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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



TALK OVERVIEW

Motivation: why do we use molecules to test the Standard Model?

Why do we need electronic structure theory!?

How do we perform accurate calculations and assign uncertainties!?

Applications
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MOTIVATION




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

Accelerator research (LHCb, etc.)

Table-top experiments ’
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A panoramic picture of the four meter long traveling-wave decelerator that has been built in

Groningen. It is in use for decelerating packets of the heavy diatomic molecule SrF, which is a
prototypical system for the investigation of broken symmetries.



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 PT — 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
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(Relatively) inexpensive

B Lk Physics Reports
olume 397, ssue 2, July 2004, Poges 63-154

T —————_—_——— Search for new physics with atoms and molecules
atoms and tests of unification theories of

elementary particles M. S. Safronova, D. Budker, D. DeMille, Derek F. Jackson Kimball, A. Derevianko, and Charles W. Clark
i e A Rev. Mod. Phys. 90, 025008 — Published 29 June 2018



Why look for physics beyond the SM with radioactive molecules?

* Heavy systems, effects scale as Z?-
* Possible strong further enhancements due to the nuclear structure

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

Reports on Progress in Physics

REPORT ON PROGRESS

Opportunities for fundamental physics research with
radioactive molecules
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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
|[dentification 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): AE

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:

AE ¥+ (Wade + W.EBE) < S -1t > (Fext)

\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

Relativit . . .
y We would like to solve the Schroedinger equation.
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COMPUTATIONAL METHODS

Relativity
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Relativity
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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



Relativity
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Relativity
A

Dirac-Coulomb-
Breit+QED

Dirac-Coulomb-
Breit

Dirac-Coulomb —

Douglas-Kroll ——

Pauli

HF

MBPTZ2

STO-3G  3-21G

We would like to solve the Dirac equation.

Electron
MRC] correlation
Full-Cl
CCSD(T)
FSCC

CISD

Nonrelativistic domain

Basis

sets

6-31G* cc-pVDZ CBS CBS

Methods



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

Relativity
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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



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

STO-3GE 15 Basis uncton o
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Dyall’s relativistic basis sets
o ey Energy vs Cardinal Number

The larger the basis the better - i i —
Complete Basis Set Limit (CBSL) extrapolation §2

Cardinal Number

(K.G. Dyall, Theor. Chem Acc. 2002, 2004, 2006, 2007, 2009, 201 1,2012, etc.)



Relativistic coupled cluster

Relativity
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Relativistic coupled cluster

Relativity
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What can we calculate?

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

Molecular properties: gecometries, molecular parameters, electronic structure, Franck-Condon Factors
(FCFs), transition strengths

Properties needed for SM tests:

W, W, (eEDM experiments)

W, (NSD-PV, nuclear anapole moments)
Eoy (parity-violating energy shifts)

Sensitivity to variation of a

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? 4 csp(T), s-aug-cvéz, active space -20 to 50 a.u.

“golden standard”
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How do we reach meV accuracy?

Relativity

Add Breit and QED

Dirac-Coulomb- corrections
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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 Peri
experiment) =

Perform a computational investigation to assign uncertainties based on method
incompleteness
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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

87
lonization potential, F
Compare to exp. Francium

553
L223)

Electron affinity?




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:

|. Size of contributions decreases rapidly with order
2. Higher order corrections on different axes are

A independent

Relativity
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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
experime

A Progress in Particle and Nuclear Physics
Calculate e Volume 146, Part 2, January 2026, 104200

compare t

Perform aj review
method in] Relativistic atomic structure calculations in

support of spectroscopy

L.F. Pasteka @ P, E. Eliav ¢, M.L. Reitsma ©, A. Borschevsky © 2 =
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APPLICATIONS

lonization 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




APPLICATIONS

lonization 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




MOLECULAR IONIZATION POTENTIALS
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lonization potential of RaF

RaF is a promising candidate for new physics searches

Many (high-impact) experimental studies

Spectrum, isotope shifts
87."Precision spectroscopy and laser cooling scheme of a radium-<ontaining molecule".
S.M. Udrescu, S. Wilkins, A. Breier, M. Athanasakis-Kaklamanakis, R.F. Garcia Ruiz et al.

New measurements: IP

Theory before experiment

Nature Physics (2023).
nature Precision spectroscopy and laser-cooling scheme of a
Explore content v About the journal ¥  Publish with us v radium-containing molecule

nature > articles > article

S. M. Udrescu 9, S.G. Wilkinsg, A. A. Breier, M. Athanasakis-Kaklamanakis, R. F. Garcia Ruiz 8, M. Ay, L.

Article | Open access | Published: 27 May 2020 Belosevi¢, R. Berger, M. L. Bissell, C. L. Binnersley, A. J. Brinson, K. Chrysalidis, T. E. Cocolios, R. P. de Groote,
Spectroscopy of short-lived radioactive molecules A. Dorne, K. T. Flanagan, S. Franchoo, K. Gaul, S. Geldhof, T. F. Giesen, D. Hanstorp, R. Heinke, A. Koszorus,

R. F. Garcia Ruiz E, R. Berggg, J. Billowes, C. L. Binnersley, M. L. Bissell, A. A. Breier, A. J. Brinson, K.

S. Kujanpa4, ... C. Zilch =+ Show authors

Chrysalidis, T. E. Cocolios, B. S. Cooper, K. T. Flanagan, T. F. Giesen, R. P. de Groote, S. Franchoo, F. P.

Gustafsson, T. A. Isaev, A. Koszorus, G. Neyens, H. A. Perrett, C. M. Ricketts, S. Rothe, L. Schweikhard, A. R.

