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 1. Introduction on EDMs

 2. EDMs from CP violation in the quark sector (CKM) 

 3. EDMs from CP violation in strong interactions (theta term)

 4. EDMs from CP violation in the neutrino sector 

 5. EDMs & baryogenesis

 6. EDMs sensitivity to New Physics (NP): Heavy vs. Light

 7. Oscillating EDMs



Electric & Magnetic Dipole Moments
• Interaction of a particle with spin  with with an electric/magnetic field⃗S

Electric dipole moment (EDM) d

Magnetic dipole moment (MDM) μ
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Electric & Magnetic Dipole Moments
• Interaction of a particle with spin  with with an electric/magnetic field⃗S

- properties under Time Reversal T and Parity P

- MDMs are P and T even

- EDMs are P and T odd (CP violating, assuming CPT = locality + Lorentz + spin-statistics)

Electric dipole moment (EDM) d

Magnetic dipole moment (MDM) μ

T : ⃗E → + ⃗E ⃗B → − ⃗B ⃗S → − ⃗S

P : ⃗E → − ⃗E ⃗B → + ⃗B ⃗S → + ⃗S
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Relevance of EDMs
• Are EDMs relevant for fundamental particle physics ?
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Relevance of EDMs

- typical energy resolution in modern EDM experiments

ΔE ∼ 10−6Hz ∼ 10−21 eV

• Are EDMs relevant for fundamental particle physics ?
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Relevance of EDMs

- typical energy resolution in modern EDM experiments

ΔE ∼ 10−6Hz ∼ 10−21 eV

d ∼
ΔE

Electric field
∼ 10−25 e cm for Electric field ∼ 104 V/cm

- translates into EDM sensitivity

• Are EDMs relevant for fundamental particle physics ?
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Relevance of EDMs

- typical energy resolution in modern EDM experiments

ΔE ∼ 10−6Hz ∼ 10−21 eV

d ∼
ΔE

Electric field
∼ 10−25 e cm for Electric field ∼ 104 V/cm

- theoretically inferring scaling of EDMs (see later)

d ∼
1

16π2
×

1MeV
Λ2

Λ ≳ 1TeV

- translates into EDM sensitivity

• Are EDMs relevant for fundamental particle physics ?
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Relativistic generalization
• Interaction of a fermion with the photon field 

- minimal coupling of fermions with photon gives rise to MDM with gyromagnetic ratio g = 2
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Relativistic generalization
• Interaction of a fermion with the photon field 

- minimal coupling of fermions with photon gives rise to MDM with gyromagnetic ratio g = 2

- dimension 5 operators induce an EDM  and a MDM df af

- absent for elementary particles at the classical level, but can be induced by loop corrections
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Experimentally accessible EDMs
   1. EDM of paramagnetic systems: atoms (Tl, Fr, …) and molecules (ThO, YbF, …)

   2. EDM of diamagnetic atoms (Hg, Ra, Rn, …)

   3. EDM of the neutron, proton, deuteron

   4. EDM of the muon/tau
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Experimentally accessible EDMs
   1. EDM of paramagnetic systems: atoms (Tl, Fr, …) and molecules (ThO, YbF, …)

   2. EDM of diamagnetic atoms (Hg, Ra, Rn, …)

   3. EDM of the neutron, proton, deuteron
[Courtesy of A. Keshavarzi]

   4. EDM of the muon/tau
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Experimentally accessible EDMs
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A tower of EFTs

[Chupp, Fierlinger, Ramsey-Musolf, Singh, Rev. Mod. Phys. 91 (2019)]

• Need to predict EDMs of composite systems in terms of CP-violating sources

UV

SMEFT

WET

Nuclear

Atomic

Molecular

Solids
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CP violating operators
• CP-odd Lagrangian at the GeV scale

- terms at dimension 4
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CP violating operators
• CP-odd Lagrangian at the GeV scale

- terms at dimension 4, dimension 5
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CP violating operators
• CP-odd Lagrangian at the GeV scale

- terms at dimension 4, dimension 5, dimension 6
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CP violation in the quark sector
• CP violation observed in K and B physics 

- parametrized by the Jarlskog invariant: 
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• CKM power-counting rules for CP-violating & flavour-singlet observables:  

