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neutron (enlarged)

+

-
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< 1 ˃ m

Observed photon density (CMB):
Å nʴҒ 411 cm-3

Baryon density and asymmetry:
Å nBҒ 6×10-10 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://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


Permanent Electric Dipole moments



wŀƳǎŜȅΩǎ ƳŜǘƘƻŘ ǘƻ ƳŜŀǎǳǊŜ ŦǊŜǉǳŜƴŎƛŜǎϝΥ

*subtle difference in some cases: frequencyvs. phase

As usually shown:
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EDMs as a άlightning rodέ for new physics ςwithout 
needing assumptions about the underlying model

Also: clear prediction that there is a signal to detect

SciPostPhys.20.6.151

Reality: many parameters, many experiments

https://doi.org/10.21468/SciPostPhys.20.6.151
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needing assumptions about the underlying model

Also: clear prediction that there is a signal to detect

SciPostPhys.20.6.151
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95aǎ ŀǎ ŀ άƭƛƎƘǘƴƛƴƎ ǊƻŘέ ŦƻǊ ƴŜǿ ǇƘȅǎƛŎǎ ςwithout 
needing assumptions about the underlying model

Also: clear prediction that there is a signal to detect

arXiv:2403.02052

Particlesmostly separate from the global landscape 
(for now), and/or weak limits:
Åp

2.8×10-25 ecm, indirect only

Å˃
1.5×10-19 ecm(direct, PhysRevD.80.052008)

2×10-20 ecm(indirect, PhysRevLett.128.131803)

Åˍ
[-1.85,0.61] ×10-17 ecm(e+eҍ, JHEP04(2022)110)

Åɽ
1.5×10-19 ecm, (p + Be, PhysRevD.23.814)

Also:
Å85Rb,PhysRev.164.270.2and PhysRev.153.36

ÅXem, J.Phys.B.3.1620

ÅPbO, PhysRevLett.109.193003

ÅEu0.5Ba0.5TiO3, PhysRevLett.109.193003

Forinterpretation, whichenergyscale?

Reality: many parameters, many experiments

https://doi.org/10.1103/PhysRevD.80.052008
https://doi.org/10.1103/PhysRevLett.128.131803
https://doi.org/10.1007/JHEP04(2022)110
https://doi.org/10.1103/PhysRevD.23.814
https://doi.org/10.1103/PhysRev.164.270.2
https://doi.org/10.1103/PhysRev.153.36
https://doi.org/10.1088/0022-3700/3/12/007
https://doi.org/10.1103/PhysRevLett.109.193003
https://doi.org/10.1103/PhysRevLett.109.193003


Pospelovand Ritz (2509.23531):

Evolution of precision EDM 
measurements, from the limits 
(in gray) circa 1985 through to 
today (in blue). The SM CKM 
background contributions are 
shown for comparison. SciPostPhys.20.6.151

Reality: many parameters, many experiments

https://arxiv.org/abs/2509.23531v1
https://doi.org/10.21468/SciPostPhys.20.6.151


Open-shellatoms and molecules

Åάparamagneticέ

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)

Particlesand otherΧ

Åvarious properties

Ån, (p), ˃ , ̱ , ɽ, Χ

Main sensitivities:

Åsystem dependent

Ån constrains the QCD ɗterm

ÅMay need to look at higher 
scales for a consistent 
interpretationΧ

Broad categories, sources, and sensitivity
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001
https://doi.org/10.1051/epjn/2019004
https://www.britannica.com/science/alkaline-earth-metal#/media/1/15638/91
https://theoryandpractice.org/images/Standard-Model.jpg
https://sciencenotes.org/what-is-a-molecule-definition-and-examples/


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

CƻǊƳ CŀŎǘƻǊǎ όƴƻǘ ƻƴƭȅ ŦƻǊ ŎƻƳǇƻǎƛǘŜ ǇŀǊǘƛŎƭŜǎΧύ



Further structures, e.g. Schiff moment:

Excluded,
Do not
Mention

Reflection
asymmetry

Moments that violate P and T: M0, E1, M2, E3, Χ

cf. electron g-2

CƻǊƳ CŀŎǘƻǊǎ όƴƻǘ ƻƴƭȅ ŦƻǊ ŎƻƳǇƻǎƛǘŜ ǇŀǊǘƛŎƭŜǎΧύ



Sensitivity:

Method:
Open shell Closed shell άtŀǊǘƛŎƭŜέ

Trap Tl, Cs,PbO, HfF+,
Fr, BaF, ...

