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Connecting paramagnetic EDM 
observables to the EDMs of nucleons

Collaborators:   Jordy de Vries, 
Heleen Mulder, Wouter Dekens, 
Javier Menéndez, Beatriz Romeo

Lemonia Gialidi

EDMs 2026 : Complementary Experiments and Theory Connections

06-03-26
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Outline
Quiz (Motivation)

Nuclear Theory Side

Particle Theory side

Results

Outlook

(Javier Menéndez, Beatriz Romeo)

(Wouter Dekens, Jordy de Vries, 

Lemonia Gialidi, Heleen Mulder)
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Match the following:

Paramagnetic systems

Diamagnetic systems

1

2

non-zero total electron spin

zero total electron spin
non-zero nucleon/nuclear spin

Hadronic 
CP Violation

Electron EDM 
Semi-leptonic 
e-N operator

QCD θ
higher-

dimensional 
operators

𝑑𝑝

𝑑𝑛

𝑑𝑒

𝐶𝑆𝑃

ത𝑔0,1
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Match the following:

Paramagnetic systems

Diamagnetic systems
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2

non-zero total electron spin

zero total electron spin
non-zero nucleon/nuclear spin

Hadronic 
CP Violation

Electron EDM 

QCD θ
higher-

dimensional 
operators

Semi-leptonic 
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Match the following:

Paramagnetic systems

Diamagnetic systems

1

2

non-zero total electron spin

zero total electron spin
non-zero nucleon/nuclear spin

Hadronic 
CP Violation

Electron EDM 

QCD θ
higher-

dimensional 
operators

Semi-leptonic 
e-N operator

𝑑𝑝

𝑑𝑛

𝑑𝑒

𝐶𝑆𝑃

ത𝑔0,1
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non-zero EDM 

measurement

SM CP Violation
BSM sources of 

CP Violation

?

CKM-phase QCD θ term

Y. Ema et al. (2022)
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Paramagnetic systems
What do they measure? Atomic/Molecular 

structure coefficients  

Electron EDM 
purely leptonic 

operator

e e

Paramagnetic EDM = 𝑊𝑆𝑃 𝑪𝑺𝑷 + 𝑊𝑑 𝒅𝒆

[See Anastasia’s talk]
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Paramagnetic systems

Paramagnetic EDM = 𝑊𝑆𝑃 𝑪𝑺𝑷 + 𝑊𝑑 𝒅𝒆

What do they measure? Atomic/Molecular 
structure coefficients  

Electron EDM 
purely leptonic 

operator

Semi-leptonic operator
Effective electron-Nucleon interactions

e e

N N

e e

[See Anastasia’s talk]
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Effective e-N interactions 

ത𝑔𝜋/𝜂

𝜋 / 𝜂

Meson Exchange
Pion Loops

QCD θHow are they induced by hadronic CPV? 

H. Mulder, R. Timmermans,
 and J. de Vries (2025).

Flambaum, Pospelov, Ritz, Stadnik, ‘19
[See Heleen’s talk]
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Effective e-N interactions 

𝑛 / 𝑝 𝑛 / 𝑝

ത𝑔𝜋/𝜂

𝑑𝑛 / 𝑑𝑝

𝜋 / 𝜂

Meson Exchange
Pion Loops

H. Mulder, R. Timmermans,
 and J. de Vries (2025).

QCD θ

Nucleon EDMs

How are they induced by hadronic CPV? 
Flambaum, Pospelov, Ritz, Stadnik, ‘19
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Ultrasoft Potential 

Photon Momenta

𝑪𝑺𝑷 induced by 
nucleon EDMs

We need both the nucleon EDM 
and the nucleon MDM here!!