EDMs from CKM

1. EDM operator breaks chirality, hence in perturbation theory df ∝ mf
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• CKM power-counting rules for CP-violating & flavour-singlet observables:  

2. vanish at 1st order in weak interactions (due to conjugated weak vertices)

EDMs from CKM

1. EDM operator breaks chirality, hence in perturbation theory df ∝ mf
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• CKM power-counting rules for CP-violating & flavour-singlet observables:  

2. vanish at 1st order in weak interactions (due to conjugated weak vertices)

3. start at second order  and necessarily propto Jarlskog,  ∝ G2
F J = Im (VtbV*tdVcdV*cb)

EDMs from CKM

1. EDM operator breaks chirality, hence in perturbation theory df ∝ mf
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• CKM power-counting rules for CP-violating & flavour-singlet observables:  

2. vanish at 1st order in weak interactions (due to conjugated weak vertices)

3. start at second order  and necessarily propto Jarlskog,  ∝ G2
F J = Im (VtbV*tdVcdV*cb)

EDMs from CKM

4. the anti-symmetric structure of  in flavour space leads to additional loop suppressionsJ

dCKM
q (2-loop) = 0 dCKM

e (3-loop) = 0

[Shabalin Sov. J. Nucl. Phys. 28 (1978)] [Pospelov, Khriplovich, Sov. J. Nucl. Phys. 53 (1991)]

1. EDM operator breaks chirality, hence in perturbation theory df ∝ mf
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• CKM power-counting rules for CP-violating & flavour-singlet observables:  

EDMs from CKM

- i) fundamental EDMs, ii) nucleon EDMs, iii) diamagnetic EDMS, iv) paramagnetic EDMs

- contributions are usually classified in short-distance and long-distance 

• we will consider CKM contributions to:

2. vanish at 1st order in weak interactions (due to conjugated weak vertices)

3. start at second order  and necessarily propto Jarlskog,  ∝ G2
F J = Im (VtbV*tdVcdV*cb)

4. the anti-symmetric structure of  in flavour space leads to additional loop suppressionsJ

1. EDM operator breaks chirality, hence in perturbation theory df ∝ mf
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• quark EDM (for nucleon EDM see later)

Fundamental EDMs from CKM

[Khriplovich, Phys. Lett. B 173, 193 (1986) 

Czarnecki, Krause, Phys. Rev. Lett. 78 (1997)]
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• quark EDM (for nucleon EDM see later)

Fundamental EDMs from CKM

[Khriplovich, Phys. Lett. B 173, 193 (1986) 

Czarnecki, Krause, Phys. Rev. Lett. 78 (1997)]

• electron EDM (for paramagnetic EDM see later)

[Pospelov, Khriplovich, Sov. J. Nucl. Phys. 53 (1991), 

Pospelov, Ritz, Phys. Rev. D89 no. 5 (2014)]
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Fundamental EDMs from CKM

[Yamaguchi, Yamanaka, Phys. Rev. Lett. 125 (2020)]

- large long-distance contribution

de ∼ 6 × 10−40 e cm

• quark EDM (for nucleon EDM see later)

• electron EDM (for paramagnetic EDM see later)

[Khriplovich, Phys. Lett. B 173, 193 (1986) 

Czarnecki, Krause, Phys. Rev. Lett. 78 (1997)]
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Nucleon EDMs from CKM
• qEDM is not the dominant source of the CKM-induced EDM of nucleons 

- 4-quark CP-odd operators + chirally enhanced contributions
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Nucleon EDMs from CKM
• qEDM is not the dominant source of the CKM-induced EDM of nucleons 

- 4-quark CP-odd operators + chirally enhanced contributions

dN ∼ 10−(32÷31) e cm
[Khriplovich, Zhitnitsky, Phys. Lett. B 109 (1982) 

Gavela, Le Yaouanc, Oliver, Pene, Raynal, Pham, Phys. Lett. B 109 (1982) 

McKellar, Choudhury, He, Pakvasa, Phys. Lett. B 197 (1987) 

Mannel, Uraltsev, Phys. Rev. D 85 (2012)]

[Pospelov, Ritz, Annals Phys. 318 (2005) 119-169]
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Schiff theorem
• EDM of a neutral atom vanishes at LO

within a neutral atom (in the non-relativistic limit and treating the nucleus as point-like) 

the atomic EDM vanishes due to screening of the applied electric field 

[Schiff, Phys. Rev. 132 (1963)]
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Schiff theorem
• EDM of a neutral atom vanishes at LO

within a neutral atom (in the non-relativistic limit and treating the nucleus as point-like) 

the atomic EDM vanishes due to screening of the applied electric field 

i) consider a system of point-like particles (nucleons + electrons) interacting with a Coulomb pot.