199Hg, 129Xe, 225Ra,
Rn, Pa,RaO,Χ

n (UCN)

Beam YbF, ThO, WC TlF n

Storage ring TaO+ 8Li+ p, d, 3He++, ˃ Σ Χ

Other: solid state (Gd3Ga5O12, Eu0.5Ba0.5TiO3), colliders (̱, ɽ, ˄ Σ ΧύΣ ŎǊȅǎǘŀƭ όƴ ǎŎŀǘǘŜǊƛƴƎ ƻƴ ǉǳŀǊǘȊύΣ Ƴŀƴȅ ƳƻǊŜΧ

Broad categories: sensitivity and methods



Molecular EDM in an ion trap: HfF+

Science, 2023 Sun Park, EDMs2026

https://doi.org/10.1126/science.adg4084
https://lpsc-indico.in2p3.fr/event/4176/contributions/9091/


Nature, 2018

Molecular EDM in a (neutral) beam: ThO

https://doi.org/10.1038/s41586-018-0599-8


Nature, 2018

HfF+

ThO
arXiv:2212.11841

Molecular EDM in a (neutral) beam: ThO

https://doi.org/10.1038/s41586-018-0599-8
https://arxiv.org/abs/2212.11841


at ~1 GeV v ~ 246 GeV

Open-shell systems constrain de, CS

(flipped)

HfF+

ThO

Global result:
SciPostPhys.20.6.151

https://doi.org/10.21468/SciPostPhys.20.6.151


at ~1 GeV v ~ 246 GeV

This already needs hadronic structure!

(flipped)

HfF+

ThO

Global result:
SciPostPhys.20.6.151

Hadronicmatrixelements:

https://doi.org/10.21468/SciPostPhys.20.6.151


Open shell systems and hadronic sector

Note:Hgand neutron imposeverytight, correlated, constraints
Å contourshapesbecomedefinedby weakerconstraints

caveat: neglectedparameters
Χbut with >5, alreadyloseconstrainingpower



Note:Hgand neutron imposeverytight, correlated, constraints
Å contourshapesbecomedefinedby weakerconstraints

caveat: neglectedparameters
Χōǳǘwith >5, alreadyloseconstrainingpowerX

Open shell systems and hadronic sector



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)

Complementarity for atoms/nuclei
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Do not
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Complementarity for atoms/nuclei



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

But deformed nuclei can actually have enhancedEDMs:

Octupole-enhanced nuclei (radioactive)

Radon and radiumatoms/nuclei
Thanks, Tim Chupp



225Ra and beyond: radioactive molecules

Thanks, Tim Chupp



Full hadronic-level global analysis

Theory uncertaintiesΧ no statisticalinterpretation
Å Assumeflat likelihood
Å Noconstraintif compatiblewith zero

Correlationsbuilt into analysis
Å Comagnetometermeasurements(so far) 

neglectsub-dominant EDMs
Å Deliberately-correlated: complementary

Flat directionsalreadywith 4 or 5 parameters
Å Dependson neutron/proton, pion loops

Formally: 7 parameters/ 11 experiments
Reality: the experimentsarenot complementary!
ÅWell-constrained: 2 parameters(de, CS)
Å Poorly-constrained: 5 hadronicparameters

(currently5 measurements)
Å Other parametersshouldreallybe included

aswellΧ missingtheory inputs



Theory uncertaintiesΧ no statisticalinterpretation
Å Assumeflat likelihood
Å Noconstraintif compatiblewith zero

Correlationsbuilt into analysis
Å Comagnetometermeasurements(so far) 

neglectsub-dominant EDMs
Å Deliberately-correlated: complementary

Flat directionsalreadywith 4 or 5 parameters
Å Dependson neutron/proton, pion loops

Formally: 7 parameters/ 11 experiments
Reality: the experimentsarenot complementary!
ÅWell-constrained: 2 parameters(de, CS)
Å Poorly-constrained: 5 hadronicparameters

(currently5 measurements)
Å Other parametersshouldreallybe included

aswellΧ missingtheory inputs

Full hadronic-level global analysis



Atomic/molecular and particle EDMs
ŀǊŜ ŎƻƳǇƭŜƳŜƴǘŀǊȅ Χ ōǳǘ ƻŦǘŜƴ Řƛǎǘŀƴǘ

We need more complementary 
experiments, new systems and 
deliberate correlations can open doors

Theory values, and especially 
uncertainties, often limit interpretation

1

3

2

Thematic recap



Questions?

Special thanks to:

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

Many, manycolleagues who helped 
answer questions and pinpoint errors

Experimental colleagues: SuperSUN-
PanEDM, andglobalEDMcommunity

ANALYSIS

Seeking students and Post-Docs!



