State-of-the-art
atomic clocks reach
fractional
accuracies of 101°
corresponding to
absolute accuracies
of < 1ImHz.

Testing Fundamental Physics
using atomic physics techniques

There is a more to the atom than you might think...

ELECTRON

..with precision measurements we can test
fundamental interactions and symmetries.



We are searching for CP-violating interactions that give
the electron an asymmetric charge distribution

Current best limit in Hf*:

|d,| <4.1x1073%e.cm

Roussy et al. Science 381, 46 (2023)
Corresponding to an energy shift
below of 50 puHz
SM-prediction: 1073% — 107%% e. cm




How to measure an eEDM

- 4
E |8 4 — E |8

Electromagnetic interactions depend only on absolute value of E-field
Anything that depends on the direction of E is new physics!
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The experimental facilities
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The EEDM program Minimize statistical

uncertainty 1
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Statistics and systematics of electron EDM searches with BaF
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1 Introduction

Searches for permanent electric dipole moments (EDMs)
with composite systems, such as atoms and molecules,
benefit from their high sensitivity to new interactions be-
tween elementary particles that violate both time-reversal
(T) and parity (P} symmetry. Since for local gquantum field
theories T viclation is equivalent to the violation of CP
the combination of charge conjugation (C) and parity — a
nonzero EDM implies P'T and eqguivalently CP violation
2, 3, 4].
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Abstract The NL-eEDM experiment searches for a non-zero electric dipole moment of the electron 4,
(eEDM) in the ground state of barinm monofluoride (BaF). A beam of BalF from a supersonic expansion
source is probed with the spin precession method presented in [1]. This method permits the extraction of
an e EDM value as well as values for parameters causing a possible systematic bias leading to a false eEDM.
The currently achievable sensitivity i1s limited by statistics collected in a period of 34 hours and vields an
d. of 2{3) »x 107 *° e em. Furthermore, from the same dataset sufficiently strong limits on parameters which
can induce a false eEDM are extracted. These are mainly the electric field E and the intensity of the
lasers fields in the fiducial volume of the experiment. We summarize the steps required to upegrade of the
experiment to reach a competitive level on 4., ez, an intense laser-cooled beam from a crvogenic buffer
sas source and the light collection efficiency of Huorescence.

the experimental upper limits on EDMs of the nentron [9]
and the ™ Hg atom [10]. It is a persistent puzzle why the

f# parameter is =0 small.

New sources of CP violation are expected in scenarios
that embed the SM in a more complete theory of parti-
cle physics. Such theories generically predict EDM values
that are measurable in the ongoing or upcoming EDM
experiments. In addition, in order to generate a matter-
antimatier asyvimmetry observed in tlw universe, CP viola-
tion bevond the SM is required [11] assuming CPT to be
a good symmetry [12]. For example, in electroweak baryo-
g:*uﬁ:m 13], this T'-.f]m a]h I:*rula to EDI'-.H larger than "-]M

R [ - L B . e e 1= R — L [P T O [ -1



Statistics and systematics of electron EDM searches with BaF
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LY . . . M.
~] A cryogenic buffer gas beam, an electrostane hexapole lens, and 20 transverse Doppler laser cooling are A
~— combined to produce a bright beam of barium monofluoride (' *“Ba'"F) molecules. Experimental results and ,
— ectary simulations . sser ¢ t s i function of I 1 ich
~.] trajectory simulations are used to study the laser cooling effect as a function of laser detuning, laser power,
A I d - laser alignment, and interaction tme. A scattering rate of 6.1(1.4) = 10° 5~ on the laser cooling transition is he
S OW a n et obtained; this is 14% of the expected maximum, which is attributed to limited control of the m =" 7 g o=
— to remix dark states. Using 3 tuneable lasers with appropnate sidebands and detuning, eacl
° " . , . - \ .
I n t e n S e B a F approximately 400 photons during 2D laser cooling, limited by the interaction ume and sce __
o7 to dark states are less than 1094, The expenimental results are used to benchmark the trajec - 1.2
b predict the achievable flux 3.5 m downstream for a planned eEDM experiment. E
_ IR
-
molecular
-y L INTRODUCTION can be reduced by implementi - 1.0
b e a m i to capture and focus or collim "
- Intense beams of cold molecules provide valuable quan-  tories through a region '3“”_['3' 1] 0.9
E tum sensors for testing fundamental symmetries and serve as reduce the transverse velocity Ve
> the main loading mechanism of (magneto) optical traps used ~ filter out transverse velocities E
o to study ultra-cold chemistry and quantum simulation [1-5].  the application of Sisyphus la: o 0.8
- Heavy, polar molecules are particularly suitable for electron “'!f”‘f“'jﬂ_-‘*flfﬂ only a small pa ¢n
iy electric dipole moment (¢EDM) searches of CF violation [6]. distribution of the t':'E“m- Inc s 0.7
~~  The current limit on the ¢EDM constrains some models of 40 """'-'T_k_ Gl an arbitrary "'E_l"'-' = ° heat
new physics up to and above 10 TeV, probing energies beyond ~ tuning. Therefore, an attractivi 0.6 + 2D o .
those accessible by current particle colliders |7-9]. Motivated high-flux molecular beam is tc

