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Towards a new 

measurement of the 

neutron EDM with n2EDM



If 𝑑 ≠ 0 the process and its time 
reversed version are different.  

Violation of T Violation of CPCPT
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෡𝐻 = −𝑑 ෠Ԧ𝜎 ⋅ 𝐸

EDM = coupling between spin and E-field
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EDM limitsSmith, 
Purcell, 
Ramsey 

Best limit from the nEDM experiment @PSI

𝑑𝑛 < 1.8 × 10−26 𝑒 cm Abel et al, PRL (2020)

In natural units   𝑑𝑛 < 2 × 10−12 × Τ𝜇𝑁 𝑐

In comparison 𝜇𝑛 = −1.9130427 5 𝜇𝑁

Nuclear 
magneton

𝜇𝑁 =
𝑒ℏ

2𝑚𝑁
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ℒ =
1

2
𝜹𝝁 + 𝑖𝒅 ҧ𝑓𝐿𝜎𝜇𝜈𝑓𝑅 𝐹

𝜇𝜈 + ℎ. 𝑐.

Fermion-photon coupling

Real part = anomalous magnetic moment
Imaginary part = electric dipole moment

Non-relativistic limit: ෡𝐻 = −𝝁𝜎𝐵 − 𝒅𝜎𝐸

the EDM from the point of view of a high 

energy theorist
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The neutron EDM is quasi-forbidden

ℒSMEFT = ℒSM + ℒD=5 + ℒD=6 +⋯

Contribution of weak interaction

Leading order 
for quark EDMs at 3 loops!
Frog diagram.

Negligible CKM prediction (*) 𝑑𝑛 ∼ 10−18 𝜇𝑁/𝑐
* The “long distance” contribution dominates over quark EDMs, still super-small. 

The SM QCD theta term
𝛼s

8𝜋
ҧ𝜃 ෨𝐺𝜇𝜈𝐺

𝜇𝜈

generates a potentially enormous neutron EDM : 𝑑𝑛 ∼ −0.02 × ҧ𝜃 𝜇𝑁/𝑐

→ | ҧ𝜃| < 10−10 → « Strong CP problem »

The neutron EDM is quasi-forbidden
For known reason (CKM)
And unknown reason (strong CP) 

6



CP violation and EDM in the SMEFT

ℒSMEFT = ℒSM + ℒD=5 + ℒD=6 +⋯
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ℒD=6 = ෍

𝑎=1

3045
𝑐𝑎
Λ2

𝑂𝑎
(6)

New physics at high scale would 
generate these new interactions, 

many of which are CP-violating and 
contribute to create EDMs. 

Figure A. Falkowski, Lectures on SMEFT EPJC (2023)

nEDM probes Λ = 10 PeV



Brod, Haich, Zupan, 1310.1385
Brod, Stamou, 1810.12303
Brod, Skodras, 1811.05480

ATLAS, PRL 125, 061802 (2020)

Modified Higgs-fermion Yukawa coupling 

ℒ = −
𝑦𝑓

2
𝜅𝑓 ҧ𝑓𝑓ℎ + 𝑖 ǁ𝜅𝑓 ҧ𝑓𝛾5𝑓ℎ

CPV

Generates EDM at 2 loops 
Barr, Zee, PRL 65 (1990)

Concrete model: modified Higgs couplings
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1. Great puzzle. 
New sources of CPV required to explain baryogenesis (Sakarov). 
A broad class of models “BSM electroweak baryogenesis” predict 
new CPV physics at the ~TeV scale

2. Great sensitivity. 
nEDM probes new CPV physics at the scale  Λ = 10 PeV.

Next generation experiments will increase the reach by 10. 

Note: some concrete models predict 
1

Λ2
~

𝑔2

4𝜋 2

𝑦𝑞

𝑀2 𝑀~1 TeV ↔ Λ~10 PeV

3. Complementarity. 
Importance of measuring the EDMs in different systems 
(neutron, atoms, muons…) to cover the many different possible 
fundamental sources of CP violation.

Physics case to search for nEDM
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2𝜋𝑓 =
2𝜇𝑛
ℏ

𝐵 ±
2𝑑𝑛
ℏ

|𝐸|

If 𝑑𝑛 ∼ 10−26 𝑒 cm and 𝐸 ∼ 10 kV/cm

duration of one full turn ∼ 𝟏 𝐲𝐞𝐚𝐫

Larmor frequency 

∼ 30 Hz @ 𝐵 = 1 μT

Basics of nEDM measurement

To detect such a minuscule coupling:

• Long interaction time

• High intensity/statistics

• Control the magnetic field
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Use big magnetic shielding• Long interaction time
• High intensity/statistics
• Control the magnetic field

+ Use quantum magnetometry

Use Ultracold neutrons

nEDM chamber storing 
neutrons during 180 s

Neutrons with velocity <5m/s can undergo total 
reflection and be stored in material “bottles”

+ Use quantum magnetometry
With mercury and cesium atoms

𝑑𝑛 = 0.0 ± 1.1stat ± 0.2syst × 10−26 𝑒cm

Limited by the 
number of UCNs
(~500 million counts)

Uniformity of 
the B-field

Abel et al, PRL (2020)
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Thermal neutrons, E=25 meV

Cold neutrons, E<25 meV

Ultracold neutrons E< 200 neV

PSI UCN source, since 2011

To produce UCNs: 
convert thermal/cold neutrons to UCNs 
• in solid deuterium (PSI, Los Alamos)
• or superfluid helium (TRIUMF, ILL).