Nature Physics 20, 202-207 (2024) ’ Cite this article
Vernon, K. D. A. Wendt, ... X. F. Yang ~ + Show authors




lonization potential of RaF

Theory: relativistic CC with higher order corrections

Relativity

Dirac-Coulomb- t

Breit+QED & -
Dirac-Coulomb- ectron

Breit MRCI - correlation
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HF

| | [ ,
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Methods

Method IP (eV)
CBS-DC-CCSD 4.932%
L CBS-DC-CCSD(T) 4.983" |
+augmentation 4.983
+core corr.+active space 4.989
+AT 4.990
+Breit 4.988
+QED 4.981
Theoretical 4.981(7)



lonization potential of RaF

o : : : “golden standard”
Theory: relativistic CC with higher order corrections .

— Method IP (eV)
CBS-DC-CCSD 4.932°2
Dirac-Coulomb- _T B -D = D T) 4&.
i Electron +augmentation 4.983
ol Lo, correlation +-core corr.+active space 4.989
Dirac-Coulomb +AT 4 990
N +Breit 4.988
g Nonrelativistic domain + QED 4 £ 98 1
el [ Theoretical 4.981(7) |
HF —\ , Basis
STO3G 3216 631G* cc-p\}DZ CC_LVQZ' ke cas sets

Methods “platinum standard”



lonization potential of RaF

Dirac-Coulomb-

Breit+QED

Dirac-Coulomb-

Breit

Dirac-Coulomb

Douglas-

Theory: relativistic CC with higher order corrections

Uncertainty evaluation: similar contributions from all sources

Relativity
A
? Electron
=1 MRCI correlation
ccsp(m) Full-Cl

FSC

Kroll

Pauli

HF

Nonrelativistic domain

Q 4 Basis
CBS sets

| | | °
STO-3G  3-21G  6-31G* cc-p\VDZ cepVQZ CBS
Methods

Method IP (eV)
CBS-DC-CCSD 4.932%

L CBS-DC-CCSD(T) 4.983* |
+augmentation 4.983
+core corr.+active space 4.989
+AT 4.990
+Breit 4.988
+QED 4.981

[ Theoretical 4.981(7) |

TABLE II. Summary of the main sources of uncertainty in
the calculated IP and D. of RaF.

Category Error source IP (meV)
Basis set Cardinality 2.6
Augmentation 0.3
Correlation Core electrons 4.4
Higher-order excitations 0.9
Relativity QED 4.2

Uncertainty:

—
i




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



lonization potentials of CaF, SrF, and BaF

Test the methods on lighter homologues

TABLE IV: Calculated IPs of MF (M = Ca,Sr,Ba) [eV]

including higher-order contributions.

Method Cal’ Srl? Bal®
DC-CCSD 5.8180  5.3940 4.7700
| DC-CCSD(T) 5.8236 5.4174 4.8036 |

+augmentation —0.0015 0.0003 0.0004
+core corr.4active space (.0007 —0.0007 —0.0012
+AT 0.0005 0.0008 0.0010
+DBreit —0.0010 —-0.0011 —0.0009
+QED —0.0008 —0.0020 —0.0031

I'inal result H.8216 5.4148 4.7998




lonization potentials of CaF, SrF, and BaF

Test the methods on lighter homologues

“golden standard”
TABLE 1V: Calculated [Ps of MF (M = Ca,Sr,Ba) [eV]

including higher-order contributions.

Method Cal’ Srl? Bal*
DC-CCSD 5.8180  5.3940 4.7700

| DC-CCSD(T) 5.8236 5.4174 4.8036 |
+augmentation —0.0015 0.0003 0.0004
+core corr.+active space 0.0007 —0.0007 —0.0012
+AT 0.0005 0.0008 0.0010
+DBreit —0.0010 —-0.0011 —0.0009

~QOED —().0008 —(‘).(')020 —(').0(_)31_.
I'inal result H.8216 5H5.4148 4.7998

“platinum standard”



lonization potentials of CaF, SrF, and BaF

Evaluate the weight of different sources of uncertainty

Here, basis set dominates

Relativity
4 TABLI V: Main sources ol uncertainty in the
Dirac-Coulomb- _ calculated IP of MF (M = Ca, Sr, Ba)[meV].
Breit+QED 3 ) Elect
Dirac-Coulomb- 9 o ron. :
Breit MRcl . correlation Category Error source Cal* SrI’ Bal'
cesp(m - - - - ‘ :
Dirac-Coulonib FsC Basis set Cardinality 2.21 1.10 0.50
augmentation 1.47 0.27 0.37
Douglas-Kroll p - % ’ Rt Ty
M inner-core functions 0.01 0.00 2.72
onrelativistic domain o - 7 - e &
Paul Correlation virtual space 1.23 0.15 0.44
higher excitations (.53 0.84 0.97
vitv r Y02 015 0 5
- 2  Basis Relativity QED 0.02 0.15 0.52
‘ - . ~ 3 r ‘:' & (‘ / «) . D
sidss 3916 6sic" G - s 5ot Total uncertainty, meV 2.97 1.43 3.03

Methods



lonization potential (eV)

lonization 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...

6.6 > 4F 7156+ -

6.4+ £ 5 - 15.4} ®

6.2} = “T'l1 152t d e e 2 3
6.0 S o@ { = ol | I'ABLE VI: Recommended theoretical IP of MF (M =
28T B @ "™ as} ! ‘a, Sr, Ba) [eV] with uncertainties.

e 82t —d]as}

5.4L 14

CaF SrF P Cal’ orlf Bal’

5.2+ S 4F 34 Adiabatic 5.821(3) 5.415(1) 4.800(3)
5.0} £ 5L [ 1] |¥ Electronimpact Adiabatic+ZPE 5.828(3) 5.420(1) 4.804(3)
asl oe S oLed REMPI Experiment® 5.8270(6) 5.36-5.62 4.80377(1)

' = [ Rydberg T B S
4.6 £ 2 1] |@ Theory -CaF[69], SrF[70] and BaF[39]
4.4+ 8 -4 -

BaF



lonization potential (eV)

lonization potentials of CaF, SrF, and BaF

* How accurate are we!?