• Proof:

ii) perturbed ground state 

iii) induced EDM in perturbed ground state is zero 

[See e.g. Engel, Ramsey-Musolf, van Kolck, Prog. Part. Nucl. Phys. 71 (2013)]

}
Hd

[Schiff, Phys. Rev. 132 (1963)]
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Diamagnetic EDMs from CKM
• Diamagnetic = paired electrons (e.g. 199Hg)

- Schiff theorem evaded thanks to finite-size of the nucleus   

- atomic EDM is suppressed w.r.t. EDM of the nucleus (by an O(103) factor)(Rnucl /Ratom)2 ∼
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Diamagnetic EDMs from CKM
• Diamagnetic = paired electrons (e.g. 199Hg)

- Schiff theorem evaded thanks to finite-size of the nucleus   

• Leading contribution arises from Schiff moment

- CKM contribution via CP-odd nucleon potential somewhat larger than nucleon EDM one

[Flambaum, Khriplovich, Sushkov, Sov. Phys. JETP 60 (1984) 

Donoghue, Holstein, Musolf, Phys. Lett. B 196 (1987) 

Ginges and V. V. Flambaum, Phys. Rept. 397 (2004) 

Ban et al., Phys. Rev. C 82 (2010)]
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- atomic EDM is suppressed w.r.t. EDM of the nucleus (by an O(103) factor)(Rnucl /Ratom)2 ∼



- Schiff theorem evaded thanks to relativistic electrons   

- atomic/molecular EDM is enhanced w.r.t. EDM of the electron 

Paramagnetic EDMs
• Paramagnetic = unpaired electrons (e.g. ThO)
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Paramagnetic EDMs
• Paramagnetic = unpaired electrons (e.g. ThO)

• Receives contributions from both eEDM and semi-leptonic CP-odd operators

-  does not depend on the spin of the nucleus, coherently enhanced by A (# of nucleons) CSP
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Paramagnetic EDMs
• Paramagnetic = unpaired electrons (e.g. ThO)

• Receives contributions from both eEDM and semi-leptonic CP-odd operators

-  does not depend on the spin of the nucleus, coherently enhanced by A (# of nucleons) CSP

- shift of atomic/molecular energy levels (under external E field) 

-                      ~ O(102÷3) enhancement factor due to relativistic violation of Schiff th. fd ≃

-  : ratio of atomic matrix elements of  and  operators (                                )r CSP de

- Equivalent EDM :  
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Paramagnetic EDMs from CKM
• CKM-induced  contribution dominates w.r.t. the direct contribution from CSP de

[Pospelov, Ritz, Phys. Rev. D89 no. 5 (2014)]

- Equivalent EDM :  

[Yamaguchi, Yamanaka, Phys. Rev. Lett. 125 (2020)]

- to be compared with de ∼ 6 × 10−40 e cm
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Paramagnetic EDMs from CKM

- Equivalent EDM :  

• Breakthrough result in 2022 
[Ema, Gao, Pospelov, Phys. Rev. Lett. 128 (2022)]

- with O(30%) accuracy

• CKM-induced  contribution dominates w.r.t. the direct contribution from CSP de

[Pospelov, Ritz, Phys. Rev. D89 no. 5 (2014)]

P
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CKM benchmarks 
• Set the maximal sensitivity to NP (like neutrino floor for Direct Detection)    

[Courtesy of A. Keshavarzi]

- below that, any signal would be polluted by SM-CKM uncertainties 
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EDMs beyond CKM
• Motivated CP-violating sources beyond the CKM

