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Key points
 Measurement of nuclear Electric Dipole Moment (EDM) →

test of CP-violation theories.

 Schiff theorem: nuclear EDM is completely screened, d E=0

 Oscillating external electric field E(t) is not completely 

screened → use for probing nuclear EDM.

 In atom: resulting field proportional to 𝜔2 and 

polarizability.

 In molecule: enhancement due to the factor 𝑀𝑛𝑢𝑐/𝑚𝑒

≥ 104, small energy denominators and large polarizability.

 In resonance there is a big enhancement.

 Similar effect: oscillating nuclear EDM induced by axion

dark matter is not completely screened.

 Molecules: large enhancements and small energy → good 

for axion search.



Extended Schiff theorem – ions and 

molecules in static electric field

 Schiff theorem: in static external field 𝐸, 𝐸𝑁 = 0 for neutral 

systems → 𝐸𝑁d=0, nuclear EDM 𝑑 is unobservable.

 Extension for ions and molecules: 

Ion acceleration 𝑎𝑖𝑜𝑛 =
𝑍𝑖𝑒𝐸

𝑀
,

Nucleus acceleration 𝑎𝑁 =
𝑍𝑒𝐸

𝑁

𝑀
,

⇒ 𝐸𝑁 = 𝑍𝑖
𝑍
𝐸.

 In molecules screening is stronger: 𝑎𝑖𝑜𝑛 =
𝑍𝑖𝑒𝐸

𝑀+𝑚
⟹ 𝐸𝑁

= 𝑍𝑖
𝑍

𝑀

𝑀+𝑚
𝐸.



Extended screening theorem –

atoms in oscillating electric field

 Oscillating field 𝐸 = 𝐸0cos(𝜔𝑡): incomplete screening!

 In atom (V. F. - PRA 98, 043408): 𝐸𝑁 = −𝜔2𝛼𝑧𝑧
𝑍

𝐸.

 In light atoms EN is larger (recall static case 𝑍𝑖 /𝑍 ).

 In resonance: 𝐸𝑁 = 𝐴 sin 𝜍𝑡 cos𝜔𝑡 where,

𝜍 = 2𝑒𝐸0 0 𝐷𝑧 𝑛 is the Rabi oscillation frequency, 

𝐴 =
𝜔2𝐷𝑧

𝑍
is the amplitude of the electric field on the nucleus in 

atomic units of electric field ~ 5.14 × 109𝑉/𝑐𝑚.

 Nuclear EDM effect ENd may be strongly enhanced near 

resonance.



Screening of static and oscillating electric 

field in Xe, graph of 𝑬 𝒓 /𝑬𝟎, 𝝎 = 𝟎. 𝟑 a.u.

V. Dzuba, and V. F.

arxiv: 1805.04989

 Static field is zero inside the 
nucleus.

 Oscillating field is not zero 
inside the nucleus, -0.14 E0. 
Enhancement outside the 
nucleus. 

 𝐸/𝐸0=1 outside the atom



Extended screening theorem -

molecules in oscillating electric field
 In diatomic molecule (V. F. , I. Samsonov and H. B. Tran Tan – Phys. Rev. A 

99, 013430):

✓

𝐸1

𝐸
= 𝜎𝑟𝑜𝑡, 𝜎𝑟𝑜𝑡 = −

2𝜔2𝜇

3𝑍1

ഥ𝜔 ҧ𝑆 ത𝑑

ഥ𝜔2−𝜔2 if 𝜔 is in the rotational regime, 𝐸1 is the 

field on the nucleus 1, 𝐸 is the external field. Light nucleus dominate.

