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• University of Groningen

Research:

Using state of the art methods from computational chemistry for high accuracy calculations of atomic 
and molecular properties in the context of fundamental problems in physics:

➢Search for new physics with low-energy precision measurements

➢Violation of fundamental symmetries in atoms and in molecules

➢Search for variation of fundamental constants

➢Highly accurate calculations of spectra and properties of heavy and superheavy atoms and highly 
charged ions

Most work done in collaboration with experimental groups
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• Why do we need electronic structure theory?

• How do we perform accurate calculations and assign uncertainties?
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MOTIVATION



Why look for physics beyond the SM with atoms and molecules?

• Accelerator research (LHCb, etc.)

• Table-top experiments

27 km



Why look for physics beyond the SM with molecules?

• We are looking for truly tiny effects (signs of asymmetry)

• Electronic structure acts as an amplifier, bringing these effects into measurable range

• Example: electric dipole moment of the electron (eEDM)

• Violates P,T – symmetry

• Standard Model prediction: ~10-38 e∙cm (too small for direct measurement)

• Other theories predict lager values (still too small for direct measurement)

• In a polar molecule, the internal electric field amplifies the electron EDM by 5 orders of magnitude→ we 

can try to measure it



Why look for physics beyond the SM with molecules?

• We are looking for truly tiny effects (signs of asymmetry)

• Electronic structure acts as an amplifier, bringing these effects into measurable range

• For example: electric dipole moment of the electron (eEDM)

• Similar for other P(T)-violating properties and BSM effects

• Similar for parity violation



Why look for physics beyond the SM with molecules?

• Table-top experiments with molecules: a promising alternative to high energy 
research

• Versatile, sensitive to different phenomena

• Parity violation

• EDMs (electron, hadronic)

• Variation of fundamental constants

• Dark matter

• ..

• Various enhancement effects→ high sensitivity

• Small scale

• (Relatively) inexpensive



Why look for physics beyond the SM with radioactive molecules?

• Heavy systems, effects scale as Z2-5

• Possible strong further enhancements due to the nuclear structure

• Sensitive to hadronic EDMs,  nuclear magnetic quadrupole moments, etc. 

https://phys.org/news/2021-03-

radioactive-molecules-mystery-

antimatter.html



Promising yet challenging…

• Challenge of achieving unprecedented sensitivity needed to detect the tiny effects of new

physics

• For radioactive systems, extra challenge of dealing with small amounts of short-lived atoms

• Alongside specially developed experimental techniques, theoretical support becomes crucial
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How can (molecular) theory be of use?

(Important to remember: for us the practical considerations do not play a role!)

• Insight into effect of new physics on molecular properties

• Identification of promising candidates for measurements

• High sensitivity

• Experimental considerations (stability, laser-coolability, etc.)

• Practical parameters for experiment (predictions of transition energies, laser-cooling schemes, etc.)

• Parameters for the interpretation of the results (coupling parameters for new physics phenomena,

etc.)



How can (molecular) theory be of use?

(Important to remember: for us the practical considerations do not play a role!)

• Parameters for the interpretation of the results (coupling parameters for new physics

phenomena, etc.)

• P(T)-violating energy (frequency) shift is obtained in experiment by reversing parity (reversing

the direction of external fields):ΔE

• This energy difference can be related to the underlying P(T)-violating phenomena through

electronic structure parameters (coupling constants)

• Example: P,T-violating effects in a paramagnetic molecule:

What we measure

What we want to know

Comes from theory



Theoretical predictions

For use in experiments, theoretical predictions should be

• Reliable

• Based on high accuracy calculations

• Be accompanied by uncertainties:

➢ Important for planning the measurements (e.g. what range should be scanned?)

