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< 1 ˃ m

Observed photon density (CMB):
Å nʴҒ пмм ŎƳ

-3

Baryon density and asymmetry:
Å nBҒ с×10-10 nʴ

Sakharov criteria for Baryogenesis:
1. B non-conservation
2. C and CP violation
3. Far from thermal equilibrium

Strong CP problem:
Å | dn|< 10-26Ŝϊcm(measured)
Å implies |ɗQCD|< 10-10 (too small)
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https://svs.gsfc.nasa.gov/2682/
https://www.quantumdiaries.org/2011/06/26/cern-mug-summarizes-standard-model-but-is-off-by-a-factor-of-2/
https://svs.gsfc.nasa.gov/12314/
https://www.esa.int/ESA_Multimedia/Images/2024/01/Exploring_our_origins
https://www.esa.int/ESA_Multimedia/Images/2020/03/The_inner_Solar_System
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H H The energyeigenstates are:

Molecular Dipole Moments are not Permanent

Two limiting cases:



²ŀƛǘ ŀ ƳƛƴǳǘŜΧ

Å{ŎƘƛŦŦΩǎ ǘƘŜƻǊŜƳΥthe field due to an EDM induces a displacement of 
the bound charges, which exactly cancels it*

Hamiltonian of the charge-system (no EDM)

*Schiff: Phys. Rev. 132, 2194 (1963)
Engel et al., Prog. Part. Nucl. Phys. 71, 21 (2013)



EDMs should not be observable

Å{ŎƘƛŦŦΩǎ ǘƘŜƻǊŜƳΥthe field due to an EDM induces a displacement of 
the bound charges, which exactly cancels it

Add constituent EDMs
!ǎ ŀ ǇŜǊǘǳǊōŀǘƛƻƴΧ

(sum over constituents)



EDMs should not be observable

Å{ŎƘƛŦŦΩǎ ǘƘŜƻǊŜƳΥthe field due to an EDM induces a displacement of 
the bound charges, which exactly cancels it

(sum over constituents)

bƻǿ ǎŜŜ ǿƘŀǘ ŜŦŦŜŎǘ ǘƘƛǎ ƘŀǎΧ

Add constituent EDMs
!ǎ ŀ ǇŜǊǘǳǊōŀǘƛƻƴΧ



EDMs should not be observable

Å{ŎƘƛŦŦΩǎ ǘƘŜƻǊŜƳΥthe field due to an EDM induces a displacement of 
the bound charges, which exactly cancels it

Eigenstates receive an energy shift due to the perturbation:



EDMs should not be observable

ÅWhat is the total, observable, dipole moment after this shift?



But some details can save us!

Å{ŎƘƛŦŦΩǎ ǘƘŜƻǊŜƳ ŀǎǎǳƳŜǎΥ

Åpointlikeparticles Ÿ incorrect for nuclei

Ånon-relativistic treatment Ÿ incorrect for atomic electrons

ΧǎŜŜ !ƳŜǊƛŎŀƴ WƻǳǊƴŀƭ ƻŦ tƘȅǎƛŎǎ 75, 532 (2007)

ΧǎŜŜ Prog. Part. Nucl. Phys. 71, 21 (2013)

Nuclear structure enhancements!



CƻǊƳ CŀŎǘƻǊǎ όƴƻǘ ƻƴƭȅ ŦƻǊ ŎƻƳǇƻǎƛǘŜ ǇŀǊǘƛŎƭŜǎΧύ

cf. electron g-2



CƻǊƳ CŀŎǘƻǊǎ όƴƻǘ ƻƴƭȅ ŦƻǊ ŎƻƳǇƻǎƛǘŜ ǇŀǊǘƛŎƭŜǎΧύ

cf. electron g-2



CƻǊƳ CŀŎǘƻǊǎ όƴƻǘ ƻƴƭȅ ŦƻǊ ŎƻƳǇƻǎƛǘŜ ǇŀǊǘƛŎƭŜǎΧύ

Further structures, e.g. Schiff moment:

