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Intro

1



• experiments are challenging and expensive

• small amounts of unstable, short-lived elements

• unprecedented sensitivity needed to detect the tiny effects of new physics

• special precautions are required (hazardous materials)

• practical considerations do not apply to theory

• alongside specially developed experimental techniques, theoretical
support becomes crucial

Why bother with theory?
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What I cannot compute,  
I cannot understand.

Richard Feynman
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Where does theory fit?
• Identification of promising candidates for precision measurements 
• practical considerations (stability, laser-coolability, etc.)
• high sensitivity to desired effect

• Reliable predictions for planning the experiment

• Extraction of data from measurements

HFS
B=eQsq
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Computational methods
a general idea
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Computational methods

Electron correlation
Basis 

set

Re
la

tiv
ity• systematic increase of 

accuracy and cost

• starting point is the 
cheapest still ab inito
method

• computation is a 
balancing act
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• i.e. Hamiltonian
• Schrödinger   →  Dirac   →  beyond             
• →

• vector space
• 1-electron expansion
• MO-LCAO
• atom and property specific
• Gaussian (radial) basis sets

• N-electron expansion (SD /CSF)
• post-HF methods

• MP perturbation theory
• configuration interaction
• coupled cluster

E = 0
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• Coupling parameters of P(T)-violating phenomena, 
variation of fundamental constants, …
• relativistic in nature → relativistic methods

• Atomic and molecular parameters needed in experiments
• heavy systems → relativistic methods

• High accuracy
• state-of-the-art treatment of correlation + large basis sets

• Uncertainty estimates
• robust and systematic methodology

The right tool for the job
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Golden standard
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• large flexible correlation-consistent 
basis sets
• CBS extrapolation

• Coupled-Cluster
• highly accurate
• size-consistent
• costly – atoms & small molecules
• CCSD(T) -  single reference CC
closed-shell systems / systems with one 
dominant configuration (e.g. BaF, X 2Σ)
• FSCC – multireference Fock-space CC
open-shell systems / spectrum of excited 
states / bond dissociation



• Atomic properties
• energies, IPs, EAs, spectra, HFS parameters, polarizabilities, …

• Molecular properties
• geometries, spectroscopic constants, laser cooling schemes, …

• Properties for interpretation of precision measurements:
• Wd, Ws (eEDM experiments)
• WA (NSD-PV, nuclear anapole moments)
• WM (NMQ moments)
• EPV (parity-violating energy shifts)
• sensitivity to α-variation

• Expected accuracy
• ~ 10 meV for energies, ~ 5 % for properties
• can do better

• Systematic improvement and uncertainty evaluation

What can we calculate
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Uncertainty estimation
• Calculate the same property in a lighter homologue                     

(and compare to experiment)

• Calculate a different property in the same atom/molecule 
(and compare to experiment)

• Perform a computational investigation to assign uncertainties 
based on method incompleteness

13

Electron correlationBasis 
set

Re
la

tiv
ity



Uncertainty estimation
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Uncertainty estimation – IP/EA of Rn/Og
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In service to NL-eEDM
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THEORISTS



Selected applications

• BaF (and friends)
• coupling constants
• laser cooling
• IPs

• Polyatomic molecules
• BaCH3

• YbCH3

• BaOH
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Anastasia Borschevsky



-odd scalar pseudoscalar (S-PS) neutral-current 
electron-nucleon interaction constant

Electron electric dipole moment 
(eEDM)

Total electronic angular momentum projection
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P,T-odd properties

Kriplovich, Nauka (1981), English trans. G&B (1991)
 Kozlov, Zh. Eksp. Teor. Fiz. 89, 1933 (1985)
 Dimitriev et al, Phys. Lett. A 167, 280 (1992)
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Wd/Ws parameters

• Use relativistic CC to calculate Wd and Ws.
• Systematically improve the calculation up to convergence
• Perform an extensive computational study to estimate uncertainties

19



• Use relativistic CCSD(T) to calculate Wd and Ws in BaF
• Systematically improve the calculation up to convergence
• Estimate uncertainties
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BaF: Wd/Ws parameters

Haase et al., J. Chem. Phys. 155, 034309 (2021)



Pi Haase
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BaF: Wd/Ws parameters
• Final recommended values

Haase et al., J. Chem. Phys. 155, 034309 (2021)



Uncertainty estimation
• Calculate the same property in a lighter homologue                     

(and compare to experiment)

• Calculate a different property in the same atom/molecule 
(and compare to experiment)

• Perform a computational investigation to assign uncertainties 
based on method incompleteness
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• A proxy property for Wd/Ws parameters
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BaF: Magnetic HFS constants

Haase et al., J. Phys. Chem. A 124, 3157 (2020)



MF cooling schemes
• Yongliang Hao
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Hao et al., J. Chem. Phys. 151, 034302 (2019)



Ionization potentials of MF
• Excellent agreement for CaF and BaF
• For SrF, new IP measurements would be useful
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Aleksandra Kuyberis

Kyuberis et al., Phys. Rev. A asap (2024)



Uncertainty estimation
• Calculate the same property in a lighter homologue                     

(and compare to experiment)

• Calculate a different property in the same atom/molecule 
(and compare to experiment)

• Perform a computational investigation to assign uncertainties 
based on method incompleteness
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Ionization potential of RaF
• a promising candidate for precision measurements
• Many (high-impact) experimental studies
• Spectra, isotope shifts
• New measurements: IP
• Theory before experiment
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Ionization potential of RaF
• Measurement
• ionization threshold under multi-step laser excitation
• both two-step and three-step ionization schemes.

• Theory
• relativistic CC with higher order corrections

28

Wilkins et al., in prep. (2024)
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Wilkins et al., in prep. (2024)



Symmetric top molecules

• BaCH3 and YbCH3

• long-lived close-lying opposite parity eigenstates (K-doublets)

• expected to be laser-coolable

• similar Wd/Ws parameters to other Ba/Yb containing molecules
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Chamorro et al., Phys. Rev. A 106, 052811 (2022)



Symmetric top molecules

• BaCH3 and YbCH3
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Yuly Chamorro

Chamorro et al., Phys. Rev. A 106, 052811 (2022)



Bonding effects
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Chamorro et al., Phys. Rev. A 106, 052811 (2022)



Bonding effects
• smaller charge on Yb 

↓
• less polar = more covalent
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Chamorro et al., Phys. Rev. A 106, 052811 (2022)



Bonding effects
• smaller charge on Yb 

↓
• less polar = more covalent

• V/G at BCP
• measure of covalent character
• <1 ionic, 1-2 polar, >2 covalent

• downside – laser coolability
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Chamorro et al., Phys. Rev. A 106, 052811 (2022)



Z scaling
• Wd scales with the atomic 

number Z3

• as predicted

Bouchiat, M. A., Bouchiat, C., J. Phys., France 35, 899-927 (1974)
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Bouchiat et Bouchiat, J. Phys. France 35, 899 (1974)



BaOH – work in progress
• bending mode lifetime
• cooling scheme

• polarizability and
scattering tensors

(this is fake news – actually SrOH)
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Eifion Prinsen

Radoslava Hlavacova



Systematic investigations
• Trends and bonding
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CH3
Cl

Agustin Aucar
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