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The electric dipole moment of the electron

Probing (or eliminating) new physics

eEDM magnitude

(e cm)
An EDM would arise y 1022
along the same axis as
the electron’s spin. | S C 10-24
P «— Virtual particles 026
e e ) 10-28
EDM| o Electron
B s charge cloud 10-30
The charge cloud would | _ = 10-32
be distorted, making -
one side slightly more 10-34
negative than the other.
Standard model

eEDM violates P, T and CP symmetry 108§
(provided CPT holds) /
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The electric dipole moment of the electron

Probing (or eliminating) new physics
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Precision measurements with molecules

Complex quantum systems with an advantage

precision molecular spectroscopy

source of atoms,
molecules

ramsey interferometry

a few meters
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Precision measurements with molecules

Complex quantum systems with an advantage

precision molecular spectroscopy
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Precision measurements with molecules

Complex quantum systems with an advantage

precision molecular spectroscopy

©Ra

9 Cs fountain

source of atoms,

molecules © GdFeG

ramsey interferometry

«— gfewmeters ——

huge enhancement of E-field in molecule

Effective electric field
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Crucial role of theory

Experiments such as neutrinoless double beta decay, EDMs, Dark Matter searches
iInvolve particle, hadronic, nuclear, molecular physics

Proton
JIIRagRetic !! quark chromo-EDM
four-quark operators

atoms:
Hg, Xe, Ra

QCD (including B-term)

molecules:
YbF, ThO, HfF*

» | lepton-quark operators
lepton EDM

\~ r
‘~~ /,
\~ ,I
Sterile neutrinos

Collaboration between nuclear, AMO, condensed matter theorists and experimentalists

>
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Paramagnetic O
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How to measure a dipole moment?

However, electron also has
precession! magnetic dipole moment
(and charge!)




How to measure a dipole moment?

—ffective electric field

£
o
6 (>D 4 |
LIJCD 2
O | |
polar 0 10 20 30
molecule
Applied electric field (kV/cm)
Solution:
However, electron also has use electron embedded
precession! magnetic dipole moment in a polar molecule!
(and charge!)
Enhances E

Shields B



How to measure a dipole moment?

—ffective electric field

£
o
5 4-
LIJCD 2
O | |
polar 0 10 20 30
molecule
Applied electric field (kV/cm)
Solution:
However, electron also has use electron embedded
precession! magnetic dipole moment in a polar molecule!
(and charge!)
Enhances E

General recipe: look for correlation with E-field reversal Shields B



ACME - beam of ThO molecules
John Doyle, David DeMille,
Gerald Gabrielse

eEDM experlments using molecules

Imperial College London - beam of
YbF molecules
Mike Tarbutt, Ben Sauer, Ed Hinds

*‘WM’ 3
-:*\» Sy \

\ .a'f

N

JILA - trapped HfF+ ions
Eric Cornell, Jun Ye

Others are being set up:

- Slow and cold BaF
PN The Netherlands
since 2018
(NL-eEDM)

P

olyEDM

Polyatomic Electron EDM Search

Search for eEDM in cryogenic crystals

PHYDES:
Para-Hydrogen and Diatomic for eEDM Study
‘;?};if\'ﬁ._ Universita
an ) degli Studi INFN
G 4 diFerrara :

I3titute Nazionn ¢ di Fakce bucleare

» York University
* Michigan State University
» University of Toronto

<
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»ucmc. \h STATE ferst
l NIVF3S E Sy ."‘J",'FT,: ST OF
TORONTO EDM? Collaboration

Electric Dipole Measurements using molecules within a matrix



Statistical sensitivity for eEDM

h
/O’ = Wa In addition to this,

control of systematic
effects is crucial!

statistical error

Choice of molecule Experimental approach |



Coherent interaction time

Key technique: Ramsey spin interferometer

Ramsey it/2 pulses

laser pulse 1: laser pulse 2:
Creates a quantum superposition, Measures state of the molecules
creating coherent excitation of all through interference
molecules