Excluded,
Do not
Mention

Reflection
asymmetry

aƻƳŜƴǘǎ ǘƘŀǘ ǾƛƻƭŀǘŜ t ŀƴŘ ¢Υ aлΣ 9мΣ aнΣ 9оΣ Χ

cf. electron g-2



Broad categories, sources, and sensitivity

Open-shellatoms and molecules

ÅάǇŀǊŀƳŀƎƴŜǘƛŎέ

ÅCs, Tl, YbF, ThO, HfF+

Main sensitivities:

Åelectron EDM

Åsemileptonic(nuclear spin 
independent)

Åothers strongly suppressed

Closed-shellatoms and molecules

ÅάŘƛŀƳŀƎƴŜǘƛŎέ

ÅYb, Xe, Hg, Ra, TlF

Main sensitivities:

Ånucleon EDMs

Ånuclear forces 

Åsemileptonic(nuclear spin-
dependent)

ParticlesŀƴŘ ƻǘƘŜǊΧ

Åvarious properties

Ån, (p), ˃ , ̱ , ɽΣ Χ

Main sensitivities:

Åsystem dependent

Ån constrains the QCD ɗterm

ÅMay need to look at higher 
scales for a consistent 
ƛƴǘŜǊǇǊŜǘŀǘƛƻƴΧ



Reality: many parameters, many experiments

95aǎ ŀǎ ŀ άƭƛƎƘǘƴƛƴƎ ǊƻŘέ ŦƻǊ ƴŜǿ ǇƘȅǎƛŎǎ ςwithout 
assumptions about the underlying model

Also: clear prediction that there is a signal to detect
arXiv:2403.02052



άTesting the {ǘŀƴŘŀǊŘ aƻŘŜƭέ ǾǎΦ άbŜǿ tƘȅǎƛŎǎέ

Neutron EDM within the Standard Model (CKM):

In more detail (work in progress / broad effort):

Naïve estimate for generic new physics:

Statistical sensitivity, count-rate limited:

ȿҒ ол TeV

Current limit (PSI):
2.2×10-26 e cm, 95% C.L.

ŦƛǊǎǘ ǎŀǘǳǊŀǘŜ άŎƭŀǎǎƛŎŀƭέ ǇŀǊŀƳŜǘŜǊǎ
ΧǘƘŜƴ ƴŜǿ ŀǇǇǊƻŀŎƘŜǎΣ ǉǳŀƴǘǳƳ ǎŜƴǎƛƴƎ

PRL 124, 081803 (2020)

constraint diluted by 2-3 orders 
of magnitudein global analysis!
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Naïve estimate for generic new physics:

Statistical sensitivity, count-rate limited:

ȿҒ ол TeV

Current limit (PSI):
2.2×10-26 e cm, 95% C.L.

ŦƛǊǎǘ ǎŀǘǳǊŀǘŜ άŎƭŀǎǎƛŎŀƭέ ǇŀǊŀƳŜǘŜǊǎ
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PRL 124, 081803 (2020)

constraint diluted by 2-3 orders 
of magnitudein global analysis!

Neutron EDM within the Standard Model (CKM):

Current experimental limit: 10-26 e cm
Standard Model CKM: 10-32 e cm
Standard Model QCD: 10-16 e cm ×ɗ[???]
Standard Model PMNS

Insufficient for baryogenesis



Statistical sensitivity of the 2020 PSI experiment:

Tour-de-forceƛƴ ǎȅǎǘŜƳŀǘƛŎǎ ǎǘǳŘƛŜǎΧ
But statistics not much improved for 20 years!

ά¢ŜǎǘƛƴƎ ǘƘŜ {ǘŀƴŘŀǊŘ aƻŘŜƭέ ǾǎΦ άbŜǿ tƘȅǎƛŎǎέ

Current limit (PSI):
2.2×10-26 e cm, 95% C.L.