➢ Important for extraction of properties of interest (uncertainty on the extracted new

physics parameters will include the theoretical uncertainty)

Thus, we need an accurate method that allows uncertainty estimation!
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COMPUTATIONAL METHODS

Figure courtesy of P. Schwerdtfeger

We would like to solve the Schroedinger equation. 
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We would like to solve the Schroedinger equation. 
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What do we want to calculate?

• Coupling parameters describing the effect of P(T)-violating phenomena on electronic 

structure

• Relativistic in nature, hence relativistic methods

• Molecular parameters needed in experiments

• (usually) heavy systems, hence relativistic methods

•





We would like to solve the Dirac equation. 



What do we want to calculate?

• Coupling parameters describing the effect of P(T)-violating phenomena on electronic 

structure

• Relativistic in nature, hence relativistic methods

• Molecular parameters needed in experiments

• (usually) heavy systems, hence relativistic methods

• High accuracy

• State-of-the-art treatment of correlation

•



Electron correlation

• Explicit interaction between the electrons

• Important for light and heavy elements and for all properties

• Formidable problem, different approaches available

• Our method of choice: Relativistic coupled cluster (CCSD(T), FSCC)

• Transparent and robust approach, allows uncertainty estimation



Relativistic coupled cluster



What do we want to calculate?

• Coupling parameters describing the effect of P(T)-violating phenomena (or variation 

of constants) on electronic structure

• Relativistic in nature, hence relativistic methods

• Atomic and molecular parameters needed in experiments

• (usually) heavy systems, hence relativistic methods

• High accuracy

• State-of-the-art treatment of correlation, large basis sets

•



(K.G. Dyall, Theor. Chem Acc. 2002, 2004, 2006, 2007, 2009, 2011,2012,  etc.)

Basis sets (a bit of alchemy)

• Sets of (Gaussian) functions that are used to represent the electronic WF. 

• Atom specific, different basis sets for different properties

• Dyall’s relativistic basis sets

• The larger the basis the better

• Complete Basis Set Limit (CBSL) extrapolation 



Relativistic coupled cluster



Relativistic coupled cluster

Accuracy comes at a price:

we are limited to atoms and 

small molecules.



What can we calculate?

• Atomic properties: energies, IPs, EAs, spectra, hyperfine structure parameters, polarisabilities

• Molecular properties: geometries, molecular parameters, electronic structure, Franck-Condon Factors 

(FCFs), transition strengths

• Properties needed for SM tests:

• Wd, Ws (eEDM experiments)

• WA (NSD-PV, nuclear anapole moments)

• EPV (parity-violating energy shifts)

• Sensitivity to variation of α

• ...

• Ground and excited states; closed and open shells

• Accuracy: ~10s of meV for energies, single % for properties (can be pushed further to meV accuracy)

• Systematic investigation of effect of computational parameters and uncertainty evaluation



How do we reach meV accuracy? 4c-CCSD(T), s-aug-cv4z, active space -20 to 50 a.u.

“golden standard”



How do we reach meV accuracy?

?

Add Breit and QED 

corrections
Add higher excitations, 

Increase active space

Augment, 

extrapolate to CBSL

4c+Breit+QED-CCSDT(Q), CBS limit,

all electrons corelated

“platinum standard”

4c-CCSD(T), s-aug-cv4z, active space -20 to 50 a.u.

“golden standard”



How do we assign uncertainties (no clear recipe available)?

• Calculate the same property in a lighter homologue (and compare to experiment)

• E.g., accuracy of the calculated electron affinity in a light element, compared to available 

experiment, can be used to set error bars on the same property in the heavier homologue 

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

experiment)

• Perform a computational investigation to assign uncertainties based on method 

incompleteness



How do we assign uncertainties?

• 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)

• E.g., we can use the accuracy of calculated ionization potential in a given element (compared to 

experiment) to set error bars on the calculated electron affinity in the same atom. Use with 

caution!

• Perform a computational investigation to assign uncertainties based on method 

incompleteness

Electron affinity?
Ionization potential,

Compare to exp.