✓

𝐸1

𝐸
= 𝜎𝑟𝑜𝑡 + 𝜎𝑣𝑖𝑏, 𝜎𝑣𝑖𝑏 = −

2𝜔2𝜇

3𝑍1
σ𝑣𝑖𝑏 𝑠𝑡𝑎𝑡𝑒𝑠

𝜔0𝑛𝑆0
𝑛𝑑0

𝑛

𝜔0𝑛
2 −𝜔2 if 𝜔 is in the vibrational 

regime,

✓

𝐸1

𝐸
= 𝜎𝑟𝑜𝑡 + 𝜎𝑣𝑖𝑏 + 𝜎𝑒𝑙 , 𝜎𝑒𝑙 = −

𝜔2𝑀1

3 𝑀1+𝑀2 𝑍1
(𝛼∥

𝑒𝑙 + 2𝛼⊥
𝑒𝑙) if 𝜔 is in the electronic 

regime.



𝐸1

𝐸
= 𝜎𝑟𝑜𝑡 has large coefficient  

𝜇

𝑚𝑒
~104 (𝜇 is the reduced nuclear mass). 

Nuclei moves slowly and do not provide efficient screening of oscillating 
field E. Small rotational energy denominator gives additional enhancement 
factor 

𝜇

𝑚𝑒
~104. Resonance gives an additional enhancement.



Screening/enhancement factor 𝜎 of 

oscillating electric field in molecules

 Contributions of 𝜎𝑟𝑜𝑡, 
𝜎𝑣𝑖𝑏 and 𝜎𝑒𝑙 to the 
ratio 𝐸1/𝐸 as one goes 
up the energy scale.

 The resonance peaks 
are clearly visible. The 
height of these peaks 
is 107~108.



Resonance enhancement of 

oscillating electric field

 In resonance with the lowest 
rotational level 𝜔 = ഥ𝜔:

✓

𝐸1

𝐸
= 𝜀1 ≡

4𝜇ഥ𝜔5 ҧ𝑆 ത𝑑

𝑍1 8ഥ𝜔6 ത𝑑2+9𝐸0
2 .

✓ 𝜀1~10
6 − 109.

 Maximum value of 𝐸1 between 
103 −105 V/cm.

 Can measure energy shift  (nuclear 
spin rotation) 𝐸1𝑑 produced by 
nuclear EDM 𝑑 in electric field

 Test of unification theories

 Screening/enhancement affects 
nuclear reactions: E1 transitions, 
radiative capture, laser-induced 
neutron capture
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Motivation

Traditional “scattering-off-nuclei” searches for               

heavy WIMP dark matter particles (mχ ~ GeV) have not 

yet produced a strong positive result. 

Problem: Observable is quartic in the interaction 

constant eי, which is extremely small (eי << 1)!

We consider linear effects. Enormous advantage!



Low-mass Spin-0 Dark Matter
• Low-mass spin-0 particles form a coherently oscillating 

classical field φ(t) = φ0 cos(mφc
2t/ℏ), with energy density   

<ρφ> ≈ mφ
2φ0

2/2 (ρDM,local ≈ 0.4 GeV/cm3)

• Coherently oscillating field, since cold (Eφ ≈ mφc
2)

• Classical field for mφ ≤ 0.1 eV, since nφ(λdB,φ/2π)3 >> 1

• Coherent + classical DM field = “Cosmic maser”

• 10-22 eV ≤ mφ ≤ 0.1 eV <=> 10-8 Hz ≤ f ≤ 1013 Hz

• mφ ~ 10-22 eV <=> T ~ 1 year

λdB,φ ≤ Ldwarf galaxy ~ 1 kpc Classical field



Coherence of Galactic DM

Gravitational interactions between DM and ordinary 

matter during galactic structure formation result in 

the virialisation of the DM particles (vvir ~ 10-3 c), 

which gives the galactic DM field a finite coherence 

time and finite coherence length. Scalar “maser”.



