
[Schiff, Phys. Rev. 132, 2194 (1963)]



𝑬𝑬ext

𝑬𝑬 ≠ 𝟎𝟎

[Sandars, PRL 19, 1396 (1967)],
[O. Sushkov, Flambaum, Khriplovich, JETP 60, 873 (1984)]

In real (heavy) atoms: Incomplete screening of external electric field 
due to finite nuclear size, parametrised by nuclear Schiff moment

(“screened nuclear EDM”)

Lifting of Schiff’s Theorem



Hadronic CP Violation in Paramagnetic Molecules

• Hadronic CP-violating effects arise via 2𝛾𝛾-exchange starting at 2-loop level

NLO:𝒪𝒪 𝑚𝑚𝜋𝜋
−1

μ

(𝝁𝝁 − 𝒅𝒅): 𝒪𝒪 ⁄ln 𝐴𝐴 𝑝𝑝F
[Fermi-gas model]

μ
d

CP-odd nucleon
polarisabilities (∝ 𝑬𝑬 � 𝑩𝑩)

Internal nuclear
excitations

CP-odd nucleon
polarisabilities (∝ 𝑬𝑬 � 𝑩𝑩)

[Flambaum, Pospelov, Ritz, Stadnik, PRD 102, 035001 (2020)]
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Hadronic CP Violation in Paramagnetic Molecules

• Hadronic CP-violating effects arise via 2𝛾𝛾-exchange starting at 2-loop level
• One of photons interacts magnetically with nucleus => no Schiff screening

• 𝓞𝓞 𝑨𝑨 -enhanced CP-odd nuclear scalar polarisability
• Operative even in spinless nuclei (e.g., 232ThO, 180HfF+)
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Isoscalar CP-Odd 𝜋𝜋-𝑁𝑁 Coupling   ℒ = 𝑔̅𝑔𝜋𝜋𝜋𝜋𝜋𝜋
(1) 𝜋𝜋0 �𝑁𝑁𝑁𝑁

In molecules with spinless nuclei (e.g., 232ThO, 180HfF+), effect dominated by
a “bulk” property of the nucleus that grows with 𝐴𝐴 in a regular manner, with
no contribution from the nuclear Schiff moment mechanism (needs 𝐼𝐼 ≠ 0)

[Flambaum, Pospelov, Ritz, Stadnik, PRD 102, 035001 (2020)]
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In molecules with spinless nuclei (e.g., 232ThO, 180HfF+), effect dominated by
a “bulk” property of the nucleus that grows with 𝐴𝐴 in a regular manner, with
no contribution from the nuclear Schiff moment mechanism (needs 𝐼𝐼 ≠ 0)

=>  Clean bounds, since less sensitivity to details of nuclear structure           
(cf. strong sensitivity of 199Hg Schiff moment to assumptions about underlying 

nuclear structure – different models give different signs for sensitivity coefficient!)

[Flambaum, Pospelov, Ritz, Stadnik, PRD 102, 035001 (2020)]
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Excitations to continuum above Fermi surface: ~ ⁄ln 𝐴𝐴 𝑝𝑝F [Fermi-gas model]
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For 𝐴𝐴 ~ 200 and ∆𝐸𝐸nucl ~ several MeV, the two contributions                                  
are comparable in size (and of the same sign)
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QCD Vacuum Angle   ℒ = 𝜃𝜃 𝑔𝑔𝑠𝑠2

32π2
𝐺𝐺 �𝐺𝐺

𝑝𝑝,𝑛𝑛 contributions: same sign

μ
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[Flambaum, Pospelov, Ritz, Stadnik, PRD 102, 035001 (2020)]

LO: 𝒪𝒪 𝑚𝑚𝜋𝜋
−2 NLO: 𝒪𝒪 𝑚𝑚𝜋𝜋
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[Fermi-gas model]

𝜋𝜋0, 𝜂𝜂 contributions:                          
opposite sign

(near-cancellation      
in heavy nuclei)
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Bounds on Hadronic CP Violation Parameters
ThO bounds: [Flambaum, Pospelov, Ritz, Stadnik, PRD 102, 035001 (2020)]

Current bounds from paramagnetic molecules are ~10 − 100
times weaker than from diamagnetic Hg & 𝑛𝑛, but are ~10 − 100

times stronger than bounds from diamagnetic Xe

* These limits can formally be null within nuclear uncertainties

System 𝑔̅𝑔𝜋𝜋𝜋𝜋𝜋𝜋
(1) 𝑑̃𝑑𝑢𝑢 − 𝑑̃𝑑𝑑𝑑 (cm) 𝑑𝑑𝑝𝑝 (𝑒𝑒 cm) 𝜃𝜃

𝐓𝐓𝐓𝐓𝐓𝐓 𝟒𝟒 × 𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏 𝟐𝟐 × 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐 𝟐𝟐 × 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐 𝟑𝟑 × 𝟏𝟏𝟏𝟏−𝟖𝟖

