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• Subatomic particles such as the 
neutron have a spin ½.
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• Subatomic particles such as the 
neutron have a spin ½.

• One can change the orientation 
with a magnetic field B. 

• This phenomenon –spin precession-
is at the basis of NMR and MRI.  
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Question: Can we change the 
spin orientation with an 
electric field E instead??

• Subatomic particles such as the 
neutron have a spin ½.

• One can change the orientation 
with a magnetic field B. 

• This phenomenon –spin precession-
is at the basis of NMR and MRI.  
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Short answer: no. 

For 𝑑 = 10−26 𝑒 cm and 𝐸 = Τ130 000 V 12 cm
A full spin turn takes a time

𝜋ℏ

𝑑𝐸
= 𝟐𝟎𝟎 𝐝𝐚𝐲𝐬

The electric dipole moment 𝒅
quantifies the relation between the 

electric field 𝑬 and the angular 

spin-precession frequency 𝜔. 

ℏ𝜔 = 2𝑑𝐸

Abel et al, 
PRL 124, 081803 (2020)

Smith, Purcell, Ramsey 
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2. Why do we care? 

3. How do we measure the neutron EDM with 

such a precision? 



The matter-antimatter puzzle



AMS 

onboard 

the ISS

4 billion of helium events 
collected, no antihelium. 

No primary antimatter 
in cosmic rays.



Release of the CMB
t = 370,000 years after the Big Bang
T = 0.3 eV

𝜂 =
𝑛𝐵 −𝑛 ҧ𝐵

𝑛𝛾
= 6.09 ± 0.05 × 10−10

[Planck (2016)]



Big Bang Nucleosynthesis
t = 3 minutes after the Big Bang
T = 100 keV

𝜂 =
𝑛𝐵 −𝑛 ҧ𝐵

𝑛𝛾
= 6.0 ± 0.1 × 10−10

[Deuterium abundance from Lyα, Cooke et al (2014)]
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Sakharov’s baryogenesis recipe (1967)

• Universe out of equilibrium

• Baryon number not conserved

• Violation of C and CP symmetries

69 % 

Dark

Energy

5 % Baryons

26% Dark

matter

Content of the 

Universe Today

The baryons result from an 
imbalance of

𝜼 =
𝒏𝑩−𝒏ഥ𝑩
𝒏𝜸

≈ 𝟏𝟎−𝟗

generated by an totally unknown 
process before t = 1 ns



Electroweak Phase Transition
t = 10 ps after the Big Bang
T = 200 GeV

𝐇𝐢𝐠𝐠𝐬 = 𝟐𝟎𝟎 𝐆𝐞𝐕

𝐇𝐢𝐠𝐠𝐬 = 𝟎

Expanding bubble..
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Links between CP symmetry and nEDM



Violation of time reversal

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

Violation of T

Violation of CP
CPT

>> PLAY >> << REWIND <<

9/33



→ ෡𝐻 = −𝑑 ෝ𝝈𝑬

Electric dipoles & CP symmetry

EDM = CP-violating fermion-photon coupling  
-imaginary part of the diagram-
generated by radiative corrections

ℒ = −
𝑖𝑑

2
ҧ𝑓𝜎𝜇𝜈𝛾5𝑓 𝐹

𝜇𝜈

𝑑𝑛 ≈ 𝑒ℏ𝑐
Im 𝑔2

4𝜋

𝑚𝑞

𝑀2
≈
Im 𝑔2

4𝜋

10 TeV

𝑀

2

× 10−25𝑒 cmTypical 1-loop 
contribution
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Sources of EDMs in the Standard Model

CKM contribution to the 
quark EDMs: Leading 
order starts at 3 loops!

Negligible contribution 

The QCD contribution 
𝛼

8𝜋
ҧ𝜃 𝐺𝜇𝜈 ෪𝐺𝜇𝜈

Generates a potentially enormous 
neutron EDM

𝑑𝑛 ≈ ҧ𝜃 × 10−16 𝑒 cm

→ ҧ𝜃 < 10−10

« Strong CP problem »

CKM prediction:
1 × 10−32 𝑒 cm < 𝑑𝑛 < 6 × 10−32 𝑒 cm

Kobayashi-Maskawa background negligible

CKM “long distance” contribution to nEDM
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EDMs beyond the SM: modified Higgs couplings

Barr, Zee, PRL 65 (1990)

Modified Higgs-fermion Yukawa coupling ℒ = −
𝑦𝑓

2
𝜅𝑓 ҧ𝑓𝑓ℎ + 𝑖 ǁ𝜅𝑓 ҧ𝑓𝛾5𝑓ℎ

CP violating

Brod, Haich, Zupan, 1310.1385
Brod, Stamou, 1810.12303
Brod, Skodras, 1811.05480
ATLAS, PRL 125, 061802 (2020)

Generates EDM at 2 loops
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Take home messages
1. Great puzzle: Baryogenesis still unexplained. CP-violation in 

the standard electroweak theory fails to explain the observed 

baryon asymmetry of the Universe. 

2. Great sensitivity: EDMs are very sensitive probes of CP 

violation beyond the SM because 

(i) New physics at the TeV scale (and beyond) predicts 

generically sizable EDMs 

(ii) CKM contribution to EDMs undetectably small

3. Complementarity: Importance of measuring the EDMs in 

different systems (neutron, atoms, muons…) to cover the many 

different possible fundamental sources of CP violation
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3. How do we measure the neutron EDM with 

such a precision? 