Low-mass Spin-0 Dark Matter

Dark Matter

Scalars

(Dilatons): 

φ → +φ

Pseudoscalars                       

(Axions): 

φ → -φ

→ Time-varying spin-

dependent effects, 

EDM

103 improvement

→ Time-varying 

fundamental constants

1015 improvement

P P



Low-mass Spin-0 Dark Matter

Dark Matter

Pseudoscalars                       

(Axions): 

φ → -φ

→ Time-varying spin-

dependent effects, 

oscillating EDM

P

QCD axion resolves 

strong CP problem, 

most popular dark 

matter candidate



Axion-Induced Oscillating Neutron EDM

 Axion dark matter field  → oscillating nucleon EDM (static 

neutron EDM: Crewther, Di Vecchia, Veneziano, Witten - PLB 88, 

123, 1979; Pospelov, Ritz - PRL 83, 2526, 1999; axion-induced 

neutron EDM Graham, Rajendran-PRD 84,055013,2011)



nEDM constraints: [nEDM collaboration, Phys. Rev. X 7, 041034, 2017]

3 orders of magnitude improvement!

Constraints on Interaction of Axion

Dark Matter with Gluons (n and Hg EDM)



Nuclear EDM: T,P-odd NN interaction 

gives~ 40 times larger contribution 

than nucleon EDM, × 𝟏𝟎 in deformed 

nuclei due to close levels of opposite 

parity
O. Sushkov, V. F. 

and I. Khriplovich

- JETP 60, 873, 

1984



 Static nuclear EDM (O. Sushkov, V.F. and I. Khriplovich - JETP 60, 873, 

1984),

 Oscillating nuclear EDM (Y. Stadnik and V.F. - PRD 89, 043522, 2014).

 Induced through hadronic mechanisms:

✓ Oscillating nuclear EDM and nuclear Schiff moments (𝐼 ≥ 1/2→ 𝐽

≥ 0)

✓ Oscillating nuclear magnetic quadrupole moments (𝐼 ≥ 1→ 𝐽 ≥ 1/2; 

magnetic → no Schiff screening)

 Underlying mechanisms:

1. Intrinsic oscillating nucleon EDMs (1-loop level)

2. Oscillating P,T-violating intra-nuclear forces (tree level → larger by 

~𝟒𝝅𝟐 ≈ 𝟒𝟎; up to extra 𝟏𝟎𝟎𝟎-fold enhancement in deformed 

nuclei)

(1)

(2)

Axion-Induced oscillating Nuclear, Atomic 
and Molecular EDMs



Oscillating nuclear EDM – 𝒅𝑵 = 𝒅𝟎𝐜𝐨𝐬𝝎𝒕

 Static nuclear EDM is completely screened in a neutral system.

 Axion-induced nuclear EDM  oscillates → not screened (V. F. 
and H. B. Tran Tan - arxiv:1904.07609).

 In atom: 𝑑𝑎𝑡𝑜𝑚 = −
𝜔2𝛼𝑧𝑧

𝑍
𝑑𝑁.

 In diatomic molecule: Ԧ𝑑𝑚𝑜𝑙 = −
𝜔2𝜇

𝑍1𝑍2
𝛼Δ + 𝛽 Ԧ𝛿 ,

𝛼 = 2෍

𝑛

𝐸𝑛0 0 𝐷 𝑛 𝑛 𝐷 0

𝐸𝑛0
2 − 𝜔2

𝛽 = 2෍

𝑛

𝐸𝑛0 0 𝑋 𝑛 𝑛 𝐷 0

𝐸𝑛0
2 − 𝜔2

Δ =
𝑍2𝑀1

Ԧ𝑑1 + 𝑍1𝑀2
Ԧ𝑑2

𝑀1𝑀2 𝑍1𝑍2

Ԧ𝛿 =
𝑍2 Ԧ𝑑1 − 𝑍1 Ԧ𝑑2

𝑍1𝑍2



Oscillating nuclear EDM – 𝒅𝑵 = 𝒅𝟎𝐜𝐨𝐬𝝎𝒕
Small frequency behavior
 If 𝜔 ~ energy of the first rotational level or Ω-doublet ഥ𝜔