.
‘‘‘‘‘‘‘

Excellent a

For SrF,

Theoretical determination of the ionization potentials of CaF, SrF,
and BaF

A. A. Kyuberis, L. F. PaSteka, E. Eliav, H. A. Perrett, A. Sunaga, S. M. Udrescu, S. G. Wilkins, R. F. Garcia Ruiz, and
A. Borschevsky

6.6} Phys. Rev. A 109, 022813 — Published 22 February 2024

6.4

6.2} = _

6.0 s TABLE VI: Recommended theoretical 1P of MF (M =
g-g i i Ca, Sr, Ba) [eV] with uncertainties.

0 F Q .

5.4L o !

CaF SrF Ir Cal’ orl? Bal’

5.2 S 4F 7 Adiabatic  5.821(3) 5.415(1) 4.800(3)
sol £ >0 [ 1] |¥ Electron impact Adiabatic+ZPE 5.828(3) 5.420(1) 4.804(3)
a8} me 5 ofe FEMES Experiment®  5.8270(6) 5.36-5.62 4.80377(1)
o % SF[]] |8 Rydber _CaF[69], StF[70] and BaF[39]

i S 2F | {1 |@ Theory v S&
4.4t 8 -4 :

BaF



Back to the ionization potential of RaF

Measurement: ionization threshold under multi-step laser excitation

Both two-step and three-step ionization schemes.

TABLE I. Experimental and calculated IP: = ==~~~ —-—=-———=—=——————-—=== Dy
Method IP (eV)
CBS-DC-CCSD 4.932°
CBS-DC-CCSD(T) 4.983 -
+augmentation 4.983 é '
+core corr.+active space 4.989 g
+AT 4.990
+Breit 4.988 §'ef .
+QED 4.981 ol :
Theoretical 4.981(7) ol o G

39900 40000 40100 40200
Total energy (cm~!)

Experimental




lonization potential of RaF

Excellent agreement between theory and experiment

TABLE I. Experimental and calculated IP :

Method IP (eV)
CBS-DC-CCSD 4.932°
CBS-DC-CCSD(T) 4.983
+augmentation 4.983
+core corr.+active space 4.989
+AT 4.990
+Breit 4.988
+QED 4.981
Theoretical 4.981(7)

Experimental 4.969(2)[10]




lonization potential of RaF

Excellent agreement between theory and experiment

Getting the right answer for the right reason

St ﬁ =) ; a I .

a a ..2 E i i ? i

5 CaF SrF BaF RaF

TABLE I. Experimental and calculated IP : _ c) ¢ ¢ o

Method IP (eV) > 4.98} — i
CBS-DC-CCSD 4.932° ; 4.96 L .
CBS-DC-CCSD(T) 4.983> e o H 8 Y IQE?AJ Igg
+augmentation 4.983 e T A <] CCSD(T) @ +AT I
+-core corr.+active space 4.989 4.92
+AT 4.990
+Breit 4.988
+QED 4.981
Theoretical 4.981(7)

Experimental 4.969(2)[10]




lonization potential of RaF

Excellent agreement between theory and experiment

Getting the right answer for the right reason

Relativity in action! g'g :a} 2 Exp- (F0® Exp. (LM Theory
% 56| e - This
— work
TABLE I. Experimental and calculated IP = ig I % i om| |
Method IP (eV) 4: al | % ol
CBS-DC-CCSD 4.932° =
CBS-DC-CCSD(T) 4.983*
+augmentation 4.983
+core corr.+active space 4.989
+AT 4.990 ,

. G direct effect
+Breit 4.988 (contraction)
+QED 4.981
Theoretical 4.981(7

Experimental 4.969(2)[10]




lonization potential of RaF

Excellent agreement between theory and experiment

Getting the right answer for the right reason

o . . 6I4 _a} ] 1 1 1 il
Relativity in action! 6.0 e Exp- (EN8 Exp. (L)W Theory |}
% 56k on . This 4

s work
TABLE I. Experimental and calculated IP = ig I ‘]1% - om| |
» = 4.4 = 1 [ | | .

T) >
i;

|
Ve SpacCe ﬁ

direct effect
(contraction)

Experimental 4.969(2)[101
Shane Wilkins, MIT Aleksandra Kuyberis




lonization potential of RaF

Exc PHYSICAL REVIEW RESEARCH 8, L012012 (2026)
| letter |
Get
1
Rela Ionization potential of radium monofluoride -xp. (L) @ Theory
S. G. Wilkins @,"2-" H. A. Perrett®*" S. M. Udrescu®,'-* A. A. Kyuberis®,** L. F. Padteka®,*5 M. Au® 26 This 4
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D. Hanstorp®,'* R. Heinke ®,” A. Koszortis,” S. Kujanpiii @, L. Lalanne,'” G. Neyens ®,'” M. Nichols,'* J. R. Reilly,? . i

C. M. Ricketts @,* S. Rothe ®,” A. Sunaga®,'®!7 B. van den Borne ®,'” A. R. Vernon,® Q. Wang,'® J. Wessolek
F. Wienholtz,” X. FE. Yang ©.'"? Y. Zhou® ?” and C. Ziilch®
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direct effect
(contraction)

Experimental 4.969(2)[10]
Shane Wilkins, MIT Aleksandra Kuyberis




lonization 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! below the predicted value (5.418(2) eV)

2 _ 2fp) X ' 2§ TABLE VI: Recommended theoretical IP of MF (M =
25 ok i=*#i i Ca, Sr, Ba) [eV] with uncertainties.