- theta term 

- neutrino mixing

- baryogenesis

- axion DM background 

- …
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Strong CP
• CP violation from strong interactions: θ̄ = θ − arg det YUYD 2

I. INTRODUCTION
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- Naive Dimensional Analysis:

(bound from nEDM)| θ̄ | ≲ 10−10
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• CP violation from strong interactions: θ̄ = θ − arg det YUYD 2
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- Naive Dimensional Analysis:

(bound from nEDM)| θ̄ | ≲ 10−10

≃ 2 × 10−16θ̄ e cm

Strong CP
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• Competitive bound on theta term from paramagnetic EDMs

[Choi, Hong, Phys. Lett. B 259 (1991)

Ghosh, Sato, Phys. Lett. B 777 (2018)]

| θ̄ | ≲ 10−2

Paramagnetic EDM from theta term
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• Competitive bound on theta term from paramagnetic EDMs

[Choi, Hong, Phys. Lett. B 259 (1991)

Ghosh, Sato, Phys. Lett. B 777 (2018)]

- better sensitivity through CSP

| θ̄ | ≲ 10−2

θ̄

[Flambaum, Pospelov, Ritz, Stadnik, Phys. Rev. D 102 (2020)]

dequiv
e ∼ 4 × 10−22θ̄

Paramagnetic EDM from theta term
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• Competitive bound on theta term from paramagnetic EDMs

[Choi, Hong, Phys. Lett. B 259 (1991)

Ghosh, Sato, Phys. Lett. B 777 (2018)]

- better sensitivity through CSP

[Flambaum, Pospelov, Ritz, Stadnik, Phys. Rev. D 102 (2020)]

| θ̄ | ≲ 10−2

- even after accounting for nEDM bound, theta contribution can be larger than CKM 

dequiv
e ∼ 4 × 10−22θ̄

- future sensitivity from paramagnetic EDMs could surpass present nEDM limit on theta 

Paramagnetic EDM from theta term
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• In the SM, theta is a free parameter

What should we expect for  ?θ̄

[Ellis, Gaillard NPB 150 (1979) 

Khriplovich, Vainshtein NPB 414 (1994)]

2

I. INTRODUCTION

✓ ⇠
1

(4⇡)14
g02

⇥
Y 2(uR)� Y 2(dR)

⇤
JCKM log⇤UV (1)

JCKM = ImDet
h
YUY

†
U
, YDY †

D

i
(2)

✓ ⇠
JCKM

(4⇡)14
log⇤UV (3)

 = p, n, e (4)

C m 
a

fa
[i �5 ] (5)

⇠
⇤4
QCD

f2
a

(6)

|✓ � arg det (YuYd)| < 10�10 (7)

✓ = ✓ � arg det (YuYd) (8)

L� � dn n�µ⌫�5 nFµ⌫ (9)

Z =

Z
�Ge�

1
4

R
GG�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓

I + AI
����! e

� 8⇡
g2
s cos ✓ (10)

E(0)  E(✓e↵ = hai) (11)

e (12)

e (13)

p (14)

p (15)

n (16)

2

I. INTRODUCTION

✓ ⇠
1

(4⇡)14
g02

⇥
Y 2(uR)� Y 2(dR)

⇤
JCKM log⇤UV (1)

JCKM = ImDet
h
YUY

†
U
, YDY †

D

i
⇡ 10�29 (2)

✓ ⇠
JCKM

(4⇡)14
log⇤UV (3)

 = p, n, e (4)

C m 
a

fa
[i �5 ] (5)

⇠
⇤4
QCD

f2
a

(6)

|✓ � arg det (YuYd)| < 10�10 (7)

✓ = ✓ � arg det (YuYd) (8)

L� � dn n�µ⌫�5 nFµ⌫ (9)

Z =

Z
�Ge�

1
4

R
GG�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓

I + AI
����! e

� 8⇡
g2
s cos ✓ (10)

E(0)  E(✓e↵ = hai) (11)

e (12)

e (13)

p (14)

p (15)

n (16)

2

I. INTRODUCTION

⇠ 10�46 log⇤UV (1)

10�2
÷ 10�3 (2)

e GeV�1 (3)

✓
1� c

mq

2mn

ei✓
◆

e

mn

n�µ⌫�5nFµ⌫ + h.c. =) dn = c
mq

mn

e

mn

✓ ⇠ 10�2 ✓ eGeV�1 (4)

H = �dn E · Ŝ () L = �dn
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div.