𝑛𝑛 1.1 × 10−10 5 × 10−25 — 2.0 × 10−10

Hg 1 × 10−12 5 × 10−27 2.0 × 10−25 1.5 × 10−10

Xe 6.7 × 10−8 3 × 10−22 3.2 × 10−22 3.2 × 10−6



[Stadnik, Dzuba, Flambaum, PRL 120, 013202 (2018)], 
[Dzuba, Flambaum, Samsonov, Stadnik, PRD 98, 035048 (2018)]

P,T-Violating Forces Mediated by Dark Bosons

ℒint = 𝑎𝑎 ̅𝑓𝑓 𝑔𝑔𝑓𝑓𝑠𝑠 + 𝑖𝑖𝑔𝑔𝑓𝑓
𝑝𝑝𝛾𝛾5 𝑓𝑓

𝑉𝑉 𝑟𝑟 ≈
𝑔𝑔1
𝑝𝑝𝑔𝑔2𝑠𝑠

8𝜋𝜋𝑚𝑚1
𝝈𝝈1 � �𝒓𝒓
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1
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𝑖𝑖𝑔𝑔1
𝑝𝑝𝛾𝛾5

𝑔𝑔2𝑠𝑠



P,T-violating forces => Atomic and Molecular EDMs
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If exchanged boson is sufficiently low-mass, then P,T-violating forces 
are long-range on the scale of atom/molecule, and the non-vanishing 
contribution arises from the Thomas-Fermi length scale 𝑟𝑟 ~ ⁄𝑎𝑎B 𝑍𝑍1/3

P,T-violating forces => Atomic and Molecular EDMs
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Constraints on Scalar-Pseudoscalar 
Electron-Electron Interaction

EDM constraints: [Stadnik, Dzuba, Flambaum, PRL 120, 013202 (2018)]



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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𝜌𝜌DM ≈ 0.4 GeV/cm3

𝑣𝑣DM ∼ 300 km/s

Ultra-low-mass bosons WIMPs Particle 
mass

10-21 eV eV GeV TeV

Dark Matter

Classical field:  𝑛𝑛DM ⁄λdB,DM 2π 3 ≫ 1



Oscillating Electric Dipole Moments

𝜑𝜑 𝑡𝑡 = 𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑐𝑐2𝑡𝑡/ℏ ,

𝜌𝜌𝜑𝜑 ≈ 𝑚𝑚𝜑𝜑
2𝜑𝜑02/2



ℒ =
𝑔𝑔𝑠𝑠2

32π2
𝐶𝐶𝐺𝐺
𝑓𝑓𝑎𝑎
𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡 𝐺𝐺 �𝐺𝐺 ⇒

𝒅𝒅 𝑡𝑡 ∝ 𝑱𝑱 cos 𝑚𝑚𝜑𝜑𝑡𝑡 ,

𝐻𝐻EDM 𝑡𝑡 = 𝒅𝒅 𝑡𝑡 · 𝑬𝑬

Oscillating Electric Dipole Moments
Nucleons: [Graham, Rajendran, PRD 84, 055013 (2011)]

Atoms and molecules: [Stadnik, Flambaum, PRD 89, 043522 (2014)];              
[Flambaum, Pospelov, Ritz, Stadnik, PRD 102, 035001 (2020)]

𝜑𝜑 𝑡𝑡 = 𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑐𝑐2𝑡𝑡/ℏ ,

𝜌𝜌𝜑𝜑 ≈ 𝑚𝑚𝜑𝜑
2𝜑𝜑02/2

cf. ℒ =
𝑔𝑔𝑠𝑠2

32π2
𝜃𝜃𝐺𝐺 �𝐺𝐺 ⇒ 𝜃𝜃 ↔

𝐶𝐶𝐺𝐺
𝑓𝑓𝑎𝑎
𝜑𝜑0cos 𝑚𝑚𝜑𝜑𝑡𝑡



nEDM constraints: [nEDM collaboration, PRX 7, 041034 (2017)]
HfF+ EDM constraints: [Roussy et al., PRL 126, 171301 (2021)]

Constraints on Interaction of                          
Axion Dark Matter with Gluons

3 orders of magnitude improvement!