𝑞𝛾
𝜇

= (𝑞𝛾
0, 𝑞𝛾)
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Ultrasoft Potential 

Photon Momenta

𝑞𝛾
0 ~ 𝑞𝛾

2
/𝑚𝑁

𝑞𝛾  ~ 𝑚𝜋

𝑞𝛾
𝜇

= (𝑞𝛾
0, 𝑞𝛾)

𝑞𝛾
0 ~ 𝑞𝛾  ~𝑚𝜋

2/𝑚𝑁

𝑪𝑺𝑷 induced by 
nucleon EDMs

We need both the nucleon EDM 
and the nucleon MDM here!!

nuclear excited states 

Dekens, JdV, Gialidi, Menendez, Mulder, Romeo ‘25

Flambaum, Pospelov, Ritz, Stadnik, ‘19
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expand in small scales
like 𝑞𝛾

0/|𝑞𝛾|

Potential Region 

Two-nucleon effects

Nuclear Matrix Element (NME) of the two-body potential V

Sensitive to  nuclear scales
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Ultrasoft What changes here?

A lot of scales enter 
this diagram:

𝑚𝑒, 𝑝𝑒 , 𝑚𝛾 , 𝐸𝑛 

Scary Integrals

BUT!!!    EFT saves us 𝑬𝒏 ≫ 𝒎𝒆

𝐸𝑛: nuclear excited states 

𝑞𝛾
0 ~ 𝑞𝛾  ~𝑚𝜋

2/𝑚𝑁
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So far so good!
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So far so good!

Compute NMEs
Nucleon EDMsParamagnetic EDM 

measurements
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Nuclear side 
Ultrasoft 
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Nuclear side 
Ultrasoft 

Excitation energies
Transition elements𝑬𝒏 ≫ 𝒎𝒆 Δ𝑛 = 𝐸𝑛 − 𝐸𝑖
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Nuclear side 
Ultrasoft 

only 𝑑𝑝 contributes!

Excitation energies
Transition elements

magic neutron number 

𝑬𝒏 ≫ 𝒎𝒆 Δ𝑛 = 𝐸𝑛 − 𝐸𝑖

~40% nuclear 
uncertainty!! 
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Nuclear side 
Potential 

Coordinate space potential
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Nuclear side 
Potential 

▪ Both core and valence nucleons 
contribute to the potential NME

▪ Coherent structure

▪ NME scales with A
▪ Potential NMEs  >  Ultrasoft NMEs
▪ Smaller uncertainties

Coordinate space potential

*NMEs computed using modified Shell Model codes for 0vbb
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Can we go heavier?

Lighter nuclei confirm linear Z/N  scaling

𝑋 = 𝑍, 𝑝 or 𝑁, 𝑛  
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Can we go heavier?

Lighter nuclei confirm linear Z/N  scaling

Experimental Limit Limit on 𝑑𝑝 or 𝑑𝑛

𝑋 = 𝑍, 𝑝 or 𝑁, 𝑛  
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Our limits

Recall the best current limit from paramagnetic molecules
|𝑑𝑒 ቚ

HfF+
< 4.1 ⋅ 10−30 𝑒 cm

𝑑𝑝 HfF+ < 1.6 ⋅ 10−23 𝑒 cm , 𝑑𝑛 HfF+ < 1.6 ⋅ 10−23 𝑒 cm

Use scaling function

𝑑𝑛 < 1.8 × 10−26 𝑒 
cm

𝑑𝑝 Hg
< 2.0 × 10−25 𝑒 

cm Graner et al. 2016 PSI 2020

x100 weaker than x1000 weaker than

Roussy et al. 2023 
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Our limits

Recall the best current limit from paramagnetic molecules
|𝑑𝑒 ቚ

HfF+
< 4.1 ⋅ 10−30 𝑒 cm

𝑑𝑝 HfF+ < 1.6 ⋅ 10−23 𝑒 cm , 𝑑𝑛 HfF+ < 1.6 ⋅ 10−23 𝑒 cm

Use scaling function

𝑑𝑛 < 1.8 × 10−26 𝑒 
cm

𝑑𝑝 Hg
< 2.0 × 10−25 𝑒 

cm Graner et al. 2016 PSI 2020

x100 weaker than x1000 weaker than

NOT THAT 
FAR 

AWAY!!!