- divergent (7-loops), but very stable under radiative corrections
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• In the SM, theta is a free parameter

What should we expect for  ?θ̄

• Theta is calculable in theories beyond the SM (addressing the strong CP problem)

1. QCD axion: new spin-0 boson with a pseudo-shift symmetry 
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*path-integral measure positive definite for a vector-like theory (e.g. QCD) 
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• In the SM, theta is a free parameter

What should we expect for  ?θ̄

• Theta is calculable in theories beyond the SM (addressing the strong CP problem)

1. QCD axion: does the axion really relax to zero ? 

A no-lose theorem for the “SM axion”:
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better way to test the axion ground state, via axion mediated forces
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[See backup slides + talk by P. Sørensen tomorrow]
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• In the SM, theta is a free parameter

What should we expect for  ?θ̄

2. P or CP as spontaneously broken symmetries

- finite contributions to , from the CP-violating sources responsible for the CKMθ̄

- strong model-dependency, but models typically live at the nEDM boundary 

• Theta is calculable in theories beyond the SM (addressing the strong CP problem)

[… Nelson, Phys. Lett. B 136 (1984)

Barr, Phys. Rev. Lett. 53 (1984) …]

 L. Di Luzio (INFN Padua) - A Theoretical Overview of EDMs                                                                      20/27



CP violation in the neutrino sector
• 1 Dirac phase + 2 Majorana phases 

-  from 3𝜈 oscillationsδCP

-  from 0𝜈ββη1,2
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eEDM from neutrinos
• Typically too small and model-dependent [Ng Ng, Mod. Phys. Lett. A 11 (1996) 


Archambault, Czarnecki, Pospelov, Phys. Rev. D 70 (2004).  
de Gouvea, Gopalakrishna Phys. Rev. D 72 (2005)]

- Pure Dirac neutrino contribution vanishes at 2-loops (as for qEDM)
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[Ng Ng, Mod. Phys. Lett. A 11 (1996) 

Archambault, Czarnecki, Pospelov, Phys. Rev. D 70 (2004).  
de Gouvea, Gopalakrishna Phys. Rev. D 72 (2005)]

- Pure Dirac neutrino contribution vanishes at 2-loops (as for qEDM)

- Pure Majorana contribution utterly small (as for ) μ → eγ

|de | ∝ m4
ν ≲ 10−72 e cm

• Typically too small and model-dependent

eEDM from neutrinos
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[Ng Ng, Mod. Phys. Lett. A 11 (1996) 

Archambault, Czarnecki, Pospelov, Phys. Rev. D 70 (2004).  
de Gouvea, Gopalakrishna Phys. Rev. D 72 (2005)]

- Pure Dirac neutrino contribution vanishes at 2-loops (as for qEDM)

- Pure Majorana contribution utterly small (as for ) μ → eγ

• Typically too small and model-dependent

eEDM from neutrinos

- SMEFT expectation very small
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ℓ̄γ5σμνeFμν

mν =
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Λ2 )
2
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[Ng Ng, Mod. Phys. Lett. A 11 (1996) 

Archambault, Czarnecki, Pospelov, Phys. Rev. D 70 (2004).  
de Gouvea, Gopalakrishna Phys. Rev. D 72 (2005)]

- Pure Dirac neutrino contribution vanishes at 2-loops (as for qEDM)

- Pure Majorana contribution utterly small (as for ) μ → eγ

• Typically too small and model-dependent

eEDM from neutrinos

- SMEFT expectation very small

- Type-I seesaw contribution also small (but model-dependent)
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[Ng Ng, Mod. Phys. Lett. A 11 (1996) 

Archambault, Czarnecki, Pospelov, Phys. Rev. D 70 (2004).  
de Gouvea, Gopalakrishna Phys. Rev. D 72 (2005)]

- Pure Dirac neutrino contribution vanishes at 2-loops (as for qEDM)