Polarization 
ŎƻƴǘǊŀǎǘ Ғ лΦу

11 kV/cm
(54×103)×(104/shot)

180 s
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Χōǳǘ now seearXiv:2504.13030

https://doi.org/10.1146/annurev.nucl.55.090704.151611


Example: (European) Neutrons in a global context
Paul Scherrer Institut
(PSI, Villigen)
Å present limit
Å systematics
Å n2EDM

Institut Laue- Langevin
(ILL, Grenoble)
Å previous limit
Å statistics
Å PanEDM



Example: (European) Neutrons in a global context

Now strongly limited by available neutrons

Sensitivity target for experiments now commissioning

Paul Scherrer Institut
(PSI, Villigen)
Å present limit
Å systematics
Å n2EDM

Institut Laue- Langevin
(ILL, Grenoble)
Å previous limit
Å statistics
Å PanEDM



Example: (European) Neutrons in a global context
Paul Scherrer Institut
(PSI, Villigen)
Å present limit
Å systematics
Å n2EDM

Institut Laue- Langevin
(ILL, Grenoble)
Å previous limit
Å statistics
Å PanEDM

1E-31

1E-32

No SM background
(neglecting ɗQCD)

Standard Model expectation
JNR (2022) 24(2), 123-143

ǇƻǘŜƴǘƛŀƭ ǊŜŀŎƘ ǿƛǘƘ ǘƻŘŀȅΩǎ ǘŜŎƘƴƻƭƻƎȅ
(statistics only)

±ŜǊȅ ǊƻǳƎƘ ŦŀŎǘƻǊǎ ǎŜǇŀǊŀǘƛƴƎ ǘƻŘŀȅΩǎ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ {a ǇǊŜŘƛŎǘƛƻƴǎΥ

How do electronand atomic/ molecularEDMs compare to neutron?
108 (*) 107 105-106

όϝύ ƻǊ ƭŜǎǎΧ ŎŦΦ PhysRevLett.129.231801



What would a finite EDM mean?

ÅCP violation from BSM and three SM sources (if we ignore neutrinos):

ÅCKM CP-violation (Standard Model): 

ÅStrong CP-violation (Standard Model):

details: arXiv:2403.02052and earlier:
Rev. Mod. Phys. 91, 015001 (2019)
Phys. Rev. C 91, 035502 (2015)
Prog. Part. Nucl. Phys. 71, 21 (2013)



Nearly-decoupled subspace: de and CS

cf. arXiv:2212.11841

HfF+

ThO

arXiv:2403.02052
Global result:

at ~1 GeV v ~ 246 GeV



Open-shell systems ǎǘƛƭƭ ƴŜŜŘ ƘŀŘǊƻƴƛŎ ǎǘǊǳŎǘǳǊŜΧ

cf. arXiv:2212.11841

HfF+

ThO

arXiv:2403.02052
Global result:

at ~1 GeV v ~ 246 GeV

Hadronicstructure:



Constructing, and deconstructing, an EDM

Schiff Moment parameterization:

Contours, correlations, likelihoods:
pending(at least minor)
revisionsfor publication



ά! Dƭƻōŀƭ ±ƛŜǿ ƻŦ ǘƘŜ 95a [ŀƴŘǎŎŀǇŜέ

SMD, Nina Elmer, Tanmoy Modak, 
Margarete Mühlleitner, Tilman Plehn

Hadronic scale global analysis: arXiv:2403.02052

Global analysis: 11 experiments / 7 parameters

Theory uncertaintiesmostlylack a statisticalinterpretation
Å Assumeflat likelihood
Å Coefficientscompatiblywith zerodo not constrain

Correlationsareautomaticallybuilt into the analysis
Å Comagnetometermeasurementsso far neglecta

sub-dominant EDM by construction
Å Deliberately-correlatedEDM experimentscouldoffer

complementaryconstrainingpower

Flat directionsappearalreadywith 4 or 5 parameters
Å Dependson treatment of neutron/proton, and pion loops

Formally: 7 parametersareoverconstrainedby 11 experiments
Reality: the experimentsare insufficientlycomplementary!
ÅWell-constrainedsubspace(2 parameters: de, CS)
Å Poorly-constrainedsubspace(5 parameters/ 5 measurements)
Å Other parametersshouldreallybe includedaswellΧ



