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•Computational methods

•NL-eEDM related applications

• PV in chiral molecules

•Molecular searches for VFC

Overview
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Computational methods
a general idea
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Computational methods

Electron correlation
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accuracy and cost

• starting point is the 
cheapest still ab inito 
method

• computation is a 
balancing act
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Computational methods
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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

−

2mc2

+E = 0
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Computational methods
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Golden standard

Electron correlation
Basis 

set

Re
la

tiv
ity• 4c Dirac-Coulomb Hamiltonian

• 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
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• 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

• same property in an experimentally known lighter homologue

• different experimentally known property in the same system

• use systematics trends due to method incompleteness
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Uncertainty estimation
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Pašteka et al., PRL 118, 023002 (2017)



Uncertainty estimation – IP/EA of Rn/Og
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Guo et al., Adv. Quant. Chem. 83, 107 (2021)



In service to NL-eEDM
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NL-eEDM collaboration
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NL-eEDM experiment
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Selected applications

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

• Polyatomic molecules
• BaCH3

• YbCH3

• BaOH

14

Anastasia Borschevsky Steven Hoekstra
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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
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Kriplovich, Nauka (1981), EN trans. G&B (1991)
 Kozlov, Zh. Eksp. Teor. Fiz. 89, 1933 (1985)
 Dimitriev et al, Phys. Lett. A 167, 280 (1992)

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

Electron electric dipole moment 
(eEDM)
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BaF: Wd/Ws parameters
• Calculated values

Haase et al., J. Chem. Phys. 155, 034309 (2021)
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BaF: Wd/Ws parameters
• Uncertainties

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



BaF: cooling scheme
• transition rates, FCFs, lifetimes
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Hao et al., J. Chem. Phys. 151, 034302 (2019)



RaF
• promising candidate for precision measurements
• many (high-impact) experimental studies
• spectra, isotope shifts
• new measurements: IP
• theory before experiment
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RaF: ionization potential
• Measurement
• ionization threshold under multi-step laser excitation
• both two-step and three-step ionization schemes.

• Theory
• relativistic CC with higher order corrections
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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)



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 as Z3
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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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Parity violation 
in chiral molecules
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Is universe right or left handed?
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Symmetry breaking in nature
• left-/right-handedness (1:10)

• dextro-/levo-cardia (1:12 000)

• left/right snail shells (1:20 000)

• right/left-twisting narwhal tusks (1:?)
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Biohomochirality
• Only one enantiomer appears in 

live organisms
• D-sugars, L-proteins, D-DNA, …
• Arthur C. Clarke – Technical Error
• Condition for life?

• Origin
• parity violation
• circularly polarized light
• chiral surfaces
• panspermia

• Amplification mechanisms
• asymmetric autocatalysis

Planet Earth Saturn Arion Hypatia Pirx
Homochiral 

life? ✓ ? ? ? ?
Racemic 

life? ╳ ? ? ? ?
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Biohomochirality
• Racemic drug   Enantiopure drug
  Cetirizine (Zyrtec)  Levocetirizine (Xyzal)
  Ibuprofen (Advil)   Dexibuprofen (Seractil) 

• Thalidomide cautionary tale
• (S) is sedative (morning sickness)
• (R) is teratogenic (birth defects)
• in vivo conversion
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PV in molecules
• chiral molecules
• inherent parity violation effects
• unseen experimentally

• attempts 
• camphor |Δν/ν| < 10−8     theory: |Δν/ν|~ 10−19

• CHFClBr |Δν/ν| < 10−13     theory: |Δν/ν|~ 10−17

• sensitive molecules and predictions needed

Letokhov, Phys. Lett. 53A, 275 (1975)
Glorieux, Oka, Opt. Commun. 23, 369 (1977); .Schwerdtfeger, et al., Chem. Phys. Lett. 383, 496 (2004)
Daussy et al., PRL 83, 1554 (1999); Ziskind et al., Euro. Phys. J. D 20, 219 (2002)
Quack, Stohner, J. Chem. Phys. 119, 11228–11240 (2003); Rauhut, Schwerdtfeger, PRA 103, 042819 (2021)

n 
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hnS
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ΔνPV = νR −νS ≠ 0
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PV in molecules
• CP violation test
• 𝐸!"∗ =	𝐸!"