- Pure Majorana contribution utterly small (as for ) μ → eγ

• Typically too small and model-dependent

eEDM from neutrinos

- SMEFT expectation very small

- Type-I seesaw contribution also small (but model-dependent)

do not expect (generically) a measurable effect, 

but not entirely ruled out in certain neutrino mass models
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[Sakharov, JETP Letters 5 (1967)]

1. Baryon number violation 

• Sakharov criteria for matter-antimatter asymmetry: 

EDMs & baryogenesis

2. C and CP violation 

3. Departure from thermal equilibrium 
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[Sakharov, JETP Letters 5 (1967)]

1. Baryon number violation 

• Sakharov criteria for matter-antimatter asymmetry: 

EDMs & baryogenesis

2. C and CP violation 

3. Departure from thermal equilibrium 

- CP violation from CKM not sufficient 

Im Det [MUM†
U, MDM†

D]
(100 GeV)12

≃ 10−20 ≪ ηB ≡
nB − nB̄

nγ
≃ 6 × 10−10

Tsphal. ≳ 100 GeV
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[Sakharov, JETP Letters 5 (1967)]

1. Baryon number violation 

• Sakharov criteria for matter-antimatter asymmetry: 

EDMs & baryogenesis

2. C and CP violation 

3. Departure from thermal equilibrium 

- CP violation from CKM not sufficient 

- new sources of CP violation are required (leptogenesis, EW baryogenesis, … )
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• EDMs are secretly d=6 operators

EDM sensitivity to heavy NP

- above the EW scale need to add a Higgs doublet to restore SU(2)L invariance

- helicity flipping
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(1-loop)

(2-loops)

- typical NP contributions at 1- and 2-loops (e.g. from SUSY)
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• CP-violating axion-like particles (ALPs) 

EDM sensitivity to light NP
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• CP-violating axion-like particles (ALPs) 

EDM sensitivity to light NP
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in agreement with the Higgs low-energy theorem [23].

The last term of eq. (3) refers to the Weinberg operator
which is generated by the representative diagrams shown
in fig. 2. The related Wilson coe�cient dG reads
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where in the first term, which refers to the two-loop dia-
gram, it is assumed that m� ⌧ mt,b. Instead, the second
term of eq. (11) arises from the one-loop diagrams of
fig. 2 and enjoy a very large enhancement factor with re-
spect to the naive dimensional analysis expectation. As
a result, we anticipate that dG will provide the by far
dominant e↵ects to EDMs as induced by CgC̃g.

Finally, we analyse the fermionic (C)EDMs induced by
ALP interactions. The leading contributions stem from
the Feynman diagrams reported in fig. 3 and read
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f(x) ⇡ (6 log x + 13)/18 and g(x) ⇡ (log x + 2)/2 in the
asymptotic limit x � 1 where xk = m2

k/m
2
�. While the

contributions to the electron EDM stemming from the
third and fourth diagrams of fig. 3 were already con-
sidered in [7], flavor-violating e↵ects for the first dia-
gram and Barr-Zee two-loop contributions (second dia-
gram) are considered here for the first time. The flavour-
diagonal e↵ects for the first diagram (not reported in the
formulae above) can be found instead in [24]. Moreover,
the extension to the quarks sector as well as the evalua-
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in agreement with the Higgs low-energy theorem [23].

The last term of eq. (3) refers to the Weinberg operator
which is generated by the representative diagrams shown
in fig. 2. The related Wilson coe�cient dG reads
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where in the first term, which refers to the two-loop dia-
gram, it is assumed that m� ⌧ mt,b. Instead, the second
term of eq. (11) arises from the one-loop diagrams of
fig. 2 and enjoy a very large enhancement factor with re-
spect to the naive dimensional analysis expectation. As
a result, we anticipate that dG will provide the by far
dominant e↵ects to EDMs as induced by CgC̃g.

Finally, we analyse the fermionic (C)EDMs induced by
ALP interactions. The leading contributions stem from
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sidered in [7], flavor-violating e↵ects for the first dia-
gram and Barr-Zee two-loop contributions (second dia-
gram) are considered here for the first time. The flavour-
diagonal e↵ects for the first diagram (not reported in the
formulae above) can be found instead in [24]. Moreover,
the extension to the quarks sector as well as the evalua-
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in agreement with the Higgs low-energy theorem [23].