Summary
• Paramagnetic atoms and molecules are sensitive to

hadronic sources of CP violation via two-photon-
exchange processes, leading to novel and independent
constraints using data from ThO (ACME experiment)

• Exchange of low-mass dark bosons within
atoms/molecules can induce “long-range” P,T-violating
forces, generating atomic/molecular EDMs – limits from
ThO, HfF+, Hg and other EDM experiments

• Ultra-low-mass bosonic dark matter in the form of an
oscillating classical field can induce oscillating-in-time
EDMs – limits from nEDM and HfF+
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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



• 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)
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• ⁄Δ𝐸𝐸𝜑𝜑 𝐸𝐸𝜑𝜑 ~ ⁄𝑣𝑣𝜑𝜑2 𝑐𝑐2 ~ 10−6 ⇒ 𝜏𝜏coh ~ ⁄2π Δ𝐸𝐸𝜑𝜑 ~ 106𝑇𝑇osc

𝑣𝑣DM ∼ 300 km/s
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𝜌𝜌𝜑𝜑 ≈ 𝑚𝑚𝜑𝜑
2𝜑𝜑02/2 (𝜌𝜌DM,local ≈ 0.4 GeV/cm3)
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• ⁄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
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• Classical field for 𝑚𝑚𝜑𝜑 ≲ 1 eV, since 𝑛𝑛𝜑𝜑 ⁄λdB,𝜑𝜑 2π 3 ≫ 1
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• Classical field for 𝑚𝑚𝜑𝜑 ≲ 1 eV, since 𝑛𝑛𝜑𝜑 ⁄λdB,𝜑𝜑 2π 3 ≫ 1

• 10−21 eV ≲ 𝑚𝑚𝜑𝜑 ≲ 1 eV ⇔ 10−7 Hz ≲ 𝑓𝑓DM ≲ 1014 eV

Lyman-α forest measurements [suppression of structures for 𝐿𝐿 ≲ 𝒪𝒪 λdB,𝜑𝜑 ]

[Related figure-of-merit:  ⁄λdB,𝜑𝜑 2π ≤ 𝐿𝐿dwarf galaxy ∼ 100 pc ⇒ 𝑚𝑚𝜑𝜑 ≳ 10−21 eV]

𝑇𝑇osc ~ 1 month IR frequencies
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Low-mass Spin-0 Dark Matter



Pseudoscalars                       
(Axions): 
φ→ -φ

Time-varying spin-
dependent effects

P

• Co-magnetometers
• Particle g-factors

• Spin-polarised torsion pendula
• Spin resonance (NMR, ESR)

More traditional axion detection methods 
tend to focus on the electromagnetic

coupling

Here I focus on relatively new                     
detection methods based on                    

non-electromagnetic couplings
→

Dark Matter

Low-mass Spin-0 Dark Matter



𝒑𝒑𝑎𝑎

𝒗𝒗lab

“Axion Wind” Spin-Precession Effect
[Flambaum, talk at Patras Workshop, 2013], [Stadnik, Flambaum, PRD 89, 043522 (2014)]

⇒ 𝐻𝐻wind 𝑡𝑡 = 𝝈𝝈𝑓𝑓 · 𝑩𝑩eff 𝑡𝑡 ∝ 𝝈𝝈𝑓𝑓 · 𝒑𝒑𝑎𝑎sin 𝑚𝑚𝑎𝑎𝑡𝑡

ℒ𝑓𝑓 = −
𝐶𝐶𝑓𝑓

2𝑓𝑓𝑎𝑎
𝜕𝜕𝑖𝑖 𝑎𝑎0cos 𝑚𝑚𝑎𝑎𝑡𝑡 − 𝒑𝒑𝑎𝑎 · 𝒙𝒙 ̅𝑓𝑓γ𝑖𝑖γ5𝑓𝑓



Oscillating Electric Dipole Moments

Electric Dipole Moment (EDM) = parity 𝑃𝑃 and time-
reversal-invariance 𝑇𝑇 violating electric moment

Nucleons: [Graham, Rajendran, PRD 84, 055013 (2011)]
Atoms and molecules: [Stadnik, Flambaum, PRD 89, 043522 (2014)]



Nucleon EDMs CP-violating intranuclear forces

In nuclei, tree-level CP-violating intranuclear forces dominate over                  
loop-induced nucleon EDMs [loop factor = ⁄1 8π2 ].

ℒ𝐺𝐺 =
𝐶𝐶𝐺𝐺𝑔𝑔2

32π2𝑓𝑓𝑎𝑎
𝑎𝑎0cos 𝑚𝑚𝑎𝑎𝑡𝑡 𝐺𝐺 �𝐺𝐺 ⇒

𝐻𝐻EDM 𝑡𝑡 = 𝒅𝒅 𝑡𝑡 · 𝑬𝑬,
𝒅𝒅 𝑡𝑡 ∝ 𝑱𝑱 cos 𝑚𝑚𝑎𝑎𝑡𝑡

𝑔𝑔𝜋𝜋𝜋𝜋𝜋𝜋 = 13.5

𝑔̅𝑔𝜋𝜋𝜋𝜋𝜋𝜋
(0) ≈ ⁄0.016 𝐶𝐶𝐺𝐺𝑎𝑎0cos 𝑚𝑚𝑎𝑎𝑡𝑡 𝑓𝑓𝑎𝑎

Oscillating Electric Dipole Moments
Nucleons: [Graham, Rajendran, PRD 84, 055013 (2011)]