Q>) g i 1 1 ! ! I

(o) CaF SrF BaF RaF P Cal® SrI° Bal*

Adiabatic 5.821(3) 5.415(1) 4.800(3)
Adiabatic+ZPE 5.828(3) 5.420(1) 4.804(3)
Experiment” 5.8270(6) 5.418(2) 4.80377(1)
“-CaF[69], SrF[70] and BaF[39]




lonization 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! 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

lonization 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




NL-eEDM
Measurlng the electron EDM W|th BaF molecules
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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.

mg=-1 me=0 mp—1
E10kV/n:m = = * t2de eff(j}
B ' rf ~7o MHz ‘
~600 pT
F=0 +
X?2*(N=0)
cryogenic source  guide decelerator lasercooling  state preparation Interaction optical detection
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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.

Eur. Phys. J. D (2018) 72: 197
https://doi.org/10.1140/epjd/e2018-90192-9 THE EUROPEAN
PHYSICAL JOURNAL D

Regular Article

Measuring the electric dipole moment of the electron in BaF

The NL-eEDM collaboration: Parul Aggarwal®+?, Hendrick L. Bethlem?, Anastasia Borschevsky!:?,
Malika Denis'+?, Kevin Esajas''?, Pi A.B. Haase''?, Yongliang Hao''?, Steven Hoekstra'-?:",
Klaus Jungmann':?, Thomas B. Meijknecht!:2, Maarten C. Mooij?*, Rob G.E. Timmermans
Wim Ubachs®, Lorenz Willmann'+?, and Artem Zapara'?
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The experimer
Statistics and systematics of electron EDM searches with BaF

The NL-eEDM collaboration: A. Boeschoten'+2, V.R. Marshall’-?, T.B. Meijknecht!?, A.P. Touwen':2, P. Aggzu‘\\fnll‘z.
N. Balasubramanian':?, R. Bause’?, H. L. Bethlem'*, A. Borschevsky!?, T.H. Fikkers!-?, P.A.B. Haase!-2, Y. Hao!,
S. Hoekstra'2, J.W.F. van Hofslot!, S.A. Jones'?, K. Jungmann', J.E.J. Levenga'?, M.C. Mooij**, H. Mulder'?,
B.A. Nijman'?, E.H. Prinsen'-2, B.J. Schellenberg!-%2, L.LE. Thompson'?, R.G.E. Timmermans'?, L. van Sloten':?,
W. Ubachs?, J. de Vries>*, L. Willmann'-2, Y. Yin!:2
E arXiv:2601.21781

Eur. Phys. J. D (2018) 72: 197
https://doi.org/10.1140/epjd/e2018-90192-9 THE EUROPEAN

PHYSICAL JOURNAL D

The EDM sig
antiparallel o

Regular Article

Measuring the electric dipole moment of the electron in BaF

The NL-eEDM collaboration: Parul Aggarwall+?, Hendrick L. Bethlem?, Anastasia Borschevsky!:2,
Malika Denis'+?, Kevin Esajas'-2, Pi A.B. Haase"?, Yongliang Hao'*?, Steven Hoekstra®-2+*,
Klaus Jungmann':?, Thomas B. Meijknecht!-2, Maarten C. Mooij?*, Rob G.E. Timmermans':?,
Wim Ubachs?®, Lorenz Willmann'2, and Artem Zapara':?




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

===

(Wade + Wsks)S - 1 (Walll+ WoED < S -t > (Bext)

\ Have to come from calculations

HP,T

d.- electron EDM, k. - S-PS electron-nucleon interaction

20x10” 0 20
¢ S | | B
. . ) 4] — 10
Electric dipole moments: A global analysis
Timothy Chupp and Michael Ramsey-Musolf : %
Phys. Rev. C 91, 035502 — Published 6 March 2015 j 0 0 °:
Investigations of optimal combinations of molecules: _
* K. Gaul, S. Marquardt,T. Isaev, and R. Berger, Phys. Rev.A 5 e
99,032509 (2019) ik
* A .Sunaga, M.Abe, V.S.Prasannaa, T. vAoki, and M. ' e® 2 ! 200 w00
Hada, . Phys. B 53,015102 (2019) o - e _—
FIG. 1: Electron edm d, as a function of Cs from the experimental results in T1, YbF and ThO. Also shown are 68% and 95%

error ellipses representing the best-fit for the paramagnetic systems and including d4('*Hg) as discussed in the text. Also

shown are the constraints on the dimensionless Wilson coefficients 6. and Im ( Lq times the squared scale ratio (v/A)°.



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

BT = (Wade + Wike)S - fa HEPM = 2cd, Y 7 (i)7°()p° (i)
i=1

Hg = ?—ZKS Z ~+°A

Use relativistic CC (Finite Field) to calculate W, and W..
Systematically improve the calculation up to convergence

Perform an extensive computational study to estimate uncertainties

o H EDM |Lﬂ' }




Interpreting the experiment

* Final recommended values:

— Wy in BaF
4.5 i
BaF Wy [192H:) W, [Hy L °
| 4.0
DC CCSD(T) | 3.13 4+ 0.24 8.29 4 0.12 LEJ ®
- 35 ®
|
N 5 * 1 &
_F ? ? 1
. =L 25
%20 2_0 ?
15 5*0 3 QqSS DHF /V,Q % 4(‘ C/SG S~2C\CSO 2\1/9(‘ CC
< e &) 7831,.C o5

Pi Haase



Interpreting the experiment

Final recom

Systematic study and uncertainty
evaluation of P, T-odd molecular
enhancement factors in BaF

BaF W3 |

DC CCSD(T) | 3.13

Cite as: J. Chem. Phys. 155, 034309 (2021); https://doi.org/10.1063/5.0047344
Submitted: 12 February 2021 « Accepted: 17 June 2021 « Published Online: 21 July 2021

"' Pi A. B. Haase, Diewertje J. Doeglas, ' Alexander Boeschoten, et al.