The last term of eq. (3) refers to the Weinberg operator
which is generated by the representative diagrams shown
in fig. 2. The related Wilson coe�cient dG reads
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where in the first term, which refers to the two-loop dia-
gram, it is assumed that m� ⌧ mt,b. Instead, the second
term of eq. (11) arises from the one-loop diagrams of
fig. 2 and enjoy a very large enhancement factor with re-
spect to the naive dimensional analysis expectation. As
a result, we anticipate that dG will provide the by far
dominant e↵ects to EDMs as induced by CgC̃g.

Finally, we analyse the fermionic (C)EDMs induced by
ALP interactions. The leading contributions stem from
the Feynman diagrams reported in fig. 3 and read
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gram) are considered here for the first time. The flavour-
diagonal e↵ects for the first diagram (not reported in the
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the extension to the quarks sector as well as the evalua-

3

�

e e

q q

�

e e

q q

�, g�, g �

e e

q q

��
�

e e

g g

�

e e

g g

��
�

e e

g g
t, b

FIG. 1. Leading contributions from the quark-level operators q̄q ēi�5e andGG ēi�5e to the semileptonic dim-6 operator N̄Nēi�5e
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in agreement with the Higgs low-energy theorem [23].

The last term of eq. (3) refers to the Weinberg operator
which is generated by the representative diagrams shown
in fig. 2. The related Wilson coe�cient dG reads
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where in the first term, which refers to the two-loop dia-
gram, it is assumed that m� ⌧ mt,b. Instead, the second
term of eq. (11) arises from the one-loop diagrams of
fig. 2 and enjoy a very large enhancement factor with re-
spect to the naive dimensional analysis expectation. As
a result, we anticipate that dG will provide the by far
dominant e↵ects to EDMs as induced by CgC̃g.

Finally, we analyse the fermionic (C)EDMs induced by
ALP interactions. The leading contributions stem from
the Feynman diagrams reported in fig. 3 and read
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for the CEDMs (where i = u, d). The loop functions
f(x) ⇡ (6 log x + 13)/18 and g(x) ⇡ (log x + 2)/2 in the
asymptotic limit x � 1 where xk = m2

k/m
2
�. While the

contributions to the electron EDM stemming from the
third and fourth diagrams of fig. 3 were already con-
sidered in [7], flavor-violating e↵ects for the first dia-
gram and Barr-Zee two-loop contributions (second dia-
gram) are considered here for the first time. The flavour-
diagonal e↵ects for the first diagram (not reported in the
formulae above) can be found instead in [24]. Moreover,
the extension to the quarks sector as well as the evalua-
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Axion-induced oscillating EDM
• Axion DM background is CP-violating                induces an oscillating EDM 
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Axion-induced oscillating EDM
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Budker, Graham, Ledbetter, Rajendran, Sushkov, Phys. Rev. X 4 (2014)]


• Axion DM background is CP-violating                induces an oscillating EDM 
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- NMR techniques (CASPEr-electric)

- proton storage rings [Graham et al, Phys. Rev. D 103 (2021)

Kim, Semertzidis, Phys. Rev. D 104 (2021)]
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Axion-induced oscillating EDM
• Axion DM background is CP-violating                induces an oscillating EDM 
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[Alexander et al,  2205.00830]



Conclusions

• SM-CKM background negligible in the foreseeable future: signal = discovery of NP 

• EDMs are powerful probes of NP

[Courtesy of A. Keshavarzi]
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Conclusions

• SM-CKM background negligible in the foreseeable future: signal = discovery of NP 

• EDMs are powerful probes of NP

• Motivated CP-violating sources to be probed by EDMs:

- non-zero theta term 

- CP-violation related to baryogenesis (strongly model-dependent)

• New ideas with oscillating EDMs to probe CP-violating axion DM background 
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- TeV scale NP addressing the EW Hierarchy Problem (SUSY, …) 



Backup slides
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Open questions 
• Ultimate EDM experiments (electron and/or proton) to reach SM-CKM sensitivity ? 