How do we assign uncertainties?

• 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



How do we assign uncertainties?

?

?

?

Two assumptions:

1. Size of contributions decreases rapidly with order 

2. Higher order corrections on different axes are 

independent



How do we assign uncertainties?

• 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



How do we assign uncertainties?

• 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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• Motivation: why do we use atoms and molecules to test the Standard 

Model?

• Why do we need electronic structure theory?

• How do we perform accurate calculations and assign uncertainties?

• Applications



APPLICATIONS

• Ionization potentials of CaF, SrF, BaF, and RaF: meV accuracy, 

uncertainty estimation, and predictive power

• P,T-violating coupling constants and molecular parameters

• Search for the electric dipole moment on the electron: the NL-eEDM

collaboration

• Triatomic molecules:  BaOH and YbOH
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MOLECULAR IONIZATION POTENTIALS



Ionization potential of RaF

• RaF is a promising candidate for new physics searches

• Many (high-impact) experimental studies

• Spectrum, isotope shifts

• New measurements: IP

• Theory before experiment



Ionization potential of RaF

• Theory: relativistic CC with higher order corrections



Ionization potential of RaF

• Theory: relativistic CC with higher order corrections

“platinum standard”

“golden standard”



Ionization potential of RaF

• Theory: relativistic CC with higher order corrections

• Uncertainty evaluation: similar contributions from all sources



How do we assign uncertainties?

• 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



How do we assign uncertainties?

• 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



Ionization potentials of CaF, SrF, and BaF

• Test the methods on lighter homologues

•



Ionization potentials of CaF, SrF, and BaF

• Test the methods on lighter homologues

•

“platinum standard”

“golden standard”



Ionization potentials of CaF, SrF, and BaF

• Evaluate the weight of different sources of uncertainty

• Here, basis set dominates

•



Ionization potentials of CaF, SrF, and BaF

• How accurate are we?

• Excellent agreement for CaF and BaF, where accurate experiment is available

• For SrF, at the time, no accurate experiment was available...

•



Ionization potentials of CaF, SrF, and BaF

• How accurate are we?

• Excellent agreement for CaF and BaF, where accurate experiment is available

• For SrF, new IP measurements would be useful

•

Aleksandra Kuyberis



Back to the ionization potential of RaF

• Measurement: ionization threshold under multi-step laser excitation

• Both two-step and three-step ionization schemes.



Ionization potential of RaF

• Excellent agreement between theory and experiment

•



Ionization potential of RaF

• Excellent agreement between theory and experiment

• Getting the right answer for the right reason
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Ionization potentials of CaF, SrF, and BaF

• How accurate are we?

• Excellent agreement for CaF and BaF, where accurate experiment is available

• For SrF, at the time, no accurate experiment was available...

• Motivated by our work, measurements were performed in the group of M. Heaven

• The measured IP is just 17 cm-1 below the predicted value (5.418(2) eV)

5.418(2)



Ionization potentials of CaF, SrF, and BaF

• How accurate are we?

• Excellent agreement for CaF and BaF, where accurate experiment is available

• For SrF, at the time, no accurate experiment was available...

• Motivated by our work, measurements were performed in the group of M. Heaven

• The measured IP is just 17 cm-1 below the predicted value (5.418 eV)

• Measurement of the ionization energy of SrF and the vibrational constants of SrF+

Quynh Giao Lindsey, Jiande Han, Jiayue Lin,  Aleksandra A. Kyuberis, and Michael C. Heaven

In review



APPLICATIONS

• Ionization potentials of CaF, SrF, BaF, and RaF: meV accuracy, 

uncertainty estimation, and predictive power

• P,T-violating coupling constants and molecular parameters

• Search for the electric dipole moment on the electron: the NL-eEDM

collaboration

• Triatomic molecules:  BaOH and YbOH



NL-EEDM EXPERIMENT 





The experiment: 

• The EDM signal is detectable through a difference in the total accumulated phase for the parallel and the 

antiparallel orientation of the external magnetic and the electric fields.
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The experiment: 

• The EDM signal is detectable through a difference in the total accumulated phase for the parallel and the 

antiparallel orientation of the external magnetic and the electric fields.