COLLECTIONS

Paper published as part of the special topic on Special Collection in Honor of Women in Chemical Physics and
Physical Chemistry

The Journal of
Chemical Physics

S Ce
Fr,
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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?

BaF

w3 [29%Hz  yy, [Hz]

e cm

DC CCSD(T)

3.13 £+ 0.24 8.29 + 0.12

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

Magnetic hyperfine structure constants

Table 8. A; and A, of '*’Ba in BaF (MHz)

l37138f=

method Ay %(exp) A %(exp)
GRECP SCE-EQ™ 2264 —471 2185 —-5.00
GRECP RASSCF-EQ” 2272 —-438 2200 —4.39
DF RASCI” 2240 -572 2144 —6.82
DF MBPT”' 2314 —261 2254 -2.04
DC CCSD (this work) 2383(129) 029  2305(132) 0.17
exp 2376(12) 2301(9)
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Interpreting the experiment BaF Wi 1] W [Hy)

e Ccm

DC CCSD(T) 3.13 + 0.24 8.29 + (.12

Is the uncertainty estimate realistic?
Use a similar property, where comparison to experiment is possible, as a sanity check

Magnetic hyperfine structure constants , _ o
Theoretical uncertainty estimation

PHYSICAL CHEMISTRY virtual cut-off
gr:rl;
pubs.acs.org/JPCA BEm Bohr-Weisskopf
_CCSD_exp
Hyperfine Structure Constants on the Relativistic Coupled Cluster ay 2383 2376
Level with Associated Uncertainties M
Pi A. B. Haase,® Ephraim Eliav, Miroslav Ilias, and Anastasia Borschevsky A 2283 2290

Cite This: J. Phys. Chem. A 2020, 124, 3157-3169 I: I Read Online




Hyperfine structure constants: predictive power

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

State Theory Experiment

22,/2 Ay CCSD(T) 71.22+2.14 71.73 £ 0.09°
Ay » 64.02 £ 1.62 63.51 £ 0.03°

2“1/2 Ay FSCC 51971825 58.64 & 0.27"
Ay 2.02 + 1.51 3.58 + 0.14"

My, Ay FSCC  13.40 + 3.86

15.85 + 0.09"

Malika Denis Pi Haase

%

N

-

Ay
25

Al

1/2

4

\

Al

211

Basis quality

Core-correlating
functions

Diffuse functions
Virtual cutoff
Higher excitations



Hyperfine structure constants: predictive power

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

Benchmarking of the Fock-space coupled-cluster method and
uncertainty estimation: Magnetic hyperfine interaction in the
excited state of BaF

Malika Denis, Pi A. B. Haase, Maarten C. Mooij, Yuly Chamorro, Parul Aggarwal, Hendrick L. Bethlem, Alexander
Boeschoten, Anastasia Borschevsky, Kevin Esajas, Yongliang Hao, Steven Hoekstra, Joost W. F. van Hofslot,
Virginia R. Marshall, Thomas B. Meijknecht, Rob G. E. Timmermans, Anno Touwen, Wim Ubachs, Lorenz

Willmann, and Yanning Yin (NL-eEDM Collaboration)

Phys. Rev. A 105, 052811 — Published 31 May 2022

Malika Denis

Pi Haase Yuly Chamorro




Hyperfine structure constants: predictive power

Calculations of excited state HFS parameters in molecules are rare

We looked at the '37Ba HFS coupling constant in the excited states of BaF

Ty /2 "M

i K Ay B ety
Baseline CBS(H) 394.5 242.8 36.6 B Total correlation
: 3 £ Vibrational
Corrections
Diffuse functions -7.0 ~7.7 -1.7
Tight functions 11.6 4.3 -0.2
Vibrational effects -0.1 -0.3 -0.1
Final results 399.0 £ 229 239.1 +144 346+ 7.9
Experiment 113.2 + 0.6 254.3+ 0.5

!
|

Percentage [%]

e

s

A
f?.dc's

=

22

-]

P
2

2
Yuly Chamorro M2

o= CBSE
89 Tight functions
Diffuse functions

e=d Virtual space cut--off

w=o Higher excitations

6-1

20 4

15~
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TUVienna

Tim Langen & Felix Kogel,

0

m' LN S B LWL EE LSS T
Tight functions

Vibrational effects

11.6
-0.1

OPEN ACCESS

Magnetic hyperfine structure constants of °’BaF in the
’I1, , and “I1, , excited states

Yuly Chamorro @', Felix Kogel @2, Tim Langen 23, and Anastasia Borschevsky (&'

Show more v

Phys. Rev. A 112, 042808 - Published 9 October, 2025 Exp

M/
‘3 B3 Total uncertainty =2 CBSE
Total basis set @8W Tight functions

OPEN ACCESS

High-resolution spectroscopy of barium monofluoride:
Odd isotopologues, hyperfine structure, and isotope

Final results

399.0 £+ 22.9 239.1 +

shifts

Experiment

413.2 + 0.6

254.3 4

Yuly Chamorro

Felix Kogel @, Yuly Chamorro »?, Mangesh Bhattarai (34, Marian Rockenhduser'-, Tatsam Garg ®'°
David DeMille346, Anastasia Borschevsky @2, and Tim Langen ®1>*

Show more v

Phys. Rev. A 112, 042807 - Published 9 October, 2025



APPLICATIONS

lonization 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 and YbOH are also expected to be laser-coolable

What about sensitivity to BSM physics? H (%
Yb



Polyatomic molecules emerge as good candidates for eEDM experiments due to the long-lived
close-lying opposite parity eigenstates (I-doublets)

BaOH and YbOH 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

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 (I-doublets)

BaOH and YbOH 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:

BaF 3.13 -0.385
BaOH 3.21 -0.392
YbF 23.37 -1.055

YbOH 23.56 -1.067

TABLE VII. The A constants of the heavy nucleus calculated using the model
optimized for Wy, given in (MHz) and comparison with the available experimental
data.