Resonance in
molecules

n/2 pulse n/2 pulse

Interference fringes

Time T
—_—)) Increasing T

Frequency set by external reference,
tuned to molecular resonance




Towards longer coherent interaction times

fast beam

T ~ 1-2ms
L ~0.5m

v ~ 250-500 m/s




Towards longer coherent interaction times

fast beam slow beam
T~ 1-2 mS T~ 15 ms
L ~0.5m L ~0.5m
vV ~ 250-500 m/s vV ~ 30 m/s
— " . — .
— —— "




Towards longer coherent interaction times

fast beam
T~ 1-2ms
L ~05m

v ~ 250-500 m/s

slow beam
T~ 15 ms
L ~05m
v ~ 30 m/s
/6.4”//'/.
\.\.*
« L

fountain

T ~ 100 ms

L ~05m

slow vertica

beam

trap

T~ 1-10 s
L ~0.5mm

e

e

molecules trapped In
laser focus



Towards longer coherent interaction times

fast beam slow beam
T~ 1-2ms T ~15ms
L ~0.5m L ~0.5m
vV ~ 250-500 m/s v ~ 30 m/s
= =
B E
< | > < |

how to mal

Main challenge:
ntain N while increasing 7

Strongly connected to choice of molecule!

fountain

T ~ 100 ms

L ~05m

slow vertica

beam

trap

T~ 1-10 s
L ~0.5mm

e

i

/‘L’

molecules trapped In
laser focus




Statistical sensitivity for eEDM

R L e

h 1 | | : | ; ;
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statistical error
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10° 10" 10° 10° 10" 10" 10 10"
Total # detected molecules

Choice of molecule Experimental approach



Community input to the European Strategy on particle physics:
Searches for Permanent Electric Dipole Moments

edited by M. Athanasakis-Kaklamanakis, M. Au, R. Berger, S. Degenkolb, J. De Vries,
S. Hoekstra, A. Keshavarzi, D. Ries, P. Schmidt-Wellenburg, and M. Tarbutt,

XN
< Q°
\0 W
.S
{D ,@ Name Spccics Mecthod | Eef] T N Status 90% CL |Ref
Q‘b Q (GV/cm)| (ms) |(approx.) (1072Y & cm)
/) O Imperial I | YbF (3% Beam 14.5 0.64 101 Complete 105 0]
S |
ACMEI |ThO (*A;)| DBeam 78 1.1 |4 x 10" Complete 9.4 61}
$
.\Q e ACMEII | ThO (°A;) | Beam 78 1.1 1013 Complete 1.1 4]
é& *0 JILAI |HfF (?A;)| Ion trap 23 700 | 3x 10° | Complete 13 [62]
@ \0 JILAIL |HfFT (3A;)| Ion trap 23 3000 | 108 Complete 0.41 [5]
§ Qo ACME IIT | ThO (3A1) Beam 78 5) 8 x 10'* |Commissioning 63]
OO QQ JILA TIT | ThF* (*A1)| Ton trap 36 [20000/ 107" |Commissioning 64]
o Imperial II | YbF (%) | uK beam 18 20 10'*  |Commissioning 65]
Q Q Imperial III | YbF (2X) | Lattice 18 3000 | 10 | Construction 65)
00 NL-eEDM I | BaF (2%) |Slow beam 5 15 | 10 |Commissioning 66|
& NL-eEDM 11| BaOH (?¥) | Lattice 5 1000 | 10*° | Construction 67]
PolyEDM | SrOH (*Y) | Lattice 2.2 1000 | 10% Construction 68|
EDM? BaF (?%) | Matrix 6 100 | 10*® | Construction 69]
PIIYDES | BaF (?¥) | Matrix 6 100 1020 Construction 70]




Particle physics
theory

Quantum chemistry

Experiments
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ohased approacnh

o®

Phase 3
fountain trap
T ~15 T=1-105s

4135
-

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

slow beam

university of i e VRIE X
% groningen N k h -F V U UNIVERSITEIT ||
A swinderen institute for ﬂt AMSTERDAM UVA

article physics and gravity
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Key Ingredients of our approach
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Phase 1: Fast beam

Supersonic beam (600 m/s)
Controlled field environment
Explore molecular structure