Interpreting the experiment: 2 sources of P,T-effects

de- electron EDM, κs - S-PS electron-nucleon interaction

Investigations of optimal combinations of molecules:
• K. Gaul, S. Marquardt, T. Isaev, and R. Berger, Phys. Rev. A 

99, 032509 (2019)

• A . Sunaga,  M. Abe,  V. S. Prasannaa,  T. vAoki,   and M. 

Hada, J. Phys. B 53, 015102 (2019)

measured

What we want

Have to come from calculations



Interpreting the experiment: 2 sources of P,T-effects

• Use relativistic CC (Finite Field) to calculate Wd and Ws.

• Systematically improve the calculation up to convergence

• Perform an extensive computational study to estimate uncertainties

Wd

κs

κs



Interpreting the experiment

• Final recommended values:

•

Pi Haase



Interpreting the experiment

• Final recommended values:

•

Pi Haase



Interpreting the experiment

• Is the uncertainty estimate realistic?



How do we assign uncertainties?

• 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



How do we assign uncertainties?

• 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



Interpreting the experiment

• Is the uncertainty estimate realistic?

• Use a similar property, where comparison to experiment is possible, as a sanity check

• Magnetic hyperfine structure constants
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• Is the uncertainty estimate realistic?

• Use a similar property, where comparison to experiment is possible, as a sanity check

• Magnetic hyperfine structure constants



• Calculations of excited state HFS parameters in molecules are rare

• We looked at the F HFS coupling constant in the ground and excited states of BaF

Hyperfine structure constants: predictive power 

Malika Denis Pi Haase Yuly Chamorro
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• Calculations of excited state HFS parameters in molecules are rare

• We looked at the 137Ba HFS coupling constant in the excited states of BaF

Hyperfine structure constants: predictive power 
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• Calculations of excited state HFS parameters in molecules are rare

• We looked at the 137Ba HFS coupling constant in the excited states of BaF

Hyperfine structure constants: predictive power 

Yuly Chamorro

Tim Langen & Felix Kogel,

TU Vienna



APPLICATIONS

• Ionization potentials of CaF, SrF, BaF, and RaF: meV accuracy, 

uncertainty estimation, and predictive power

• P,T-violating coupling constants and molecular parameters

• Search for the electric dipole moment on the electron: the NL-eEDM

collaboration

• Triatomic molecules:  BaOH and YbOH



TRIATOMIC MOLECULES



• Polyatomic molecules emerge as good candidates for eEDM experiments due to the long-lived

close-lying opposite parity eigenstates

• BaOH andYbOH are also expected to be laser-coolable

• What about sensitivity to BSM physics?
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close-lying opposite parity eigenstates (l-doublets)

• BaOH andYbOH are also expected to be laser-coolable

• What about sensitivity to BSM physics?

• Sensitivity to eEDM and to P,T-violating nuclear magnetic quadrupole moment (NMQM) found

to be similar to that of diatomic homologues

Wd [1024Hz/(e∙cm)] WM [1023Hz/(e∙cm2)]

BaF 3.13  -0.385

BaOH 3.21 -0.392

YbF 23.37 -1.055

YbOH 23.56 -1.067 Malika Denis



• Polyatomic molecules emerge as good candidates for eEDM experiments due to the long-lived

close-lying opposite parity eigenstates (l-doublets)

• BaOH andYbOH are also expected to be laser-coolable

• What about sensitivity to BSM physics?