System Calculated A Expt. A A (%)
B7BaOH 2194.6 2200.2" 0.3
71ybF 7579.0 7429.1 2

73 YbF —2087.6 —2060.0 1.3
71YbOH 7174.9

' YbOH 1976.3




Polyatomic molecules emerge as gOOd candid Enhanced P, T-Violating nuclear magnetic

lived close-lying opposite parity eigenstates (I-d¢ quadrupole moment effects in laser-
coolable molecules

BaOH and YbOH are also expected to be laser-

Cite as: J. Chem. Phys. 152, 084303 (2020); https://doi.org/10.1063/1.5141065
Submitted: 03 December 2019 . Accepted: 06 February 2020 . Published Online: 25 February 2020

What about sensitivity to BSM physics?

Malika Denis, "~ Yongliang Hao, Ephraim Eliav, "= Nicholas R. Hutzler, Malaya K. Nayak, Rob G. E.

Timmermans, and ' Anastasia Borschesvky

Sensitivity to eEDM and to PT-violating nucl = , , - —

Enhancement factor for the electric dipole moment of
the electron in the BaOH and YbOH molecules

Malika Denis'*, Pi A. B. Haase', Rob G. E. Timmermans', Ephraim Eliav?, Nicholas R. Hutzler3, and 'he A constants of the heavy nucleus calculated using the model

Anastasia Borschevsky!

Wy given in (MHz) and comparison with the available experimental

Show more v |
Calculated A Expt. A A (%)
Phys. Rev. A 99, 042512 - Published 19 April, 2019 2194.6 2200.2- 0.3
s s s rot 7579.0 7429.1 2
173
YbF —2087.6 —2060.0 1.3

YbOH 23.56 -1.067 '"YbOH 1976.3




Fine and hyperfine interactions in '7'"YbOH and '7°*YbOH

J. Chem. Phys. 154, 244309 (2021); https://doi.org/10.1063/5.0055293

. " 1 . .l . l " l . . 2,a)
POI)’atC Nickolas H. Pilgram’, &' Arian Jadbabaie’, “&' Yi Zeng', “&/ Nicholas R. Hutzler’, and'¥ Timothy C. Steimle

lived close-lying opposite parity eigsenstates (I-doublets

Table 11: Comparison of the measured hyperfine parameters of the X2£*(0,0,0) state of '""'YbOH to
calculated values

BaOH and

What abouf | Isotopologue | Parameter | Measured | Theory Ref. '® | Theory Ref. *' | Theory Ref. *' | Theory Ref.*

(MH2z) (MHz) ¢cGHF(MH2z) ¢GKS(MHz) (MHz)
Sensitivit "YbOH Al 6979 (35) 7174.9 MOM
4 7TYbOH A, 6745(15) QM)
calculated 2 IYbHOH A -1929(11) 1976.3 -1300
"YbBOH A -1856 (5)
Accuracy td| 7 YboH e2Qq, | -3319(48) ~3502

-

TABLE VII. The A constants of the heavy nucleus calculated using the model
optimized for Wy, given in (MHz) and comparison with the available experimental

data.

System Calculated A Expt. A A (%)
BaF 3.13 -0.385 -

B7BaOH 2194.6 2200.2" 0.3
BaOH 3.21 -0.392 7lybE 7579.0 7429.1 2

13YbF —2087.6 —2060.0 1.3

YbOH 23.56 -1.067 '"YbOH 1976.3




¢ Static and dynamic polarizability in BaOH

* Important in the context of trapping

| aqeuw | a@u)

Static 200.8(24) 297(5) 1000 =
- 9001 Sem— a| w
Dynamic (A=1064nm) 357(31) 714(29) N
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)
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Electric field frequency (em™t)

FIG. 2. Parallel and perpendicular components of the dynamic
polarizability (solid lines) with uncertainty bounds (shaded regions)
as a function of the frequency of the external electric field. The
dashed line corresponds to the 1064-nm laser.



* Static and dynamic polarizability in BaOH

* Important in the context of trapping
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FIG. 2. Parallel and perpendicular components of the dynamic
polarizability (solid lines) with uncertainty bounds (shaded regions)
as a function of the frequency of the external electric field. The
dashed line corresponds to the 1064-nm laser.
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PHYSICAL REVIEW A 113, 022809 (2026)

Stati

Ab initio calculations of the static and dynamic polarizability of BaOH
Imp
P Eifion H. Prinsen®,'? Anastasia Borschevsky @, Steven Hoekstra®,'> Achintya K. Dutta®,” Sudipta Chakraborty,’
Bart J. Schellenberg @' Luk43 F. PaSteka @,">*" and I. Agustin Aucar®!23-1
"Van Swinderen Institute for Particle Physics and Gravity, University of Groningen, The Netherlands
Nikhef, National Institute for Subatomic Physics, Amsterdam, The Netherlands
3Department of Chemistry, Indian Institute of Technology Bombay, Mumbai 400076, India
Department of Physical and Theoretical Chemistry, Comenius University, Bratislava, Slovakia
SInstituto de Modelado e Innovacion Tecnolégica, Facultad de Ciencias Exactas y Naturales y Agrimensura,
o
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Universidad Nacional del Nordeste, Corrientes, Argentina 1000
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PHYSICAL REVIEW A 111, 062815 (2025)