Bennett et al. 2009

*EDM contribution to Snowmass 2021
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Which source did it?EDM

QCD θQuark EDM Quark chromo 
EDM

PART 3
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Which source did it?EDM

QCD θQuark EDM

Quark chromo 
EDM

PART 3
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Which source did it?EDM

QCD θQuark EDM

Quark chromo 
EDM
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Which source did it?EDM

𝑑𝑛 = #1 ҧ𝜃 and  𝑑𝑒
equiv

= #2 ҧ𝜃

𝑑𝑛 = #3 𝑑𝑞 and  𝑑𝑒
equiv

= #4 𝑑𝑞

𝑑𝑒
equiv

/𝑑𝑛

Suppose QCD θ or quark (color) 
operators as the underlying CPV 
source:

Ratio Plot

Helps to solve the mystery
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Which source did it?EDM

𝑑𝑛 = 10−27e cm

Example:
Say we measure

for up color EDM

𝒅𝒆
𝒆𝒒𝒖𝒊𝒗

~ − (𝟏𝟎−𝟑𝟐 − 𝟏𝟎−𝟑𝟑) e cm

𝒅𝒆
𝒆𝒒𝒖𝒊𝒗

~ + 𝟏𝟎−𝟑𝟒 e cm for up EDM

𝒅𝒆
𝒆𝒒𝒖𝒊𝒗

even smaller for ഥ𝜽

Then we expect:
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Summary

❖ Potential and ultrasoft diagrams.

❖ Nuclear model calculations and 
use of EFT.

❖ Connect paramagnetic EDM measurements to nucleon 
EDMs and hadronic CPV.

❖ If there is a measurement, help to solve the CPV source 
mystery.

❖ What next? …

❖ Potential dominates: linear scaling

❖ Meson exchange and pion loop diagrams.
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Questions?

Thanks for listening!



EDMs  2026Le
m

o
n

ia
 G

ia
lid

i :
 C

o
n

ne
ct

in
g 

p
ar

am
ag

n
et

ic
 E

D
M

 o
b

se
rv

ab
le

s 
to

 t
h

e 
ED

M
s 

o
f 

n
u

cl
e

o
ns

33

The magic of matching

IR scale ω

Full Theory
above ω

EFT just
below ω

I𝐹(𝜔)

I𝐸𝐹𝑇(𝜔)

𝐶(μ~𝜔) = I𝐹 𝜔 − I𝐸𝐹𝑇(𝜔)

Same IR behaviour

IR SAFE

m << ω

Low energy 
EFT at Contributions from

the Low energy 

EFT at m
𝐶(μ~𝑚)+ =

RGE

FINAL 

ANSWER

*Introduction to EFT , Manohar 2018
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Ultrasoft Region 

Energy scales

𝐸𝑛

𝐸𝑛 ≫ 𝑚𝑒

𝑚𝑒

Integrate out nuclear 
excited states

“physical low-energy 
triangle”

Matching:

Run down to μ~𝑚𝑒

+ =

(keep low-energy scales me,pe)

𝓐𝒖𝒔𝒐𝒇𝒕

𝛽𝑣:Nuclear Polarizability
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Power counting


	Slide 1: Connecting paramagnetic EDM observables to the EDMs of nucleons
	Slide 2
	Slide 3: Match the following: 
	Slide 4: Match the following: 
	Slide 5: Match the following: 
	Slide 6
	Slide 7: Paramagnetic systems 
	Slide 8: Paramagnetic systems 
	Slide 9: Effective e-N interactions   
	Slide 10: Effective e-N interactions   
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15: So far so good!
	Slide 16: So far so good!
	Slide 17: Nuclear side 
	Slide 18: Nuclear side 
	Slide 19: Nuclear side 
	Slide 20: Nuclear side 
	Slide 21: Nuclear side 
	Slide 22: Can we go heavier?
	Slide 23: Can we go heavier?
	Slide 24: Our limits
	Slide 25: Our limits
	Slide 26
	Slide 27
	Slide 28
	Slide 29: Which source did it?
	Slide 30: Which source did it?
	Slide 31: Summary
	Slide 32: Questions?
	Slide 33: The magic of matching
	Slide 34
	Slide 35

