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neutron (enlarged)

+

-
EDM separation

< 1 μm

Observed photon density (CMB):
• nγ ≈ 411 cm-3

Baryon density and asymmetry:
• nB ≈ 6×10-10 nγ

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

Strong CP problem:
• |dn|< 10-26 e∙cm (measured)
• implies |θQCD|< 10-10 (too small)

MDM EDM



(European) Neutrons in the global context

Now strongly limited by available neutrons

Sensitivity target for experiments now commissioning

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

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



(European) neutrons in the global context
Paul Scherrer Institut
(PSI, Villigen)
• present limit
• systematics
• n2EDM

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

1E-31

1E-32

No SM background
(neglecting θQCD)

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

potential reach with today’s technology
(statistics only)

Very rough factors separating today’s experiments and SM predictions:

How do electron and atomic/molecular EDMs compare to neutron?
108 (*) 107 105-106

(*) or less… cf. PhysRevLett.129.231801



2020 European Strategy Update (2026: ongoing)



Broad categories / sensitivity

Open-shell atoms and molecules

• “paramagnetic”

• Cs, Tl, YbF, ThO, HfF+

Main sensitivities:

• electron EDM

• semileptonic (nuclear spin 
independent)

• others strongly suppressed

Closed-shell atoms and molecules

• “diamagnetic”

• Yb, Xe, Hg, Ra, TlF

Main sensitivities:

• nucleon EDMs

• nuclear forces 

• semileptonic (nuclear spin-
dependent)

Particles and other…

• various properties

• n, (p), μ, τ, Λ, …

Main sensitivities:

• system dependent

• n constrains 

• May need to look at higher 
scale for consistent 
interpretation



Statistical sensitivity:

Naïve estimate for generic new physics:

Precision Frontier: dn|E|  ≤  10-22 eV

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

Polarization 
contrast ≈ 0.8

11 kV/cm
(54×103)×(104/shot)

180 s

Λ ≈ 30 TeV



What would a finite neutron EDM mean?

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

• CKM CP-violation (Standard Model): 

• Strong CP-violation (Standard Model):

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



Reality: many parameters, many experiments

arXiv:2403.02052

EDMs as a “lightning rod” for new physics – without 
assumptions about the underlying model

Clear prediction that there is a signal to detect



Global analysis: 11 experiments / 7 parameters

Rev. Mod. Phys. 91, 015001 (2019)arXiv:2403.02052



Open-shell systems constrain de and CS

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

cf. arXiv:2212.11841

HfF+

ThO

arXiv:2403.02052
Global result:



“A Global View of the EDM Landscape”

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

Hadronic scale global analysis: arXiv:2403.02052

Global analysis: 11 experiments / 7 parameters



“A Global View of the EDM Landscape”

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

Hadronic scale global analysis: arXiv:2403.02052

Global analysis: 11 experiments / 7 parameters

Theory uncertainties mostly lack a statistical interpretation
• Assume flat likelihood
• Coefficients compatibly with zero do not constrain

Correlations are automatically built into the analysis
• Comagnetometer measurements neglect a sub-dominant EDM 

by construction
• Deliberately-correlated EDM experiments could offer

complementary constraining power

Flat directions appear already with 4 or 5 parameters
• Depends on treatment of neutron/proton, and pion loops

Formally: 7 parameters are overconstrained by 11 experiments
Reality: the experiments are insufficiently complementary!

• Well-constrained subspace (2 parameters: de, CS)
• Poorly-constrained subspace (5 parameters / 5 measurements)
• Other parameters should really be included as well…



Constructing, and deconstructing, an EDM

Schiff Moment parameterization:

Contours, correlations, likelihoods:



• Semileptonic interactions at the weak scale:

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

Effective Hadronic-Scale Lagrangian



• Semileptonic interactions at the hadronic scale (w/ nonrelativistic nucleons):

• Low-energy constants also depend on hadronic matrix elements:

Effective Hadronic-Scale Lagrangian



• Semileptonic interactions at the hadronic scale:

Effective Hadronic-Scale Lagrangian

η replaces π ; factor mud/ms ≈ 1/20



• “Long-range” nuclear forces, involving pion-nucleon couplings:

• “Short-range” leftovers (can be absorbed differently):

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

Effective Hadronic-Scale Lagrangian



• “Long-range” nuclear forces, involving pion-nucleon couplings:

• “Short-range” leftovers (can be absorbed differently):

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

Effective Hadronic-Scale Lagrangian

Assume:



Complementary atoms/nuclei

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

But deformed nuclei can actually have enhanced EDMs:
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Complementary atoms/nuclei

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

But deformed nuclei can actually have enhanced EDMs:

Excluded,
Do not
Mention

Reflection
asymmetry



Complementary atoms/nuclei

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

But deformed nuclei can actually have enhanced EDMs:

Excluded,
Do not
Mention

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



Complementary atoms/nuclei



Complementary closed-shell atoms: 211Rn/129Xe

211Rn/129Xe comagnetometry
…with laser readout
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Return to the overview

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

Constraints on … come mainly from …

…i.e., from 5 dominating measurements

open shell molecules

open shell molecules

closed-shell atoms (Hg, Xe)

closed-shell atoms (Hg, Xe)

neutron, Hg

neutron, Hg

neutron, Hg, other closed-shell



Closed-shell systems constrain gπ ,dn,p , and CT,P 

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

arXiv:2403.02052
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Rev. Mod. Phys. 91, 015001 (2019)

arXiv:2403.02052



Closed-shell systems constrain gπ ,dn,p , and CT,P 

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

arXiv:2403.02052



Caveats

Still missing/challenging:

• Some nuclear structure
• Valence nucleon EDMs

• Sign of some pion 
couplings

• Short-range forces

• Hadronic matrix 
elements

• Sub-leading coefficients 
for open-shell molecules

Shell-model estimates
for deformed nuclei…
Residual inconsistencies…



So what can we do/attempt now?

• Work upwards in energy

• Add new experiments

• Include more parameters, and effects
• MQM (beyond Cs…)

• Muon and tau lepton (also indirect limits)

• Short-range nuclear forces (hard…)

• Evaluate impact of improvements
• Theory coefficients

• Experimental bounds

• Correlated experiments… new ideas?

• Constrain specific BSM scenarios

Still missing/challenging:

• Some nuclear structure
• Valence nucleon EDMs

• Sign of some pion 
couplings

• Short-range forces

• Hadronic matrix 
elements

• Sub-leading coefficients 
for open-shell molecules



Thematic Recap

Write down the Lagrangian!
(or Hamiltonian) and make 
the conventions clear…

More experiments is good; 
complementary is better

Theory values, and especially 
uncertainties, can also improve

1

3

2



Questions?

Special thanks to:

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

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

ANALYSIS

Seeking students and Post-Docs!



EDMs 2026 at Les Houches!

March 1-6, 2026

WE-Heraeus funding to cover participant room & board

Scientific program:
• Experiments targeting EDMs of the neutron, 

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

• Theory for interpreting EDM, including hadronic, 
nuclear, atomic/molecular calculations…

• Phenomenological models and global analysis for 
CP-violating physics

• Connections between EDMs and other observables

Organizers: SMD, Stéphanie Roccia, Guillaume Pignol



Producing UCN with helium

production
rate density

total loss
(add partial rates)

efficiency
(cross-section)

cold neutron
flux at “resonance” UCN trap

depth
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Producing UCN with helium

production
rate density

total loss
(add partial rates)

efficiency
(cross-section)

cold neutron
flux at “resonance” UCN trap

depth

trap volume

energy-dependent
production/loss

total production rate

mean survival time



J. Neutron Research
20(4), 117-122 (2018)

Delivering Cold Neutrons

H. Manasawala

all wavelengths, capture-weighted
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Delivering Cold Neutrons
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Delivering Cold Neutrons

H. Manasawala



Wall loss in UCN storage



Wall loss in UCN storage



Wall loss in UCN storage

• Different materials
• Include effect of ambient medium



Wall loss in UCN storage

• Different materials
• Include effect of ambient medium
• Include surface layers



From wall loss to storage times

mean wall
collision rate

wall loss

beta decay

How long should we accumulate?
Get some idea of measured spectrum via time-of-flight



What if we extract after a holding delay?

mean wall
collision rate

wall loss

beta decay

(Fixed 100s accumulation time.) (Fixed 3000s accumulation time.)



What about overcritical neutrons?

mean wall
collision rate

wall loss

beta decay

(Fixed 100s accumulation time.) (Fixed 3000s accumulation time.)



• Open converter / fill-and-empty

• Extraction / delivery efficiency

Overview of the SuperSUN UCN Source



SuperSUN: High density UCN source

Photo credit: 
Ecliptique – Laurent Thion.

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

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, PanEDM commissioning 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


SuperSUN: High density UCN source

Photo credit: 
Ecliptique – Laurent Thion.

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

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, PanEDM commissioning 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, etc…

https://doi.org/10.1051/epjconf/201921902006


SuperSUN phase II: 
polarized UCN and magnetic storage

Benefits in phase II
• Increase storage potential for one spin state
• Decrease loss rate for stored UCN
→ UCN already polarized within the source

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

Status
Quench protection validated
Octupole trained up to 1 T
Preparing impregnation of the octupole, to reach 
nominal field



• Open converter / fill-and-empty

• Extraction / delivery efficiency

• Boost from leaving helium, 
vertical extraction

• E < 14.5 neV, ~4.5% of total

How much of the spectrum is extractable?



Source Characterization



Complementary atoms/nuclei

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

But deformed nuclei can actually have enhanced EDMs:



More nuclear structure