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

Roman Bause ©,"2-" Nithesh Balasubramanian ®,'? Ties Fikkers©,!-2 Eifion H. Prinsen®,"? Kees Steinebach ©.°

2000 4000 6000 8000 10000
Arian Jadbabaie @,* Nicholas R. Hutzler®, 1. Agustin Aucar®,">¢ Luk4s F. Pasteka®,"*7 Electric field frequency (em™1)
Anastasia Borschevsky @,'2 and Steven Hoekstra®'-2-
v iy - +1u. . +wauel and perpendicular components of the dynamic
A & e D h’: | VN polarizability (solid lines) with uncertainty bounds (shaded regions)
. . 3 as a function of the frequency of the external electric field. The
Eifion Prinsen Agustin Aucar Lukas Pasteka

dashed line corresponds to the 1064-nm laser.



PHYSICAL REVIEW A 113, 022809 (2026)

Stati
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Ab initio calculations of the static and dynamic polarizability of BaOH

Eifion H. Prinsen®,'? Anastasia Borschevsky @, Steven Hoekstra®,'> Achintya K. Dutta®,” Sudipta Chakraborty,’

Bart J. Schellenberg @' Luk4s F. PaSteka@,>*" and I. Agustin Aucar® "3
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See talk by Steven Hoekstra, Thursday morning:
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Precision measurements to test fundamental physics using trapped molecules

Speaker: Steven Hoekstra

PHYSICAL REVIEW A 111, 062815 (2025)

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

Roman Bause ©,2-" Nithesh Balasubramanian ©,'-2 Ties Fikkers®,'? Eifion H. Prinsen®,'2 Kees Steinebach®.® = 2000 1000 6000 8000 10000
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Anastasia Borschevsky ©,'-? and Steven Hoekstra®'-2:!

1

\
]

+1u. —. +wanel and perpendicular components of the dynamic
polarizability (solid lines) with uncertainty bounds (shaded regions)
as a function of the frequency of the external electric field. The
dashed line corresponds to the 1064-nm laser.



CONCLUSIONS

State of the art high accuracy computational approach
Versatile methods: many possible applications
Reliable predictions, uncertainty estimates possible

Close collaborations with experimental groups
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And now

for something
completely different...




PARITY VIOLATION IN CHIRAL
MOLECULES




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




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

enantiomers?

PV is firmly established in nuclear and atomic physics
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Experimental Test of Parity Conservation in Beta Decay

E.Ambler, R W, Hayward, . D. Hoppes, and &, P, Hudson

Phys. Rev. 105, 1413 - Published 15 February, 1957

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

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.
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Measure hv -hv,

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



Search for parity violation in vibrational spectroscopy.

Measure hv-hvg

Measurements performed at Laboratoirede Physique des Lasers
(LPL), on the C-F stretch vibration in CHFCIBr
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and C. Chardonnet, Physical Review Letters, 1999, 83, 1554.



Search for parity violation in vibrational
spectroscopy.

Measure hv-hvg

Measurements performed at Laboratoirede Physique des
Lasers (LPL), on the C-F stretch vibration in CHFCIBr
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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 Z°)

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

Relative effects of the order 10-!> can now be detected at LPL



Search for parity violation in vibrational spectroscopy.

Better candidate molecule needed!
Shopping list:

v’ Stable, commercially available

v" Can be separated into pure enantiomers Fli. (1 Clileal Stnictis or A Riacs):
v" Can be brought into the gas phase
v" Should contain heavy elements (absolute PV energy predicted to scale as Z°)

v Should have strong vibrational transitions in the range of the lasers (4-15 um)

Relative effects of the order 10-!> can now be detected at LPL

43. Darquié, B.; Saleh, N.; Tokunaga, S. K.; Srebro-Hooper, M.; Ponzi, A.; Autschbach, J.; Decleva, P; Garcia, G. A.; Crassous, J.; Nahon, L. Valence-shell
photoelectron circular dichroism ruthenium(ll)-tris-(acetylacetonato) gas-phase enantiomers. Phys. Chem. Chem. Phys. 2021, 23, 24140- 24153, DOL:

a) Propeller-like chirality



Search for parity violation in vibrational spectroscopy.

Better candidate molecule needed!
Shopping list:

v’ Stable, commercially available

v" Can be separated into pure enantiomers

Fig. 1 Chemical structure of A-Ru(acac);
v" Can be brought into the gas phase
a) Propeller-like chirality

v" Should contain heavy elements (absolute PV energy predicted to scale as Z°) T
/ Ly

. . . . o C_\\J {;«2 ot v
v" Should have strong vibrational transitions in the range of the lasers (4-15 pum) (3:) /’%J
()

Relative effects of the order 10-!3?
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Search for parity violation in vibrational spectroscopy.

Better candidate molecule needed!

Relative effects of the order 10-!3?

Relativistic calculations, DFT method

modeno. v(cm ') IRint.(KM/mol) Avpy(mHz) |Avpy/v|
17 182.0 0.009 -448.7 7.22E-14
19 200.8 1.718 -297.9 4.57E-14
20 222.9 0.065 279.2 3.80E-14
29 327.2 7.884 325.3 3.40E-14
52 952.6 9.564 -30.4 1.04E-15
53 953.7 1.793 -33.0 1.13E-15
100 1586.0 453.5 -83.0 1.70E-15
102 1612.3 44 .22 -110.9 2.25E-15

Fig. 1 Chemical structure of A-Ru(acac)s
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Fig. 3 Plot of all calculated relative parity violating frequency shifts
(Avpy /v) of several vibrational transitions in Ru(acac)s as a function of
the indicator (sum of moduli of Ru-O displacement, see text). The larger
dots highlighted in blue correspond to the modes shown in Table 1, and



Search for parity violation in vibrational spectroscopy.