Spin interferometer measurement

e
Understand systematics

16



to demonstrate control over systematic effects

Create molecular beam

Molecular beam
20 Hz

- —

NL-eEDM

Quantum interference

Readout by fluorescence

e

wil -l
e

L elon

s L

:‘u

\

o

Pulsed

.-
2

P e

laserlight

Contrast

0.8

0.6

0.4

0.2

Interference data using fast molecular beam

Compare to theory that includes the
full interaction of the molecule with
light, electric and magnetic fields
(optical Bloch equations)

Experiment

| v irs
hl ' ! il | |
il o 8 W C A P h
».’ | I .'l "i'lil,']il".' h § rros |
AL

| |
65.84 65.85 6586 65.87 65.88
Beautiful guantum interference!  Afy00n

Contains all relevant experimental parameters
Crucial for reduction of systematic effects
(A.Boeschoten et al, NL-eEDM collaboration,
PRA 110 LO710801 (2024)



Experiment and theory
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Current status

Phase 1: Fast beam

* Construction completed
e source, lasers, magnetic shielding, DAQ, interference fringes
* Routinely taking data - and recently moved to new lab....

* Analysing for eEDM Ilimit (expect at ~YbF level)




Key Ingredients of our approach
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Phase 2: Slow beam

%J | 1
-\l |
ML -n -' il

NG I

= = 5= ||

v.. ',‘ |,“ Cryogenic beam (150 m/s)

I]_, Hexapole focussing
|

-  —— — —— — D —— —

Transverse laser cooling

Increase statistics

21



Cryogenic beam

- Evaporating metal target
- Neon carrier gas + SFe
- Velocity 150-200 m/s

Goal:
Make the most intense source of
slow molecules

1 in Groningen (SrF, BaF, production)
1 in A'dam (BaF, optimisation)
1 in Groningen (polyatomic molecules)

Maarten Mooij, Rick Bethlem @ VU Amsterdam



Optimising the molecular beam source
Mooij et al, NJP 26 053009 (2024) and J. Phys. B 58 015303 (2025)

top view ) Pulsed Ablation laser Ti:Sapph cw . |
797 nm DZZ'(V:O) N=0, J=1/2
Coherent 899 e
[ R
Ne gas M4 Beat note .T"I_
) \ SFg (220 K) freq comb | Lop piet
a detuning
E » 0 \ AL (v=0)  J=1/2 :::.-'—
- O #
20K
| / > Lock to
Ba target 01 Periscope 780 (mm) \O)| freq comb Nl 860 nm
3 -'| PBS .
2 N () Ti:Sapph cw X2 (y=0)
S 4 @ 569 nm e N=0,J=1/2
m AN Coherent 899 " - 3
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Example: beam cell length

w 230 § 11 mmce 42 1'0-(b) —— 11 mm cell }é" 1.01(q)
£ 2o Laimmeel | Jo8 — Semen | 20°
s 210 - - =
< 20.4- 20.4-
g _;:’*-.. - = = Y
~ 200 *_e& T e e O 0.9 O
E 190 ‘&_:_: :-_ ._:—-_:_—-_:-—-“ g O . O - g O O )
0.0 05 1.0 15 2.0 0 1 2 3 150 200 250 300
Time after ablation (ms) Time after ablation (ms) Velocity (m/s)

Figure 7. (a) Mean velocity as a function of time, (b) time-of-flight and (c) velocity
distribution for three different cell lengths. The velocity in the tail of the molecular
pulse is seen to decrease significantly, while the intensity is comparable.



Beam divergence

Hexapole and laser cooling

Cryogenic
source

Ne  FsF

Ablation laser
X

6



Beam divergence

Hexapole and laser cooling

Absorption detection Cycling on PMT uy)
X A
Cryogenic 0) > A(0)
source

Ne Hexapole lens

SF,

Ablation laser B field>
X

mm
b 5 197 390 80 10 40

EMCCD (xy)




BaF In electric fields

Hexapole (static fields) can focus a beam of neutral molecules
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BaF In electric fields

Hexapole (static fields) can focus a beam of neutral molecules
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BaF In electric fields

Hexapole (static fields) can focus a beam of neutral molecules

Energy/h (GHz)
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Hexapole focussing
Anno Touwen et al, NJP 26 073054 (2024)

Absorption Fluorescence

5] 192 390 195

Cryogenic source IHexapole lens Detection
15
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A few words on laser cooling

‘molecule X can be lasercooled’

25.000 -
20.000 -

2 15.000+
é -
) "
= 10.000-
25.000 —

O -

FIG. 5: The most important energy levels for laser-cooling and the calculated relative decay fractions for CakF, SrF,

0.992

and BakF.