Ԧ𝑑𝑚𝑜𝑙 ≈ −
2𝜇ഥ𝜔 ത𝑋 ത𝑑

3

𝜔2

ഥ𝜔2−𝜔2

Ԧ𝑑1

𝑍1
−

Ԧ𝑑2

𝑍2
≈ −

2𝜇ഥ𝜔 ത𝑋 ത𝑑

3

𝜔2

ഥ𝜔2−𝜔2

Ԧ𝑑1

𝑍1

assuming 𝑍1 ≪ 𝑍2. Light nucleus dominate (recall static case 𝑍𝑖 /𝑍 ).

 In resonance 𝜔 = ഥ𝜔: Ԧ𝑑𝑚𝑜𝑙 ≈ −
2 ത𝑑

3𝑍1 ത𝑋

ഥ𝜔

Γ
Ԧ𝑑1 where

Γ

ഥ𝜔
≈

𝑣2

𝑐2
~10−6

 Big resonance enhancement factor.

 The same mechanisms of enhancement in molecules as for oscillating 
electric field: 𝑑𝑚𝑜𝑙/𝑑𝑁 has large coefficient  

𝜇

𝑚𝑒
~104, 𝜇 is the reduced 

nuclear mass. Nuclei moves slowly and do not provide efficient screening 
of oscillating nuclear EDM. Small rotational energy denominator gives 
additional enhancement factor 

𝜇

𝑚𝑒
~104. Resonance gives an additional 

enhancement.



Ratio of oscillating molecular and 

nuclear EDM – Examples: LiF and TlF
 Solid line: ratio of induced molecular EDM and nuclear EDM (V. F. and H. B. 

Tran Tan - arXiv:1904.07609).

 Dashed line: ratio between induced molecular EDM produce by nuclear EDM 

and by oscillating nuclear Schiff moment (O. Sushkov, V. F. and I. Khriplovich

- JETP 60, 873, 1984; Y. Stadnik and V.F. - PRD 89, 043522, 2014; V. F. and H. 

B. Tran Tan - arXiv:1904.07609).

 Resonance enhancement 104~105.



Ratio of oscillating molecular and 

nuclear EDM – More examples

 Sub-eV resonance energy:

✓ 10−5~10−3 eV if rotational,

✓ 10−12~10−10 eV if Ω-doublet.

 Reasonable large energy 

asymptotic value.

 Large resonance enhancement 

104~106.

 Tuning by magnetic or electric 

field to resonance with axion

energy mc2



Why are molecules good?

 Nuclei are much heavier than electrons → react much 

more slowly to an oscillating perturbation → screening is 

weaken. This is the root of the enhancement factor 

𝑀𝑛𝑢𝑐/𝑚𝑒 ≥ 104.

 Further possible enhancement from small energy  

denominator and large polarizability.

 Possibility of resonances since expected dark matter mass 

is in the resonance region (first rotational level or Ω-

doublet).

 Possibility of resonance energy interval tuning by 

magnetic and electric fields.

 Measurement of nuclear EDM provides test of unification 

theories predicting CP-violation



Interference-assisted 

resonance detection of 

axions and dark photons

Tran Tan, V.F., Samsonov, Stadnik, Budker, Physics of Dark Universe 24, 

100272 (2019),

Axions are produced from photons in magnetic field B1, photons and axions

travel to detection area where they  are captured by an atom. 

Interference between the axion and photon capture amplitudes is the first 

order effect in the axion-electron interaction constant gae.

V.F.,  Samsonov, Tran Tan PRD 2019

Similar for dark photon



Coherent axion-photon 

transformation in the 

forward scattering on 

atoms 

V.F., Samsonov, Tran Tan, Budker,  PRD 2018

Forward scattering is always coherent, production or capture of axions is 

proportional to L2 , L is the length, similar to the production or detection 

of axions in magnetic field. We calculated effective magnetic and electric 

fields for the photon-axion transformation in M0 and M1 atomic 

transitions, Leff=gaea(EBeff+BEeff)



Diamagnetic atoms and molecules:

Source of static atomic EDM-nuclear Schiff moment
Schiff moment appears  when screening of external electric field by 

atomic electrons is taken into account.