• Sensitivity to eEDM and to P,T-violating nuclear magnetic quadrupole moment (NMQM) found

to be similar to that of diatomic homologues

• Accuracy test: HFS constants:
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• Polyatomic molecules emerge as good candidates for eEDM experiments due to the long-

lived close-lying opposite parity eigenstates (l-doublets)

• BaOH andYbOH are also expected to be laser-coolable

• What about sensitivity to BSM physics?
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• Static and dynamic polarizability in BaOH

• Important in the context of trapping

88
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Dynamic (λ=1064nm) 357(31) 714(29)
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• Static and dynamic polarizability in BaOH

• Important in the context of trapping

91

α|| (a.u.) α+(a.u.)

Static 200.8(24) 297(5)

Dynamic (λ=1064nm) 357(31) 714(29)

See talk by Steven Hoekstra, Thursday morning:



CONCLUSIONS

• State of the art high accuracy computational approach

• Versatile methods: many possible applications 

• Reliable predictions, uncertainty estimates possible

• Close collaborations with experimental groups



Ephraim Eliav Miroslav Ilias
Peter Schwerdtfeger

Victor Flambaum Lukas Pasteka

Jacinda Ginges

Konstantin Gaul





PARITY VIOLATION IN CHIRAL 
MOLECULES



• Is there a difference in the properties of the right- and the left handed 

enantiomers?

•
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• Is there a difference in the properties of the right- and the left handed 

enantiomers?

• PV is firmly established in nuclear and atomic physics

•

Decay of 60Co Forbidden 6s-7s transition in atomic Cs

No longer measuring zero!



• Is there a difference in the properties of the right- and the left handed 

enantiomers?

• PV is firmly established in nuclear and atomic physics

• In chiral molecules, the weak neutral current between the electrons and the nuclei is predicted 

to result in a tiny energy difference between the enantiomers. 

• If detected, this could

• Constitute a test of the SM

• Help explain the origins of biohomochirality

• Allow deeper understanding of electronic structure effects



• Is there a difference in the properties of the right- and the left handed 

enantiomers?

• So far, no detection!

• The search continues: in electronic transitions, NMR spectroscopy,  and in vibrational 

spectroscopy



• Search for parity violation in vibrational spectroscopy.

• Measure hνL-hνR

• Measurements performed at Laboratoire Physique des Lasers (LPL), on the C-F stretch 

vibration in CHFClBr
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• Search for parity violation in vibrational 

spectroscopy.

• Measure hνS-hνR

• Measurements performed at Laboratoirede Physique des 

Lasers (LPL), on the C-F stretch vibration in CHFClBr

• Upper limit of  

• Theoretical estimates of the effect ~10-17

(Phys. Rev. Lett. 84, 3807 (2000); Phys. Rev. A 71, 012103 (2005);

Phys. Rev. A 103, 042819 (2021); Phys. Rev. Lett. 125, 123004 (2020)



• Search for parity violation in vibrational spectroscopy.

• Better candidate molecule needed!

• Shopping list:

• Stable, commercially available

• Can be separated into pure enantiomers

• Can be brought into the gas phase

• Should contain heavy elements (absolute PV energy predicted to scale as Z5)

• Should have strong vibrational transitions in the range of the lasers (4-15 μm)

• Relative effects of the order 10-15 can now be detected at LPL
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✓ Stable, commercially available

✓ Can be separated into pure enantiomers

✓ Can be brought into the gas phase

✓ Should contain heavy elements (absolute PV energy predicted to scale as Z5)

✓ Should have strong vibrational transitions in the range of the lasers (4-15 μm)

• Relative effects of the order 10-15?



Accuracy comes at a price:

we are limited to atoms and 

small molecules.

We can’t afford CC here and 

use relativistic DFT instead
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• Other fun candidates:

• From simple: 

• CHDBrI+

Lukas Pasteka, BratislavaYuval Shagam, TechnionEduardus



• Other fun candidates:

• To complex:  

• Pt(Me-BPCH)

Lukas Pasteka, BratislavaScott Bohle, McGillEduardus