Quack, in Progress in Theoretical Chemistry and Physics Vol. 26 (Eds. Nishikawa, et al.), p 47, Springer (2012)

?
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PV from EW theory
• Interaction Lagrangian between fermions and EW bosons

         γ boson (photon)

         W+ boson

         W– boson

          Z0 boson

• Weinberg mixing angle θW 

Berger in Relativistic Electronic Structure Theory. Part 2: Applications (ed. Schwerdtfeger), p 188 (2007)

γ
e– p+        e–, p+

Z0

e–,n, p+        e–,n, p+
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PV from EW theory
• Effective PV Hamiltonian

           spin-independent (SI, VnAe)   spin-dependent (SD, VeAn)

Berger in Relativistic Electronic Structure Theory. Part 2: Applications (ed. Schwerdtfeger), p 188 (2007)

Z0e–,n, p+        e–,n, p+

𝑄! = −𝑁 + 𝑍 (1 − 4	sin"𝜃#) ≈ −𝑁
𝜅$ = 𝜆$(1 − 4	sin"𝜃#)/2 ≈ 0.038	𝜆$
sin"𝜃# ≈ 0.231

≫
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Properties of HPV
• Effective Hamiltonian HPV – perturbation to HDC

• Small prefactor

• HDC + HPV commutes with J
• mixing of orbitals with same J, but different L
• notably s-p mixing
• Laporte rule violation (e.g. Cs 6s-7s E1 transition)

 
Ψs12
PV =  Ψs12

+εPVΨ p12
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PV in molecules
• Torsion of X2Y2 (here S2Cl2)
• Epot even
• EPV odd

Quack, Seyfang, Wichmann, Chem. Sci., 2022, 13, 10598 (2022)
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PV in molecules
• PV measurement schemes
• direct vibrational 
• via electronically excited state

Quack, Seyfang, Wichmann, Chem. Sci., 2022, 13, 10598 (2022)
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Molecular chirality
• General definition – lack of improper rotation axis Sn

• S1 = i , S2 = σ

• S4 example
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Some trends
• H2Po2   PV matrix elements
• PN vs FN model
• core vs valence contributions
• s1/2|p1/2 vs p3/2|d3/2 

Bast et al., Phys. Chem. Chem. Phys. 13, 864 (2011) 
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Some trends
• H2Po2 at 45°

• s/p mixing

• spherically symmetric core MOs ⇒ ѱ− and ѱ+ contribute equally ⇒ core cancellation

Bast et al., Phys. Chem. Chem. Phys. 13, 864 (2011)
Laerdahl, Schwerdtfeger, PRA 60, 4439 (1999) 
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Some trends
• H2X2

• Z5 scaling

• 1c-RSPT2

Bouchiat2, PRB 48, 111 (1974)
Harris, Stodolsky, PRB 78, 313 (1978)
Hegstrom, Rein, Sandars, JCP 73, 2329 (1980)
Laerdahl, Schwerdtfeger, PRA 60, 4439 (1999)

~	𝑍"𝛼𝑁
~	𝑍"𝛼𝑄! ~	(𝑍𝛼)"
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Experiments under construction
PI Type Target species Projected 

accuracy

Benoît Darquié, 
LPL Paris beam neutral 0.1 Hz

David Leibrandt, 
UCLA trap cation 1 Hz

Yuval Shagam, 
Technion, Israel trap cation 1 Hz
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M(acac)3 propellers
• M = Ru, Os, Ir
• methodology tests
• beyond Z5

Fiechter et al., J. Phys. Chem. Lett. 13, 10011(2022)
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Metalohelicenes
• organometallic complexes
• helical ferocene known
• Ru/Os analogues need to be synthesised
• shifts up to 3Hz

Eduardus et al., in prep (2024)
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Isotopically chiral ions
• CHDBrI+

• amplification 

Eduardus et al., Chem. Comm. 59, 14579 (2023)
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Carbon nanotoroids
• carbon allotropes - fullerenes, nanotubes, nanotori
• complex with metals

45



D3   C2   D2

C2   C2   C2

46



Searching for variation of 
fundamental constants

(with molecules and solids)
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Very large (or small) dimensionless universal constants cannot be pure 
mathematical numbers and must not occur in the basic laws of physics. These 
numbers are related by equations in which the coefficients are close to unity. 
(P.A.M.Dirac, 1937, 1938, 1974, 1979)

Dirac’s large numbers hypothesis

48



• ratio of EM and gravitational force (in H):
Fem/Fg = e2/4πε0Gmemp = 2.27 × 1039

• age of the universe in units of fundamental constants:
tuniverse ≈ 13.7 × 109 years = 5.12 × 1039 e2/4πε0mec3

•Coincidence or Fem/Fg ~ tuniverse?