Nuclear T,P-odd moments:

 EDM – non-observable due to total screening (Schiff theorem)

Nuclear electrostatic potential with screening (our 1984 calculation 
following ideas of Schiff and Sandars):

d is nuclear EDM, the term with d is the electron screening term

j(R) in multipole expansion is reduced to 

where                                            is Schiff moment.

This expression is not suitable for relativistic calculations.
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Nuclear spin

E

Electric field induced

by T,P-odd nuclear

forces which influence

proton charge density

This potential has no singularities and may be used in relativistic calculations.

SM electric field polarizes atom and produces EDM.

Calculations of nuclear SM: Sushkov, V.F. and Khriplovich ;Brown et al, V.F. et al

Dmitriev et al,Auerbach et al,Engel et al, Liu et al,Sen’kov et al, Ban et al.

Atomic EDM: Sushkov, V.F. and Khriplovich; Dzuba,V.F.,Ginges,Kozlov.

Best limits from Hg EDM measurement in Seattle –

Crucial test of modern theories of CP violation (supersymmetry, etc.)



Nuclear enhancement 

Auerbach,   V.F. and  Spevak 1996

The strongest enhancement is due to octupole 

deformation (Rn,Ra,Fr,…)

3520

9 323

intr

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NeZRS 

2.02 

1.03  - octupole deformation

- quadrupole deformation

Intrinsic Schiff moment:

No T,P-odd forces are needed for the Schiff moment  and EDM in intrinsic

reference frame

However, in laboratory frame S=d=0 due to rotation
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Two factors of enhancement:

1. Large collective moment in the body frame

2. Small energy interval (E+-E-), 0.05  instead of 8 MeV
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225Ra EDM experiment – Argon lab, 223Rn TRIUMF. Short lifetime – 15 Days for 225Ra
229Th 8000 years, EDM exceeds that of 225Ra and 223Rn. Molecules ThO, ThF+, ThOH+

Polar molecules have close opposite parity rotational levels (doublets), very strong 

internal electric field to measure EDM



Atomic EDM produced by nuclear 

magnetic quadrupole moment
Magnetic interaction is not screened! MQM produced by nuclear T,P-odd 

forces and proton and neutron EDM

Collective enhancement in deformed nuclei

Mechanism: T,P-odd nuclear interaction produces spin hedgehog-

correlation (s r)

Spherical – magnetic monopole forbidden

Deformed- collective magnetic quadrupole



Nuclear and molecular calculations of 

MQM effects

 V.F., DeMille, Kozlov PRL 2014

Nuclear and molecular estimates for TaN, ThO, BaF, HgF, YbF, HfF+ ,TaO+, WN+  

Accurate molecular calculations

 ThO:  Skripnikov, Petrov, Titov, and V.F. PRL 2014 

 TaN:  Skripnikov, Petrov, Mosyagin, Titov, and V.F  2015, 

 HfF+ Skripnikov,Titov, and V.F. 2017, 

 YbOH Maison, Skripnikov, and V.F. 2019

 Nuclear calculations Lackenby and V.F. 2018



Parity Violation  to measure quadrupole

moments of neutron distribution (NQM)

 Nuclear quadrupole moment generates tensor weak interaction 
WT=WikIiIk which mixes opposite parity electron energy levels up 
to J1-J2=2. If there are close opposite parity levels  with J1-
J2=2, the only enhanced contribution is that of the weak 
quadrupole moment

 WT mixes very close levels of opposite parity (omega=+1,-1 
doublet) in molecules ThO, TaN, ThF+, HfF+, PbO, WC, TaO+, 
WN+ used to measure electron EDM. Enhancement of WT

 In the Standard model neutron weak charge -1,  proton weak 
charge 0.08. So, we measure NQM.



