
Testing Fundamental Physics 
using atomic physics techniques

Lamb
shift…

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

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

State-of-the-art 
atomic clocks reach 
fractional 
accuracies of 10-19

corresponding to 
absolute accuracies 
of < 1mHz.



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

Current best limit in Hf+:
𝑑𝑑𝑒𝑒 < 4.1 × 10−30 𝑒𝑒. 𝑐𝑐𝑐𝑐

Roussy et al. Science 381, 46 (2023)
Corresponding to an energy shift 
below of 50 µHz 
SM-prediction: 10−38 − 10−40 𝑒𝑒. 𝑐𝑐𝑐𝑐



How to measure an eEDM

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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Ramsey 
Interferometer

Cryogenic 
Sources Molecule

deceleration

New Lab in Groningen (+ 2 Laserlabs) and @ VU

The experimental facilities



2025-2035

2023-2028
ENW-XL, M2 and VICI

2023-2028
ENW-XL

2017-2023
NWO program

The eEDM program



Phase 1
A complete 
eEDM
experiment



Phase 1
A complete 
eEDM
experiment

Phase 2
A slow and 
intense BaF
molecular 
beam



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



Phase 3
Creating and 
trapping 
polyatomic 
molecules



Phase 3
Creating and 
trapping 
polyatomic 
molecules



Phase 4
Increased 
sensitivity 
through 
entangled 
molecules



Statistics and Systematics of 
electron EDM searches with BaF



eEDM in a molecule

14

• Dipole moments → linear energy shifts with electric/magnetic fields

𝛿𝛿−

F=1

F=0

𝐸𝐸
𝚫𝚫𝚫𝚫

𝐵𝐵
𝑚𝑚𝑠𝑠 = −1

𝑚𝑚𝑠𝑠 = +1



eEDM in a molecule
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• Δ𝐸𝐸 is our EDM signature

𝛿𝛿−

F=1

F=0

F=1

F=0

P𝚫𝚫𝚫𝚫
𝚫𝚫𝚫𝚫

𝐸𝐸𝐵𝐵 𝐸𝐸𝐵𝐵
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The Experimental Setup:
Described by model from first 

principles  

𝛿𝛿[𝑀𝑀𝑀𝑀𝑀𝑀]



The eEDM effect

• Model includes
• Δ𝐸𝐸 = Energy difference
• 𝑇𝑇 = Interaction time
• + experimental parameters

• Effect of eEDM is a shift of the signal

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

Δ𝐸𝐸𝐸𝐸
Δ𝐸𝐸𝐸𝐸𝐸𝐸

𝛿𝛿[𝑘𝑘𝑘𝑘𝑘𝑘]



Proof of measurement technique

• ΔE = 𝜇𝜇𝜇𝜇 ± 𝐷𝐷𝑃𝑃,𝑇𝑇𝐸𝐸 /ℏ
• Changing B is the same as an eEDM

measurement!

• Show that we can measure this shift

Δ𝐸𝐸𝐸𝐸
Δ𝐸𝐸𝐸𝐸𝐸𝐸

𝛿𝛿[𝑘𝑘𝑘𝑘𝑘𝑘]



Proof of measurement technique
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Δ𝐸𝐸𝐸𝐸
Δ𝐸𝐸′𝑇𝑇′

𝛿𝛿[𝑘𝑘𝑘𝑘𝑘𝑘] 𝛿𝛿[𝑀𝑀𝑀𝑀𝑀𝑀]
- A. Boeschoten, V. R. Marshall, T. B. Meijknecht, A. P.Touwen, Statistics and systematics of electron edm searches with BaF (2026)



Proof of measurement technique

• ∆𝐵𝐵 = 0.72(3) nT
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𝛿𝛿𝑑𝑑𝑒𝑒~ 3 ∗ 10−25 𝑒𝑒 𝑐𝑐𝑐𝑐

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



How to improve your eEDM
sensitivity
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Increase the statistics
• More molecules
• Improve photon detection

Increase signal shift
• Slower molecules
• Larger electric field

𝛿𝛿[𝑘𝑘𝑘𝑘𝑘𝑘]



New molecular source: Statistics

#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

• 600 m/s → 200 m/s
• Factor 3 in eEDM

Total sensitivity 
gained:
x1890



New detection method: Statistics

• Measurement of the molecules
• Light collection ≈ 2%
• Quantum efficiency of detector ≈ 8%
• 1 in 1000 molecules is detected



New detection method: Statistics

• New scheme
• Light collection > 20%
• Quantum efficiency of detector ≈ 80%
• 1 in 10 molecules is detected

• Collaboration with ET department for low noise 
electronics

• Factor 10 in eEDM sensitivity

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



Outlook

• Measure energy shift in molecule
• Proven concept of measurement
• Currently statistically limited
• All individual improvements are put 

together this year
• Next year aim to measure a projected:

𝛿𝛿𝑑𝑑𝑒𝑒 < 2 ∗ 10−29𝑒𝑒 𝑐𝑐𝑐𝑐/ 𝑑𝑑𝑑𝑑𝑑𝑑

𝛿𝛿[𝑀𝑀𝑀𝑀𝑀𝑀]



Thank you!



Spin precession

Precession

𝜙𝜙 = 𝜇𝜇𝜇𝜇 + 𝐷𝐷𝑃𝑃,𝑇𝑇𝐸𝐸 𝑇𝑇/ℏ

Spin precession Detection

𝐹𝐹 = 1

𝐹𝐹 = 0
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𝑃𝑃| ⟩0 ∝ cos2(𝜙𝜙)
| ⟩−1 | ⟩+1

| ⟩0

PumpingSupersonic 
source



Magnetic shield
5 mu-metal 

layers 

Supersonic 
beam source

B ~ nT
E ∼ kV/cm Counter-

propagating laser 
beams
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Model parameters

32

𝑃𝑃𝐹𝐹=1(𝛿𝛿,Δ, t,𝑇𝑇,Ω𝑃𝑃/𝑆𝑆 , 𝑐𝑒𝑒𝑃𝑃/𝑆𝑆,Φ𝑃𝑃/𝑆𝑆,𝐄𝐄,𝐁𝐁)

Parameter Information
Hyperfine detuning 
𝛿𝛿

E-field strength, 
coherence

Two-photon 
detuning Δ

Light shift control

Pulse timings T,t Laser phase
Rabi Frequencies,Ω𝑃𝑃/𝑆𝑆 Quality of 

superposition 



Signal contains immense amounts of information

Most sensitive to EDM Most sensitive to systematics

e.g. Peak spacing -> timings
Peak location -> E-field
Peak height -> B-field

33
Marshall, V. R. PhD thesis, University of Groningen, 2024



The competition







Phase 4

(2) Rotational states shift 
due to AC-Stark effect: 
Δ𝜔𝜔 = Ω 𝑐𝑐𝑐†𝑐𝑐𝑐 = Ω𝑛𝑛

(1) Cavity resonance shifts 
due to change of index of 
refraction:
Δ𝜔𝜔𝑐𝑐 = ΩSz = Ω𝑁𝑁(𝜌𝜌22−𝜌𝜌11)

Increased 
sensitivity 
through 
entangled 
molecules
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