Dirac’s large number hypothesis

G  = 6.67384 × 10-11 m3 kg-1 s-2 e = 1.602176634 × 10−19 C
me = 9.10938291 × 10-31 kg  mp = 1.67262178 × 10-27 kg
c   = 2.99792458 × 108 m/s  ke = 1/4πε0 = 8.98755179 × 109 N m2 C-2

49



Dirac’s large number hypothesis

Roy et al., Int. J. Mod. Phys. D 28, 1930014 (2019)
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Shortest article ever

Lenz, Phys. Rev. 82, 554 (1951)
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Fine tuning and anthropic principle
• fine-tuning of the fundamental constants is required for life to exist
• observation selection effect/bias
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Carbon production
• If ⍺s varies by 0.5% and ⍺EM by 4%, the stellar 

production of carbon or oxygen will be 
reduced by a factor 30–1000
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Oberhummer, Csótó, Schlattl, Science 289, 88 (2000)
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p+/n mass difference
• mn = 939.565378 MeV/c2,    mp = 938.272046 MeV/c2

• neutron-proton mass difference Δm = 1.2933 MeV/c2

• (Λ-QCD 2.52 MeV/c2 and QED –1.00 MeV/c2)

• 0.5 < Δm < 1.0 MeV/c2  →  BBN would produce much more 4He and far 
less H

• Δm < 0.45 MeV/c2   →  protons would undergo inverse β-decay 
(electron capture) resulting in predominantly neutrons

• Δm > 1.3 MeV/c2  →  much faster β-decay for neutrons  →  far fewer 
neutrons  →  difficult  synthesis of the heavy elements

Borsanyi et al. Science 347, 1452 (2015)
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Variation of fundamental constants

• new physics beyond the Standard Model

• unitless constants

• fine-structure constant

• proton-to-electron mass ratio

55



Why α and µ?
• α is the EM coupling constant directly

• µ related to strong coupling constant αs indirectly

• µ ~ mp ~ ΛQCD (energy scale)

• αs running constant (not the same as VFC)

•  

56



time
(red shift)

space

Searching for VFC
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Quasar spectra
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quasar

labcomputer

Quasar spectra
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α-meter



Quasar spectra

source: Swinburne Astronomy Productions
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Webb et al. PRL 107, 191101 (2011); King et al. MNRAS (2012); Berengut, Flambaum, EPL 97, 20006 (2012)
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Terrestrial:

α-variation
61



Lab vs astro

• astronomical experiments
• large scales
• low error control

• laboratory (terrestrial) experiments
• local
• high accuracy and error control
• requires

- very sensitive systems 
- extremely precise measurements
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• 162/164Dy transitions

• 2 year-long experiment

• temporal variation

    |α/α| = (–5.8 ± 6.9) × 10－17 yr－1

• serves as a constraint only

Search for VFC in atomic spectra

Leefer, Weber, Cingöz, Torgerson, Budker, PRL 111, 060801 (2013) 
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.

Search for VFC in atomic spectra

Uzan, Living Rev. Relativity, 14, 2 (2011)
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A way out?