J. Chem. Phys. 151, 034302 (2019)




Transitions for laser cooling

In the presence of hyperfine structure
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2D laser cooling

large capture velocity in combination

with hexapole
promising results

ongoing work
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Current status
Phase 2: 150 m/s beam

* Cryogenic beams optimised, ~101" molecules/sr/shot in eEDM state
 Hexapole implemented, gain factor ~5

» | aser cooling setup completed

* Currently optimising 2D transverse cooling

 Combine with interaction zone this year Absorption detectior Cyclingon  — PMT uy

X A
Cryogenic 0) > A0)
source
1| — LIF
—
Ne SF, Hexapole lens
—_—

Ablation laser B field
o EMCCD y)

nm ———— : _— i
b 5 197 390 80 10 40



Even slower: use Stark shift to decelerate

1.5

o5t I | 925cm! ¥75GHz = OH @ 60 m/s

energy (cm™)

)
0 2 4 6 8 10x10° 0 2 4 6 8 10x10°

electric field strength (V/m) electric field strength (V/m)

NDj3 OH




S€E

Even slower: use Stark shift to decelerate

1.5
95 ............. ............ ............ ............ GHz = OH @ 60 m/s
| | | | 1.0
90 ............. ............ ............ .............
= 1 e 0.5
S i = I
S R85 S |
> i > _
20 20
O . O .
5 1 5 0-
8.()_ ..................................................................
—0.5
750 ............. ............ ........... .............
7 -l
0 2 4 6 8 10x10 0 2 4 6 8 10x10

electric field strength (V/m) electric field strength (V/m)

NDj3 OH

Deceleration, trapping, collision studies, lifetime measurements

Demonstrated for light molecules: OH, CO, NH3, NH
Science 313 5793 (2006), PRL 98 133001 (2007), PRL 110 133003 (2013)



Even slower: use Stark shift to decelerate

1.5

2.5

i i i § 3.0
GHz 1 OH @ 60 mX N |
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NDj3 OH SrF SrO

Challenge: extend this technique to heavier species

Deceleration, trapping, collision studies, lifetime measurements

Demonstrated for light molecules: OH, CO, NH3, NH
Science 313 5793 (2006), PRL 98 133001 (2007), PRL 110 133003 (2013)



Traveling-wave decelerator: decelerate or completely stop molecules




Traveling-wave decelerator: decelerate or completely stop molecules




Traveling-wave decelerator: decelerate or completely stop molecules

Main aims:

... - Capture as many molecules as possible from molecular beam
- Maintain N during deceleration




Traveling-wave decelerator
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Traveling-wave decelerator

Fluorescence detection

Molecular beam source Decelerator
4.5 m




Traveling-wave decelerator

Fluorescence detection

Molecular beam source Decelerator

g l
AVAVA |
y l’ v "‘ .I "d ‘v JI

ddddddddddddd

Challenges for heavy diatomic molecules:

- Heavy -> long decelerator
- Rotational structure -> limited Stark shift



Modular traveling-wave
decelerator
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A slow beam of molecules

SrF: First combination of deceleration and cryogenic source
Aggarwal at al, PRL 127 173201 (2021)

Cryogenic cell Traveling-wave Stark decelerator LIF detection 23\%: 0.00 -
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Decelerate to 30 m/s,

or bring to complete
standstil

Photon counts / bin
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Future directions

 Radioactive molecules

 Hold great promise due to extra enhancements

® How to get molecules into precision environment?
* Polyatomic systems

 Complexity brings advantages

® Can laser cooling still be done?
* Trapped samples

* Even longer interaction times

e |Vhat about the systematics?



Outlook: even longer interaction times

Phase 3: Trapped molecules
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Bause et al,

Prospects for measuring the electron's electric
dipole moment with polyatomic molecules in
an optical lattice,

arxiv:2411.00441 (2024)
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