Atoms and molecules: [Stadnik, Flambaum, PRD 89, 043522 (2014)]



QCD Vacuum Angle   ℒ = 𝜃𝜃 𝑔𝑔𝑠𝑠2

32π2
𝐺𝐺 �𝐺𝐺

𝑝𝑝,𝑛𝑛 contributions: same sign

For 𝑍𝑍 ~ 80 & 𝐴𝐴 ~ 200: 𝐶𝐶SP 𝜃𝜃 ≈ 0.1LO + 1.0NLO + 1.7 𝜇𝜇−𝑑𝑑 × 10−2𝜃𝜃 ≈ 0.03𝜃𝜃

μ

μ
d

[Flambaum, Pospelov, Ritz, Stadnik, PRD 102, 035001 (2020)]

LO: 𝒪𝒪 𝑚𝑚𝜋𝜋
−2 NLO: 𝒪𝒪 𝑚𝑚𝜋𝜋

−1 (𝝁𝝁 − 𝒅𝒅): 𝒪𝒪 ⁄ln 𝐴𝐴 𝑝𝑝F
[Fermi-gas model]

𝜋𝜋0, 𝜂𝜂 contributions:                          
opposite sign

ℒcontact = −
𝐺𝐺𝐹𝐹𝐶𝐶SP �𝑁𝑁𝑁𝑁𝑒̅𝑒𝑖𝑖𝛾𝛾5𝑒𝑒
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μ

μ
d

Future work: 𝜂𝜂′ contribution and other N2LO contributions, nuclear                   
in-medium effects (NLO process), nuclear structure effects [ 𝜇𝜇 − 𝑑𝑑 process]

[Flambaum, Pospelov, Ritz, Stadnik, PRD 102, 035001 (2020)]

LO: 𝒪𝒪 𝑚𝑚𝜋𝜋
−2 NLO: 𝒪𝒪 𝑚𝑚𝜋𝜋

−1 (𝝁𝝁 − 𝒅𝒅): 𝒪𝒪 ⁄ln 𝐴𝐴 𝑝𝑝F
[Fermi-gas model]

𝜋𝜋0, 𝜂𝜂 contributions:                          
opposite sign



ν𝑛𝑛
νHg

=
𝜇𝜇𝑛𝑛𝐵𝐵
𝜇𝜇Hg𝐵𝐵

+ 𝑅𝑅 𝑡𝑡

Experiment ( ⁄𝒏𝒏 𝐇𝐇𝐇𝐇): [nEDM collaboration, PRX 7, 041034 (2017)]

𝑩𝑩-field 
effect

𝑩𝑩 𝝈𝝈

En
er

gy

Proposal + Experiment (�𝒑𝒑): [BASE collaboration, Nature 575, 310 (2019)]

DM effect (non-magnetic
coupling to 𝝈𝝈 or 𝒅𝒅)

νc

𝑬𝑬

(For 𝒅𝒅)

ℎν𝐿𝐿 = 2𝜇𝜇𝜇𝜇

ν𝐿𝐿
ν𝑐𝑐 𝑝̅𝑝

=
𝑔𝑔𝑝̅𝑝
2

+ 𝑅𝑅 𝑡𝑡

Searching for Spin-Dependent Effects

Use spin-polarised sources: Atomic magnetometers,      
cold/ultracold particles, torsion pendula

Proposals: [Flambaum, talk at Patras Workshop, 2013;
Stadnik, Flambaum, PRD 89, 043522 (2014); Stadnik, thesis (Springer, 2017)]



Experiment (Alnico/SmCo5): [Terrano et al., PRL 122, 231301 (2019)]

𝝁𝝁Alnico

𝝁𝝁SmCo5

𝝈𝝈𝒆𝒆 Alnico

𝝈𝝈𝒆𝒆 SmCo5

𝝉𝝉 𝑡𝑡 ∝ 𝝈𝝈𝑒𝑒 pendulum × 𝑩𝑩eff 𝑡𝑡

𝝈𝝈𝑒𝑒 pendulum ≠ 𝟎𝟎

𝝁𝝁pendulum ≈ 𝟎𝟎

Searching for Spin-Dependent Effects

Use spin-polarised sources: Atomic magnetometers,      
cold/ultracold particles, torsion pendula

Proposals: [Flambaum, talk at Patras Workshop, 2013;
Stadnik, Flambaum, PRD 89, 043522 (2014); Stadnik, thesis (Springer, 2017)]
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