ά! Dƭƻōŀƭ ±ƛŜǿ ƻŦ ǘƘŜ 95a [ŀƴŘǎŎŀǇŜέ

SMD, Nina Elmer, Tanmoy Modak, 
Margarete Mühlleitner, Tilman Plehn

Hadronic scale global analysis: arXiv:2403.02052

Global analysis: 11 experiments / 7 parameters

Theory uncertaintiesmostlylack a statisticalinterpretation
Å Assumeflat likelihood
Å Coefficientscompatiblywith zerodo not constrain

Correlationsareautomaticallybuilt into the analysis
Å Comagnetometermeasurementsso far neglecta

sub-dominant EDM by construction
Å Deliberately-correlatedEDM experimentscouldoffer

complementaryconstrainingpower

Flat directionsappearalreadywith 4 or 5 parameters
Å Dependson treatment of neutron/proton, and pion loops

Formally: 7 parametersareoverconstrainedby 11 experiments
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New constraints: complementary atoms/nuclei

We do not expect large Schiff moments in 129Xe/199Hg
(suppressed by the screening effect)

But deformed nuclei can actually have enhancedEDMs:

Excluded,
Do not
Mention

Reflection
asymmetry



Caveats

Shell-model estimates
for deformednucleiΧ
Residual inconsistenciesΧ

Still missing/challenging:

ÅSome nuclear structure
ÅValence nucleon EDMs

ÅSign of some pion couplings

ÅShort-range forces

ÅHadronic matrix elements

ÅSub-leading coefficients for 
open-shell molecules



So what can we do/attempt now?

ÅWork upwards in ŜƴŜǊƎȅ ό[9C¢Σ Χύ

ÅAdd new experiments

ÅInclude more parameters, and effects
Åava όōŜȅƻƴŘ /ǎΧύ

ÅMuon and tau lepton (also indirect limits)

ÅShort-ǊŀƴƎŜ ƴǳŎƭŜŀǊ ŦƻǊŎŜǎ όƘŀǊŘΧύ

ÅEvaluate impact of improvements
ÅTheory coefficients

ÅExperimental bounds

Å/ƻǊǊŜƭŀǘŜŘ ŜȄǇŜǊƛƳŜƴǘǎΧ ƴŜǿ ƛŘŜŀǎΚ

ÅConstrain specific BSM scenarios

Still missing/challenging:

ÅSome nuclear structure
ÅValence nucleon EDMs

ÅSign of some pion couplings

ÅShort-range forces

ÅHadronic matrix elements

ÅSub-leading coefficients for 
open-shell molecules



Thematic Recap

Write down the Lagrangian(Hamiltonian)!
Make ǘƘŜ ŎƻƴǾŜƴǘƛƻƴǎ ŎƭŜŀǊΧ

More experiments is good; 
complementary is better;
correlated mightbeōŜǎǘΧ

Theory values, and especially 
uncertainties, can also improve a lot

1

3

2



Questions?

Special thanks to:

N. Elmer, T. Plehn, T. Modak(HD)
M. Mühlleitner (KIT)

Many, manycolleagues who helped 
answer questions and pinpoint errors 
(see acknowledgements in 2403.02052)

ANALYSIS

Seeking students and Post-Docs!



EDMs 2026 at LesHouches!

March 1-6, 2026

WE-Heraeus fundingto coverparticipant room & board

Scientific program:
Å Experiments targeting EDMs of the neutron, 

charged particles in storage rings, atoms, 
molecules...

Å Theory for interpreting EDM, including hadronic, 
ƴǳŎƭŜŀǊΣ ŀǘƻƳƛŎκƳƻƭŜŎǳƭŀǊ ŎŀƭŎǳƭŀǘƛƻƴǎΧ

Å Phenomenological models and global analysis for 
CP-violating physics

Å Connections between EDMs and other observables

Organizers: SMD, Stéphanie Roccia, Guillaume Pignol



Global analysis: 11 experiments / 7 parameters

Rev. Mod. Phys. 91, 015001 (2019)



ÅSemileptonicinteractions at the weak scale:

ÅLow-energy constants at GeV energies, from weak-scale Wilson coefficients:

Effective Hadronic-Scale Lagrangian



ÅSemileptonicinteractions at the hadronicscale (w/ nonrelativistic nucleons):