Ultracold neutrons, atomic magnetometry, 

super-uniform magnetic fields



Basics of EDM measurement

𝑓 ↑↑ − 𝑓 ↑↓ = −
2

𝜋ℏ
𝑑 𝐸

2𝜋𝑓 =
2𝜇

ℏ
𝐵 ±

2𝑑

ℏ
|𝐸|

Easy! 

The trick: measure frequencies*
* Only if you can’t, try something else
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Basics of EDM measurement

2𝜋𝑓 =
2𝜇

ℏ
𝐵 ±

2𝑑

ℏ
|𝐸|

Easy! 

Larmor frequency 
𝑓 = 30 Hz @ 𝐵 = 1 μT

If 𝑑 = 10−26 𝑒 cm and 𝐸 = 11 kV/cm
The spin will make one full turn in a time

𝜋ℏ

𝑑𝐸
= 𝟐𝟎𝟎 𝐝𝐚𝐲𝐬
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Basics of EDM measurement

2𝜋𝑓 =
2𝜇

ℏ
𝐵 ±

2𝑑

ℏ
|𝐸|

If 𝑑 = 10−26 𝑒 cm and 𝐸 = 11 kV/cm
one full turn in a time

𝜋ℏ

𝑑𝐸
= 𝟐𝟎𝟎 𝐝𝐚𝐲𝐬

To detect such a minuscule coupling: 

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

15/33



Neutrons with energy < 200 neV,
are totally reflected by material
walls.

They can be stored in material
bottles for long times, up to 15
minutes.

Neutron optics, cold and ultracold neutrons

Thermal neutrons, E=25 meV

Cold neutrons, E<25 meV

Ultracold neutrons E< 200 neV
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RAL-Sussex Apparatus 
installed at the ILL reactor 

Grenoble (~1980-2009)

EB



Recent history of the single-chamber apparatus

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Move of the apparatus at the 
Paul Scherrer Institute

ILL data production PSI data

Dismantling nEDM
Installing n2EDM

UCN source startup
& nEDM upgrade
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UCN source at the 

Paul Scherrer Institute

600 MeV, 2.2 mA

pulsed UCN source 
One kick per 5 min
online since 2011
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Scheme of the 

apparatus at 

PSI during EDM 

data-taking

2015-2016 

SWITCH

Magnetized iron 
analyser

5T polarizer
(SC magnet)

UCN source

High voltage,  E = ± Τ132 kV 12 cm

Adiabatic 
Spin Flipper

4 layers 
mu-metal 
shield
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Ramsey’s method

Statistical sensitivity: 𝜎𝑑𝑛 =
ℏ

2 𝛼 𝐸 𝑇 𝑁

𝑇 = 180s
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nEDM data collected in 2015-2016

54,068 cycles recorded, 
grouped in 99 sequences, 
alternating E field polarity every 48 cycles
11,400 neutrons counted per cycle. 
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Atomic 

comagnetometry

with 199Hg

The magnetic field is 
extracted from the 
precession frequency of 
mercury-199 atoms:

𝑓Hg =
𝛾Hg

2𝜋
𝐵

PhD thesis Yoann Kermaidic
(2013-2016)
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A sequence of cycles (nEDM data)

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
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THE WEST THE EAST𝑑× (10
−26 𝑒cm)

DOUBLE BLIND

SINGLE BLIND

UNBLIND

15.4 ± 1.1 3.8 ± 1.1

6.0 ± 1.1 6.2 ± 1.1

-0.1 ± 1.1 0.1 ± 1.1



Budget of systematic errors

Largest effect, 
associated with 
B-field uniformity

26/32



The co-magnetometer problem: vxE/c2

Simulation, Hg atoms in nEDM Ø47cm

𝑏 𝑡 = 𝐵 𝑡 +
1

𝑐2
𝐸 × Ԧ𝑣 𝑡 ⋅ 𝑒𝑥 + 𝑖𝑒𝑦

relativistic motional field
Nonuniform field

Transverse “noise” 
on a mercury atom 
in random motion
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The co-magnetometer problem: vxE/c2

𝑑𝑛←Hg
false = −

ℏ|𝛾𝑛𝛾Hg|

2𝑐2
𝒙𝑩𝒙 + 𝒚𝑩𝒚

Simulation, Hg atoms in nEDM Ø47cm

Frequency shift from a transverse 
magnetic noise 𝑏 (Redfield theory)

𝛿𝑓 =
𝛾2

4𝜋
න
0

∞

𝑑𝜏 Im 𝑒−𝑖𝜔𝜏 𝑏 0 𝑏∗(𝜏)

False EDM

Pignol and Roccia, PRA 85, 042105 (2012)
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Crossing point analysis
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Magnetic field mapping

The « phantom mode » of the
magnetic field is extracted from
a global analysis of magnetic
field maps.

PhD thesis Laura Ferraris-Bouchez
(2017-2020)
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𝑑𝑛 = 0.0 ± 1.1stat ± 0.2syst × 10−26 𝑒cm



Elec : Olivier Bourrion, Eric 
Lagorio, JP Scordilis, Christophe 
Vescovi et l’équipe du routage

Meca : Christian Fourel, Denis 
Grondin, Johann Menu, et l’équipe 
de l’atelier

Informatique : Guillaume Dargaud, 
Jérome Fulachier, Jérome Odier

SDI : Rémi Faure, Marc Marton, JF 
Muraz, Myriam Migliore, Clément 
Thomassé

Admin : Colette Deslorieux, 
Isabelle Dos-Santos, Cécile Martin, 
Cécile Vannier

Formidable investissement 
collectif du LPSC sur les projets 
nEDM/n2EDM depuis 15 ans !

Special credits to

Le futur