 L. Di Luzio (INFN Padua) - A Theoretical Overview of EDMs                                                                      

• Complementarity of EDMs to disentangle origin of CP violation ?

• What insights into baryogenesis can be gained from the observation of an EDM ?

• EDM connections with other leptonic dipoles (MDM, LFV, …) ?

• EDM interplay with high-energy observables (LHC, …) ?



On leptonic dipoles:  ℓ → ℓ′￼+ γ
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On leptonic dipoles:  ℓ → ℓ′￼+ γ
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[Giudice, Paradisi, Passera, JHEP 11 (2012)]



Model-independent relations
• Muon/tau EDM inside a loop generates  and de CSP
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- stronger than direct limit at BNL

- stronger than direct limit at Belle

[Ema, Gao, Pospelov Phys. Rev. Lett. 128 (2022)]

|dτ | < 3.9 × 10−17 e cm



EDM bounds
[Chupp, Fierlinger, Ramsey-Musolf, Singh, Rev. Mod. Phys. 91 (2019) 1, 015001]
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•  ℒ ⊃ gN
s aNN + gN

p aNiγ5N

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]
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L � g
S
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P
afafi�5f (13)

g
S
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f⇡
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✓e↵ (14)

where the 1/2 factor was missed in [11] (see also [20]). A shortcoming of Eq. (12) is that CPV

from UV sources of CP-violation 

or PQ breaking 
[Moody, Wilczek, Phys. Rev. D 30 (1984)

Barbieri, Romanino, Strumia, Phys. Lett. B 387 (1996)

Pospelov Phys. Rev. D 58 (1998)

Bertolini, Di Luzio, Nesti, Phys. Rev. Lett. 126 (2021)

Okawa, Pospelov, Ritz, Phys. Rev. D 105 (2022)

Dekens, de Vries, Shain, JHEP 07 (2022)]

CP-violating axions
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CP-violating axions

monopole-monopole

30 NEW MACROSCOPlC FORCES? 131

7sg~p 1759p 1759p

couple to quarks only through a T-conserving pseudosca-
lar vertex:

mq
Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );—r/A.
r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10, we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.
The measured g factor of the electron provides a limit

on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10
Of these various limits, only the anomalous (mono-

pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H „,=m„ut ug+mgdLdg+ +H.c.

2

HT——0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
—ig/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= —q leaves 0 invariant.
To calculate the mass of the axion, we imagine per-

forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where F is the scale of Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-
ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~ j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.
To see how this all works, consider the quark-mass and

T-violating sectors,

AXIONS H „=m„uu cosh'„+ m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.
The axion is the quasi-Nambu-Goldstone boson of a

spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40„+40~+48, +.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at

monopole-dipole dipole-dipole

 New macroscopic forces from non-relativistic potentials [Moody, Wilczek, Phys. Rev. D 30 (1984)]
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cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]

gaN =
✓e↵

fa

mumd

mu +md

hN |uu+ dd|Ni

2
, (8)

gaN =
✓e↵

fa

mumd

mu +md
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17 MeV

fa
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P
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g
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fa
✓e↵ (14)

where the 1/2 factor was missed in [11] (see also [20]). A shortcoming of Eq. (12) is that CPV

from UV sources of CP-violation 

or PQ breaking 

double  suppressionθeff spin suppression + bkgd 

from ordinary magnetic forces 

ARIADNE, QUAX-gpgs, … 
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CP-violating axions

[O’Hare, Vitagliano, Phys. Rev. D 102 (2020) 

https://cajohare.github.io/AxionLimits]

θeff = 10−10

θeff = 10−18

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]
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where the 1/2 factor was missed in [11] (see also [20]). A shortcoming of Eq. (12) is that CPV

from UV sources of CP-violation 

or PQ breaking 
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cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
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tive Lagrangian with matter fields (f = p, n, e) reads
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The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
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where the 1/2 factor was missed in [11] (see also [20]). A shortcoming of Eq. (12) is that CPV

from UV sources of CP-violation 

or PQ breaking 

[Di Luzio, Gisbert, Nesti, Sørensen, Phys. Rev. D 110 (2024)]
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where the 1/2 factor was missed in [11] (see also [20]). A shortcoming of Eq. (12) is that CPV
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