Low-mass Spin-0 Dark Matter

Dark Matter

Scalars

(Dilatons): 

φ → +φ

or φ2

Pseudoscalars                       

(Axions): 

φ → -φ

→ Time-varying spin-

dependent effects

103 improvement

→ Time-varying 

fundamental constants

1015 improvement

P P



Dark Matter-Induced Cosmological 

Evolution of the Fundamental Constants

Consider an oscillating classical scalar field,                  

φ(t) = φ0 cos(mφt), that interacts with SM fields           

(e.g. a fermion f) via quadratic couplings in φ.

‘Slow’ drifts [Astrophysics     

(high ρDM): BBN, CMB]

Oscillating variations
[Laboratory (high precision)]



Fermions:

Photon:

W and Z Bosons:

Dark Matter-Induced Cosmological 

Evolution of the Fundamental Constants
[Stadnik, and V.F. PRL 114, 161301 (2015); PRL 115, 201301 (2015)]



• Precision of optical clocks approaching ~10-19 fractional level, 

• Sensitivity coefficients KX calculated by our group ,1998 – …

[Arvanitaki, Huang, Van Tilburg, PRD 91, 015015 (2015)], [Stadnik and V.F., PRL 114, 161301 (2015)]

ω = mφ (linear portal) or ω = 2mφ (quadratic portal)

Dy/Cs: [Van Tilburg et al., PRL 115, 011802 (2015)], [Stadnik and V.F., PRL 115, 201301 (2015)]

Rb/Cs: [Hees et al., PRL 117, 061301 (2016)], [Stadnik and V.F., PRA 94, 022111 (2016)]

Atomic Spectroscopy Searches for Oscillating Variations 

in Fundamental Constants due to Dark Matter



Laboratory Search for Oscillating Variations in 

Fundamental Constants using Atomic Dysprosium
[Van Tilburg, Leefer, Bougas, Budker, PRL 115, 011802 (2015)]



Constraints on Quadratic Interaction of 

Scalar Dark Matter with the Photon
BBN, CMB, Dy and Rb/Cs constraints:                                                                                          

[Stadnik and V.F., PRL 115, 201301 (2015) + Phys. Rev. D 2016]                                                                   

15 orders of magnitude improvement!



Constraints on Quadratic Interactions of 

Scalar Dark Matter with Light Quarks
BBN and Rb/Cs constraints:                                                                              

[Stadnik and V.F., PRL 115, 201301 (2015) + Phys. Rev. D 2016]     



Constraints on Quadratic Interaction of 

Scalar Dark Matter with the Electron
BBN and CMB constraints:                                                                               

[Stadnik and V.F., PRL 115, 201301 (2015)]             



Constraints on Quadratic Interactions of 

Scalar Dark Matter with W and Z Bosons
BBN constraints:                                                                                              

[Stadnik and V.F., PRL 115, 201301 (2015)]     



Constraints on Linear Interaction of 

Scalar Dark Matter with the Higgs Boson
Rb/Cs constraints:                                                                                              

[Stadnik and V.F., PRA 94, 022111 (2016)]     

2 – 3 orders of magnitude improvement!



Conclusions

• New classes of dark matter effects that are linear in the 

underlying interaction constant (traditionally-sought 

effects of dark matter scale as second or fourth power)

• 15 orders of magnitude improvement on quadratic 

interactions of scalar dark matter with the photon, 

electron, and light quarks (u,d).

• Improved limits on linear interaction with the Higgs boson.

• First limits on linear and quadratic interactions of scalar 

dark matter with vector bosons (W+,W-,Z0)

• Oscillating effects of variation of fundamental constants 

and violation of the fundamental symmetries: P, T, EDM, 

Lorentz, Einstein equivalence principle

• Enormous potential for low-energy atomic experiments to 

search for dark matter with unprecedented sensitivity