1 L i 1 1 i
by this, the field of molecular ¢EDM searches is rapidly de- 0! the transverse-velocity disi -9 6 -3 0 3 6 9
veloping [10-12]. This work is part of a project that aims ar ~ lens and subsequently apply | .

an ¢ EDM measurement using an intense, cold, and slow beam f’-'-"f'-'ﬂ- The fﬂmm“:ﬂ“'ﬁ_ﬂ of H EUD dEtU"'”Q (M HZ}

of " Ba'F. henceforth BaF., molecules [13], and to extend ing enables the application of |
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A bright beam of laser cooled BaF
molecules for precision experiments

Joost W.F. van Hotslot

Tuesday 12 May 2026 at 16.15
at the University of Groningen.




P h a S e A cold beam of BaOH molecules using a

water-vapour seeded neon gas
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Abstract. In this paper we report on the production and characterization of a cold
beam of BaOH molecules using a cryvogenic buffer-gas beam source. Ba(OH is a highly

suitable molecule for studies of the violation of fundamental syvmmetries, such as the

2512.08402v1 [phy

search for the electron’s electric dipole moment. BaOH molecules are synthesised

L]
L ]

inside the cold source through laser ablation of a barium metal target while water
vapor is seeded into the neon buffer gas. The BaOH fux is significantly enhanced

(~11 times) when laser-exciting the barium atoms inside the buffer-gas cell on the

arXiv

15'1” —* Py transition. A similar enhancement has been reported for other alkaline-
earth(-like) monohvdroxides. For typical source conditions. the molecular beam has
an average velocity of = 180 m/s and an intensity of ~ 10 molecules 57! in N = 1,

which is comparable to that of eryvogenic BaF beams.
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A cold beam of BaOH molecules using a
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Prospects for measuring the electron’s electric dipole moment with polvatomic

molecules in an optical lattice
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measurement, and capturi

{Dated: June 5. 2025)
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Statistics and Systematics of
electron EDM searches with BalF

0.8

0.7 }




eEDM in a molecule

* Dipole moments - linear energy shifts with electric/magnetic fields

|

| Lo ——
H

m, = +1

F=0 —

14



AE

eEDM in a molecule

* AE is our EDM signature

F=1 o

F=0

—
— B
A
I | : |

F=0

|| AEI|JF1_h N
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The Experimental Setup:

Described by model from first
principles

1-""".:'1-

L | : " L L 1 L
65.845 65.85




The eEDM effect

. \  [—— AET

* Model includes 0.7 —AET'| R
» AE = Energy difference
* T = Interaction time

* + experimental parameters

e Effect of eEDM is a shift of the signal 0-4 | , |
‘lﬂl
3
% 0.02
0 . . .
—4 —2 0 2 4

O|kHz]

Boeschoten, A et al. Spin-precession method for sensitive electric dipole moment searches. Physical Review A, (2024).



Proof of measurement technique

0.3 , . ,
— AET

* AE = (uB £ D*E) /h o7\ |—aeT| Q-

* Changing B is the same as an eEDM
measurement!

e Show that we can measure this shift ; 04,\/\);'\[:?‘_\:\7/\_/‘




Proof of measurement technique
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- A. Boeschoten, V. R. Marshall, T. B. Mejjknecht, A. P.Touwen, Statistics and systematics of electron edm searches with BaF (2026)



Proof of measurement techniqu

e AB = 0.72(3) nT

6d,~ 3 *107%> e cm

e

.(a) .

o o

1 !
65.845

1
65.855

1 i
65.845

]
65.85

65.855

| (c) |
A ,[+ —~til R y
NI A
A ;

65.845

63.85

65.855

S[MHZ] 20

- A. Boeschoten, V. R. Marshall, T. B. Mejjknecht, A. P.Touwen, Statistics and systematics of electron edm searches with BaF (2026)



How to improve your eeDM
sensitivity




Increase the statistics Increase signal shift

e More molecules e Slower molecules

* Improve photon detection * Larger electric field

Contrast

0.5r

T 65845




New molecular source: Statistics

2D laser
Cryogenic source Hexapole lens cooling

1 g

b
PMT1

"o Abs. BHF B-field
Laser ablatmn 7 }
Y |
#Molecules x200 x2000
* Factor 630 in eEDM Total sensitivity

gained:
X630

J. W. F. van Hofslot et al, 2d transverse laser cooling of a hexapole focused beam of cold BaF molecules, (2026)



New molecular source: Larger signal shift

2D laser
Cryogenic source Hexapole lens cooling
.
__5
p—" .
ﬁ *"
PMT1
E Abs Ba': B-field
—

Laser ablation

e 600 m/s > 200 m/s
e Factor 3in eEDM

Total sensitivity

gained:
Xx1890




New detection method: Statistics PMT

* Measurement of the molecules
* Light collection = 2%
* Quantum efficiency of detector = 8%
* 11n 1000 molecules is detected