An example from storage rings*

ÅBackground: E821 at Brookhaven, measurement of the muonΩs 
anomalous magnetic moment: 

ÅRelativistic evolution of a charged particleΩs momentum and spin, 
observed with static and uniformelectric and magnetic fields applied

ϝŀƴ ƻǳǘǎƛŘŜǊΩǎ ǇŜǊǎǇŜŎǘƛǾŜ

E821 final report: Phys. Rev. D 73, 072003 (2006)
EDM proposal: Phys. Rev. Lett. 93, 052001 (2004)



An example from storage rings*

ÅBackground: 9унм ŀǘ .ǊƻƻƪƘŀǾŜƴΣ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ƳǳƻƴΩǎ 
anomalous magnetic moment: 

ÅwŜƭŀǘƛǾƛǎǘƛŎ ŜǾƻƭǳǘƛƻƴ ƻŦ ŀ ŎƘŀǊƎŜŘ ǇŀǊǘƛŎƭŜΩǎ ƳƻƳŜƴǘǳƳ ŀƴŘ ǎǇƛƴΣ 
observed with static and uniformelectric and magnetic fields applied

ϝŀƴ ƻǳǘǎƛŘŜǊΩǎ ǇŜǊǎǇŜŎǘƛǾŜ

Master equation:

Result:



An example from storage rings*

ÅThe full treatment to get the EDM as well as the MDM:

ÅLab-frame velocity rotation:

ÅParticle-frame spin dynamics:

*an outsiderΩs perspective



An example from storage rings*

ÅSpin evolution in the lab frame:
ϝŀƴ ƻǳǘǎƛŘŜǊΩǎ ǇŜǊǎǇŜŎǘƛǾŜ

ά.a¢ Ŝǉǳŀǘƛƻƴέ ŦƻǊ ǘƻǊǉǳŜ ƻƴ
MDM in lab frame; see
Phys. Rev. Lett. 2, 435 (1959)

EDM term, when



An example from storage rings*

ÅSpin evolution in the lab frame:

ÅMuon EDM limit from the Brookhaven experiment: 

*an outsiderΩs perspective

άBMT equationέ for torque on
MDM in lab frame; see
Phys. Rev. Lett. 2, 435 (1959)

EDM term, when

Phys. Rev. D 80, 052008 (2009)



An example from storage rings*

ÅSpin evolution in the lab frame:

ÅOne approach to measure the EDM: choose E, B, and p to suppress ̟ a

ÅRotation of spin with respect to velocity in the lab frame: 

*an outsiderΩs perspective

ά.a¢ Ŝǉǳŀǘƛƻƴέ ŦƻǊ ǘƻǊǉǳŜ ƻƴ
MDM in lab frame; see
Phys. Rev. Lett. 2, 435 (1959)

EDM term, when



An example from storage rings*

ÅSpin evolution in the lab frame:

ÅOne approach to measure the EDM: choose E, B, and p to suppress ̟ a

ÅRotation of spin with respect to velocity in the lab frame: 

ϝŀƴ ƻǳǘǎƛŘŜǊΩǎ ǇŜǊǎǇŜŎǘƛǾŜ

ά.a¢ Ŝǉǳŀǘƛƻƴέ ŦƻǊ ǘƻǊǉǳŜ ƻƴ
MDM in lab frame; see
Phys. Rev. Lett. 2, 435 (1959)

EDM term, when

Now at PSI:
άfrozen spinέ

method



Thanks, Philipp Schmidt-Wellenburg
*A.Crivellin, M. Hoferichter, PSW PRD 98, 113002 (2018)

Entrance Detector
(t=0 & trigger signal)

ὄ

Superconducting 
Injection Chanel

Å‘ from Pion-ŘŜŎŀȅ Ҧ high polarization ὴ ωυϷ

ÅInjection through superconducting channel

ÅFast scintillator triggers pulse

ÅMagnetic pulse stops longitudinal motion of ‘

ÅWeakly focusing field for storage

ÅThin electrodes provide electric field for frozen spin

ÅScintillating fiber detector (CHET)forὩ - tracking 
Pulse Coils

(pulsed B field)

Weakly-focusing Coil 
(static B field)

Ὁ

Electrodes
(static E field)

Muon EDM at PSI



Statistical sensitivity of the 2020 PSI experiment:

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

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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Χbut now seearXiv:2504.13030

Neutron EDM

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


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

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

Neutron EDM



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

Neutron EDM



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

potential reach with todayΩs technology
(statistics only)

±ŜǊȅ ǊƻǳƎƘ ŦŀŎǘƻǊǎ ǎŜǇŀǊŀǘƛƴƎ ǘƻŘŀȅΩǎ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ {a ǇǊŜŘƛŎǘƛƻƴǎΥ

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

(*) or lessΧ cf. PhysRevLett.129.231801

Neutron EDM



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 