Ultracold neutrons
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Scheme of nEDM

at PSI during 

data-taking

2015-2016 

Switch

Spin analyzer

UCN polarizer

PSI UCN source 14



Statistical sensitivity: 𝜎𝑑𝑛 =
ℏ

2 𝛼 𝐸 𝑇 𝑁

𝑇 = 180 s

Ramsey’s method to measure precession frequency
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54,068 cycles recorded - one cycle every 5 min, 
grouped in 99 sequences, 
alternating E field polarity every 48 cycles
11,400 neutrons counted per cycle. 

nEDM data collected in 2015-2016
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Magnetic fluctuations
(random and correlated
with E) are corrected
for at each cycle with
the Hg magnetometer
by measuring

𝑓Hg =
𝛾Hg

2𝜋
𝐵

3 pT

300 × 10−26 𝑒cm

300 × 10−26 𝑒cm

The rescue of the mercury comagnetometer
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Simulation, Hg atoms in nEDM Ø47cm

𝑏 𝑡 = 𝐵 𝑡 +
1

𝑐2
𝐸 × Ԧ𝑣 𝑡 ⋅ 𝑒𝑥 + 𝑖𝑒𝑦

relativistic motional fieldNonuniform field
Transverse “noise” on 

a mercury atom 
in random motion

Low frequency limit  (Pignol&Roccia 2012):      𝑑𝑛←Hg
false = −

ℏ|𝛾𝑛𝛾Hg|

2𝑐2
𝒙𝑩𝒙 + 𝒚𝑩𝒚

The comagnetometer pitfall: E x v /c2
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Leading systematics  
associated with 
B-field uniformity

Field mapping, Quemener et al.

Budget of systematic errors
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Collaboration of 12 labs
20 PhD thesis in the period 2005 – 2020 

IN2P3 labs  (LPC and LPSC) contribute since 2004.
Science output during 15 years (2005 – 2020)
• 12 articles with IN2P3 as main author
• 7 PhD thesis related to nEDM

The result
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Smith, 
Purcell, 
Ramsey 

Next generation 

nucleon EDM

Best limit from the nEDM experiment @PSI

𝑑𝑛 < 1.8 × 10−26 𝑒 cm Abel et al, PRL (2020)

CKM background uncertain, possibly 10-31 e cm 

Design sensitivity of 4 new experiments:     

n2EDM@PSI + panEDM@ILL + LANL + TUCAN@TRIUMF

Design sensitivity cryogenic nEDM@SNS

Conceptual reach proton & neutron EDM

22
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Double-chamber UCN @room temperature
+ atomic co-magnetometry 

in the UCN cells

+ External magnetometers

+ Complex B0 coil

+ Magnetic Shield

Place Neutron source Concept Stage/Readiness

TRIUMF Spallation + 
superfluid He UCN source

double Ramsey chamber with Hg 
comagnetometers + Cs mag

Source under construction, 
experiment under construction

LANL Spallation + 
sD2 UCN source

double Ramsey chamber with Hg  
comagnetometers + commertial OPMs

Source running, 
experiment under construction

ILL Reactor +
superfluid He UCN source

panEDM: double Ramsey chamber, no 
comagnetometers + Hg&Cs mag

Source (supersun) commissionning
experiment under construction

PSI Spallation + 
sD2 UCN source

n2EDM: large double Ramsey chamber with Hg
comagnetometers + Cs mag

Source running, 
experiment almost running

Concept for the next generation nEDM



Additional material



EDM metromap (Jordy De Vries)



theory bottleneck: Hadronic 1 GeV -> nEDM

Courtesy J. De Vries

Formula taken from the 2022 review: Electric dipole moments and the search for new physics  
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T-symmetry

Nonzero EDM 
Violates T symmetry

Nonzero MDM 
DOES NOT violate T



quantum 

magnetometry

with 199Hg

Principle of optical reading of the precession:

photon spin atom spin absorption of light forbidden 
by angular momentum 
conservation

photon spin atom spin
absorption of light  allowed

The magnetic field is extracted from 
the precession frequency of 

mercury-199 atoms: 𝑓Hg =
𝛾Hg

2𝜋
𝐵