ÅLow-energy constants also depend on hadronic matrix elements:

Effective Hadronic-Scale Lagrangian



ÅSemileptonicinteractions at the hadronicscale:

Effective Hadronic-Scale Lagrangian

ŕeplaces ̄ ; factor mud/msҒ 1/20



Åά[ƻƴƎ-ǊŀƴƎŜέ ƴǳŎƭŜŀǊ ŦƻǊŎŜǎΣ ƛƴǾƻƭǾƛƴƎ Ǉƛƻƴ-nucleon couplings:

Åά{ƘƻǊǘ-ǊŀƴƎŜέ ƭŜŦǘƻǾŜǊǎ όŎŀƴ ōŜ ŀōǎƻǊōŜŘ ŘƛŦŦŜǊŜƴǘƭȅύΥ

ÅNuclear Schiff moment (and MQM for I>1/2):

Effective Hadronic-Scale Lagrangian



Åά[ƻƴƎ-ǊŀƴƎŜέ ƴǳŎƭŜŀǊ ŦƻǊŎŜǎΣ ƛƴǾƻƭǾƛƴƎ Ǉƛƻƴ-nucleon couplings:

Åά{ƘƻǊǘ-ǊŀƴƎŜέ ƭŜŦǘƻǾŜǊǎ όŎŀƴ ōŜ ŀōǎƻǊōŜŘ ŘƛŦŦŜǊŜƴǘƭȅύΥ

ÅNuclear Schiff moment (and MQM for I>1/2):

Effective Hadronic-Scale Lagrangian

Assume:



Effective Field Theory

Prog. Part. Nucl. Phys. 71, 21 (2013)

General Effective Lagrangian:

Dimension-Six terms for the neutron:



Complementary atoms/nuclei

We do not expect large Schiff moments in 129Xe/199Hg
(suppressed by the screening effect)

But deformed nuclei can actually have enhancedEDMs:

Excluded,
Do not
Mention

Phy. Rev. Lett. 121, 232501 (2018)



Complementary atoms/nuclei

We do not expect large Schiff moments in 129Xe/199Hg
(suppressed by the screening effect)

But deformed nuclei can actually have enhancedEDMs:



More nuclear structure



SuperSUN: High density UCN source

Photo credit: 
EcliptiqueςLaurent Thion.

Phase I characterization
Measurement agrees with expectation (48 MW)
cf. EPJ Conf. 219, 02006 (2019) and arXiv:2504.13030

Total UCN output: 3.8×106 (integral of blue peak)
Source density:  270 UCN/cm3

Long storage times: 126000 UCN remaining after 20min
Expected density in PanEDM: 3.9 UCN/cm3 (58 MW)
Source characterization, PanEDMcommissioning ongoing

Phase II expectation
Peak field:                   2.1 T
Source density:          1670 UCN/cm3 (x5 gain) 
Density in PanEDM:  40  UCN/cm3 (x10 gain)

Comparison to the prototype source SUN2

Zoom log 

https://doi.org/10.1051/epjconf/201921902006
https://arxiv.org/abs/2504.13030


SuperSUN: High density UCN source

Photo credit: 
EcliptiqueςLaurent Thion.

Phase I characterization
Measurement agrees with expectation (48 MW)
cf. EPJ Conf. 219, 02006 (2019)and arXiv:2504.13030

Total UCN output: 3.8×106 (integral of blue peak)
Source density:  270 UCN/cm3

Long storage times: 126000 UCN remaining after 20min
Expected density in PanEDM: 3.9 UCN/cm3 (58 MW)
Source characterization, PanEDMcommissioning ongoing

Phase II expectation
Peak field:                   2.1 T
Source density:          1670 UCN/cm3 (x5 gain) 
Density in PanEDM:  40  UCN/cm3 (x10 gain)

Comparison to the prototype source SUN2

3.8×106 UCN measured (fill-and-empty)

Ongoing work: spectrum, transfer 
efficiency and storage in external 
volumes, etcΧ

https://doi.org/10.1051/epjconf/201921902006
https://arxiv.org/abs/2504.13030

