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EDM = coupling between spin and E-field
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In natural units |d,| <2 x 107 x uy/c

In comparison  pu,, = —1.9130427(5) uy
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the EDM from the point of view of a high

energy theorist

Fermion-photon coupling

1 _
L= @p+id)fioufo F* +h.c.

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

Non-relativistic limit: H = —uoB — doE



The neutron EDM is quasi-forbidden

LSMEFT — LSM + £D=5 + LD=6 + ...

/
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Contribution of weak interaction%

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

Negligible CKM prediction (v d,, ~ 10718 py /c

* The “long distance” contribution dominates over quark EDMs, still super-small.

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

\_ /
4 _ )
The SM QCD theta term =6 G,,GHY
8m H
generates a potentially enormous neutron EDM : d,, ~ —0.02 X 8 uy/c
. " 10| < 1071% - « Strong CP problem » y
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CP violation and EDM in the SMEFT

LSMEFT — LSM + £D=5 + LD=6 + ...

\
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a=1
New physics at high scale would
generate these new interactions,
many of which are CP-violating and
contribute to create EDMs.

Lp=¢ =

nEDM probes A = 10 PeV



Concrete model: modified Higgs couplings

Modified Higgs-fermion Yukawa coupling
__Yr F
L=—F (keffh+

ike fysfh

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

|1 90% C.L. limits from eEDM
|mmm 90% C.L. limits from nEDM

/I 90% C.L. limits from ATLAS RUN2

Brod, Haich, Zupan, 1310.1385

Brod, Stamou, 1810.12303

Brod, Skodras, 1811.05480

ATLAS, PRL 125, 061802 (2020)
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Physics case to search for nEDM

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 A = 10 PeV.

Next generation experiments will increase the reach by v 10.

2
Note: some concrete models predict 12 ~ 9 24 M~1TeV e A~10 PeV
A (41)?% M?

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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Basics of NEDM measurement

Larmor frequency

/ ~30Hz@B = 1T

2d,,

Ifd, ~10"%®ecmand E ~ 10 kV/cm
duration of one full turn ~ 1 year
To detect such a minuscule coupling:
* Long interaction time
 High intensity/statistics
* Control the magnetic field
11
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* Long interaction time

 High intensity/statistics
. Control the magnetic field —

Use Ultracold neutrons

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

nEDM chamber storing
neutrons during 180 s

\

US@ blg magnztlc shlzldmg

+ Use quantum magnetometry
With mercury and cesium atoms

Abel et al, PRL (2020)
= (0.0 £ 1.1 = 0.25y5t) X 10726 ecm

J X

Limited by the Uniformity of

number of UCNs the B-field
(~500 million counts) 12
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Vacuum
tank
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Ramsey’s method to measure precession frequency
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NEDM data collected in 2015-2016
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Cycle number

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.



The rescue of the mercury comagnetometer
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The comagnetometer pitfall: E x v /c?

. Nonuniform field relativistic motional field
Transverse “noise” on

a mercury atom 5 1. o
in random motion ~ b(t) = (B(t) + c_2E A v(t)) - (&x + iey)

4000 : : . . . —
=—s motional field Fu_(t)/c*, E=11kV/cm
3000 1 — gradient field —1/2Gx(t), G = 50 pT/cm ||
2000r Il } ' 1
5 1000t | f 1 . I— ‘ | _
- 0 * %= N\ f h/ T, \Iﬂ\ﬁ
£ _1000} | - |
2000} * , ' I . o
3000 ) ] -
Simulation, Hg atoms in nEDM @47cm u
—4000; 20 a0 60 80 100 120
t/ ms
.. _ ' false __ h|VnVHg|
Low frequency limit (Pignol&Roccia 2012). dn<—Hg — — 22 <xBx + YBy>
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Budget of systematic errors

TABLE 1. Summary of systematic effects in 1072% e.cm. The
first three effects are treated within the crossing-point fit and are
included 1n d,,. The additional effects below that are considered

separately.

Effect Shift Error
Error on (z) A 7
Higher-order gradients G 69 10
Transverse field correction (B%) 0 5
Hg EDM (8] —0.1 0.1
Local dipole fields 4
v X £ UCN net motion 2
Quadratic v x E 0.1
Uncompensated G drift 7.5
Mercury light shift 0.4
Inc. scattering 'Hg 7
TOTAL 69 18

Leading systematics
associated with
B-field uniformity

-1042
-1041
-1040

-1039

-1038

-1037

30 30

Field mapping, Quemener et al.
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https://doi.org/10.1103/PhysRevLett.124.081803

Concept for the next generation nEDM

[Double-chamber UCN @room temperature A

+ atomic co-magnetometry
in the UCN cells

+ External magnetometers

8 ¢

+ Complex BO coil
+ Magnetic Shield

- J
Place Neutron source Concept Stage/Readiness
TRIUMF Spallation + double Ramsey chamber with Hg Source under construction,
superfluid He UCN source comagnetometers + Cs mag experiment under construction
LANL Spallation + double Ramsey chamber with Hg Source running,
sD2 UCN source comagnetometers + commertial OPMs experiment under construction
ILL Reactor + panEDM: double Ramsey chamber,; no Source (supersun) commissionning
superfluid He UCN source comagnetometers + Hg&Cs mag experiment under construction
PSI Spallation + n2EDM: large double Ramsey chamber with Hg ~ Source running,
sD2 UCN source comagnetometers + Cs mag experiment almost running
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EDM metromap (Jordy De Vries)

quark chromo-EDM
gluon chromo-EDM

four-quark operators

\ ¢ —1 lepton-quark operators
lepton EDM

Nuclei:
p, ’H, *He

nuclear theory
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Diamagnetic
atoms:
Hg, Xe, Ra

Paramagnetic
atoms:
Tl, Cs

Molecules:
YbF, PbO, HfF*

FUNDAMENTAL THEORY
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theory bottleneck: Hadronic 1 GeV => nEDM

Courtesy J. De Vries g
Y g
QCD + é + é + "
0- > > > >
(8-term) q q q q g g

qu
9 9

- 0.016)d.

d, = —(1.5£0.7) - 1073 fefm
—(0.20 £ 0.01)d,, + (0.78 £ 0.03)dy + (0.0027 =
—(0.55 + 0.28)ed,, — (1.1 £0.55)ed; + (50 & 40) MeVe dg

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



T-symmetry
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quantum
magnetometry
with 1%°Hg
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