Better candidate molecule needed!

Relative effects of the order 10-!3? Yes!

Relativistic calculations, DFT method

modeno. v(cm ') IRint.(KM/mol) Avpy(mHz) |Avpy/v|
17 182.0 0.009 -448.7 7.22E-14
19 200.8 1.718 -297.9 4.57E-14
20 222.9 0.065 279.2 3.80E-14
29 272 7.884 325.3 3.40E-14
52 952.6 9.564 -30.4 1.04E-15
53 953.7 1.793 -33.0 1.13E-15
100 1586.0 453.5 -83.0 1.70E-15
102 1612.3 44.22 -110.9 2.25E-15

Fig. 1 Chemical structure of A-Ru(acac);
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Fig. 3 Plot of all calculated relative parity violating frequency shifts
(Avpy /v) of several vibrational transitions in Ru(acac)s as a function of
the indicator (sum of moduli of Ru-O displacement, see text). The larger
dots highlighted in blue correspond to the modes shown in Table 1, and



Search for parity violation in vibrational spectroscopy.

Better candidate molecule needed!

Relative effects of the order 10-'>? Yes!

Relativistic calculations, DFT method
Even better: OS(acaC)3, effeCts Of I O-I3 Fig. 1 Chemical structure of A-Ru(acac);

Scaling better than Z> predicted for total PV energies

Practical challenges to be solved

mode Os corresp. mode Ru overlap vpy (0s) (Hz) vpy (0s) /vpy (Ru) v(em ') IR int.(KM/mol) |Av/v|
16 17 0.996 -9.72 21.7 191.4 0.091 1.51E-12
19 19 0.961 -9.59 32.2 210.9 2.356 1.44E-12
20 20 0.948 4.30 15.4 224.2 0.013 5.86E-13
29 29 0.838 3.09 9.5 307.6 2.392 3.39E-13
52 52 0.830 -1.47 48.4 952.2 0.464 5.00E-14
53 53 0.831 -1.32 40.1 954.0 1272 4 48E-14
100 100 0.955 -1.04 12:7 1562.5 245.6 2.16E-14
102 102 0.985 -0.31 3.6 1589.2 102.2 6.29E-15
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Table 2 The PV shift of vibrational modes in Os(acac)3 and a comparison to Ru(acac);. Modes in the two compounds were matched to each other

according to their overlap as defined in section 3.



Search for parity violation in vibrational spectroscopy.

Better candidate molecule needed!
Relative effects of the order 10-!3? Yes!

Relativistic calculations, DFT method

Even better: Os(acac); effects of 10-3- 10-1

Scaling better than Z> predicted for total PV energies

Practical challenges to be solved

Benoit Darquié,LPL  Jeanne Crassous, Rennes Pi Haase Lukas Pasteka, Bratislava



THE JOURNAL OF

PHYSICAL CHEMISTRY

S

& ——
_—
. v

i

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

I AEw

Y\l W LLGl . VO\CI.\-CI.\-,3 wilGCwilo WVI 1V
’

Scaling better than Z> predicted for total PV energie:

THE JOURNAL OF

PHYSICAL CHEMISTRY
LETTERS geo

pubs.acs.org/JPCL

Toward Detection of the Molecular Parity Violation in Chiral
Ru(acac); and Os(acac);
Marit R. Fiechter, Pi A. B. Haase, Nidal Saleh, Pascale Soulard, Benoit Tremblay, Remco W. A. Havenith,

Rob G. E. Timmermans, Peter Schwerdtfeger, Jeanne Crassous, Benoit Darquié, Lukis F. Pasteka,
and Anastasia Borschevsky™

—

L@/} Cite This: J. Phys. Chem. Lett. 2022, 13, 1001110017 E Read Online

Benoit Darquié, LPL ~ Jeanne Crassous,Rennes  Pj Haase @ & huslicatans wwacsorg



. 2 ROYAL SOCIETY
Other fun candidates: ChaCEIRm «wp OF CHEMISTRY

COMMUNICATION View Article Online

View Journal | View Issue

From simple:

CHDBrI*

| M) Check for updates Large vibrationally induced parity violation effects
in CHDBrl*

Eduardus, ©2? Yuval Shagam, {='° Arie Landau,” Shirin Faraji, ol

Received 4th August 2023, Peter Schwerdtfeger, {2° Anastasia Borschevsky ' and Luka$ F. Pasteka (2 *>¢
Accepted 13th November 2023

Cite this: Chem. Commun., 2023,
59, 14579

DOI: 10.1039/d3cc03787h

RESEARCH ARTICLE | SEPTEMBER 19 2023
Chiral molecule candidates for trapped ion spectroscopy by
ab initio calculations: From state preparation to parity
iolation @

pecial Collection: 2023 JCP Emerging Investigators Special Collection

\rie Landau © ; Eduardus © ; Doron Behar © ; Eliana Ruth Wallach © ; Lukas F. Pasteka © ; Shirin Faraji
\nastasia Borschevsky @ ; Yuval Shagam &

Eduardus Yuval Shagam, Technion Lukas Pasteka, Bratislava



al <1V > physics > arXiv:2509.26407v1

Physics > Chemical Physics

Other fun candidates:

[Submitted on 30 Sep 2025]
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