3009 P 0

815 nm laser



New detection method: Statistics APD

* New scheme
* Light collection > 20% <780 nm filter ,
. . N
* Quantum efficiency of detector = 80%
* 11n 10 molecules is detected

QU O Q P q Vo
* Collaboration with ET department for low noise
electronics

* Factor 10 in eEDM sensitivity 405 nm laser

Total sensitivity

gained:
x18900




Larger electric field: Larger signal shift

* Higher electric field strength:10 kV/cm /
* Factor 3 in eEDM sensitivity

Total sensitivity
gained:
x56700



1 : :
| (@)
Outlook
2 0.5
* Measure energy shift in molecule o
65.845 65.85 65.855
* Proven concept of measurement i ey
e Currently statistically limited |
* All individual improvements are put W0 |
together this year |
* Next year aim to measure a projected: T Tesss 68 638ss

6d, < 2x107%°e cm/,/day

. 65.855

S[MHz)

T 65845  65.85



Thank you!




Spin precession

Supersonic | f Spin precession 5 ' Detection
source '
T
— __j ,__;: - !
T 1
Precession
2
¢ = (uB + DPTE)T /h .
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Supersonic
beam source

~

b1

o

Magnetic shield
5 mu-metal
layers

Counter-

oropagating laser

beams

\

/

31



Model parameters
PF=1(51 A' G T’ 'Q'P/S ’ ép/g, CI)P/SJ E’ B)

Parameter Information _____

Hyperfine detuning E-field strength,

0) coherence
Two-photon Light shift control
detuning A

Pulse timings Tt Laser phase

Rabi Frequencies,q,, Quality of
superposition

32



Signal contains immense amounts of information

B '||I1|II'11|+
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Most sensitive to EDM Most sensitive to systematics

e.g. Peak spacing -> timings

Peak location -> E-field
Marshall, V. R. PhD thesis, University of Groningen, 2024 Peak he|ght -> B_f|e|d



The competition
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Probing the QCD @ term with paramagnetic molecules

Heleen Mulder®®, Rob Timmermans®®, and Jordy de Vries™®

“Nikhef, National Institute for Subatomic Physics, The Netherlands
"Van Swinderen Institute for Particle Physics and Gravity, University of
Groningen, The Netherlands
¢ Institute of Physics and Delta Institute for Theoretical Physics, University of
Amsterdam, The Netherlands

October 24, 2025

Abstract

The experimental search for CP violation in paramagnetic atomic and molecular systems
has made impressive progress in recent years. This has led to strong upper limits on the
electron electric dipole moment. The same measurements can also be used to constrain
hadronic sources of CP wviolation through CP-violating interactions between the electrons
and the nucleus. We employ heavy-barvon chiral perturbation theory to compute such CP-
violating semileptonic electron-nucleus interactions arising from the QCD theta term. We
sharpen earlier results by determining the relevant short-distance effects and by an explicit
two-loop calculation of meson-photon diagrams. We derive a bound of |8] < 1.5- 107" at

90% confidence, based on HfF ™ experiments at JILA. A further experimental improvement of
one to two orders of magnitude would make paramagnetic molecular electric dipole moment

experiments competitive with the neutron and diamagnetic atom program in constraining

strong CP violation and higher-dimensional CP-odd quark-gluon operators.

1 Introduction

Cosmological observations indicate an order 10" asyvmmetry between the amount of baryons

and antibaryons in our universe. As pointed out by Sakharov |1}, a dynamical resolution of
this asymmetry requires the violation of charge conjugation and parity (CP) or, equivalently,
the violation of time-reversal symmetry'. The Standard Model (SM) of particle physics without
neutrino masses contains two sources of CP violation., The first is the Cabibbo-Kobayvashi-Maskawa



Pospelov & Ritz 0504231v2 (2005), Konstantin Gaul ECT*

4/3/24, Jordy de Vries SLAC 13/8/19

Paramagnetic: total electron spin non-zero
Diamagnetic: total electron spin = zero

TraC].ng the CP V]_Olatlon LSFEtEmS atoms, molecules

‘ hope to one day

; . | Paramacnetic §R
WereaEure EDMs of: Leptons 1 Nuclel | _:r t;il |
E : H“FE 11 S

rr""

Diamagnetic
systems

)

Molecular, atomic, S —_—
nuclear theory P
Cr

Heavy-baryon
chiral perturbation
theory (m,p,n, vy, e)

Higher energy

HadronicCPV "
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Quark Gluon
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4-quark ) Lepton-quark | Lepton
operators operators | EDM (d,)

Elementary

particle level: SM,
SMEFT, other BSM
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sources of CPV:

M
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symmetric models
SUSY

2-Higgs doublef
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Phase 4

Incrga_sgd X QS, (1) Cavity resonance shifts
sensitivity N due to change of index of
th rough ;! ‘ refraction:
entangled i Aw, = OS; = QN (p22—p11)
molecules j .

— : hhhhh >

W, Frequency
1) =
1
W w+ £2n  (2) Rotational states shift

| due to AC-Stark effect:
4 ) —x . Aw = Q6T¢ = On
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