•higher sensitivity
• highly charged or muonic atoms

• molecular spectroscopy

• up to 5 orders more sensitive

•higher precision
• laser interferometry

• up to 5 orders more precise
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Searching for variation of 
fundamental constants

(with diatomic molecules)
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• X 2Π cations of dihalogens and hydrogen halides

• cations – trappable

• 2Π states split into SO substates 2Π1/2 and 2Π3/2

• strong α-dependence
• forbidden electronic transitions (ΔΣ ≠ 0, Laporte) – narrow linewidths

• easily available

2Π cations

Pasteka, Borschevsky, Flambaum, Schwerdtfeger, PRA 92, 012103 (2015)
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ωe ~ µ–1/2

but not
sensitive to α

Ae ~ α2

but not
sensitive to µ

increasing α

increasing µ

68



123 cm-1

19 cm-1

H79Br+ I2
+

2Π cations

Pasteka, Borschevsky, Flambaum, Schwerdtfeger, PRA 92, 012103 (2015)
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H79Br+ I2
+

0.74 cm-1
selection rules:

ΔJ = ±1
e ↮ f 

2Π cations

Pasteka, Borschevsky, Flambaum, Schwerdtfeger, PRA 92, 012103 (2015)
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Enhancement factors

Pasteka, Borschevsky, Flambaum, Schwerdtfeger, PRA 92, 012103 (2015)
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Promising systems; dedicated measurements are needed

72



Precision
• Are we good enough?

73



Cl2+ O2
+

Excited electronic states
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Cl2+ O2
+

Excited electronic states
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Near cancellation between
• vibrational and SO splitting

• hyper-fine and rotational splitting

• hyper-fine and Λ-doubling

Quasidegeneracies

𝐸=>?	~	𝛼@𝑔A𝜇BC

Flambaum, Kozlov in Cold Molecules (Eds. Krems, Friedrich, Stwalley), CRC, p 597 (2009)
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Polyatomic molecules
• Inversion tunneling in NH3
• lab and astro

• Hindered rotation of methanol
• K = 40 

Flambaum, Kozlov, PRL 98, 240801 (2007); Murphy et al. Science 320, 1611 (2008)
 Jansen et al., PRL 106, 100801 (2011)
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Searching for variation of 
fundamental constants

(with solids)
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Laser interferometry
• highest instrumental precision 
•matter structure may depend on fundamental constants
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Matter structure
• tabletop optical cavity 
laser interferometers
• resonant-mass 
detectors (Al, Cu, Nb)
• cryogenic 
sapphire/silicon 
oscillators

80



Matter structure
•Cu, Ag, Au
•Al
•Nb
•WC
•C, Si, Ge, Sn, Pb
•Al2O3
• SiC
• Ti

•Cu
•Al
•Nb
•WC
• Si
•Al2O3
• SiC
• Ti
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•Diatomics – bond lengths

• Solids – lattice constants

•α-dependence

•µ-dependence

Overview
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Diatomics
(the test case)
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Diatomics: Bond lengths
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•Average errors
• CC: 0.5%
• DFT: 1.6%
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Diatomics: α-dependence
• varying α = varying c   (because a.u.)

• optimizing Re w.r.t.
        Ag2

           Re ~ α2
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Diatomics: α-dependence
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Results

Diatomics: α-dependence

Cu2    Ag2    Au2     C2      Si2     Ge2     Sn2    Pb2
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–100
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• vibrational 

• non-BO effects
• within BOA
Re is isotope mass-invariant (independent on µ)

• outside BOA 
nuclear kinetic terms contribute to weak µ-dependence

Diatomics: µ-dependence
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Diatomics: µ-dependence

Watson, J. Mol. Spec. (1973) 45, 99
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Diatomics: µ-dependence
• non-BOA effects are negligible

               vibrational       non-BOA
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Solids
(the real deal)
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Solids: Lattice parameters

Cu

Ag
Au

C

Si Ge

α-Sn

β-Sn

β-SiC (ce)

Pb

Al

Nb

Ti

Ti (ce)
Al2O3

β-SiC

α-SiC
WC

WC (ce)

2

3

4

5

6

7

2 3 4 5 6 7

Th
eo
ry

Experiment

•Average error
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Solids: α-dependence
Tihcp
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Solids: α-dependence
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Solids: µ-dependence

1 – LiH
2 – LiD
3 – LiT

• lattice parameter is mass-dependent
• vibrational effect
• isotope substitution studies

London, Z. Phys Chem. (1958) 16, 302
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Solids: µ-dependence
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Solids: µ-dependence

C SiC Si Ge

this work
experiment
PIMC

–5×10–4  –

–1×10–3  –

–2×10–3  –
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In practice

• new possibility to look for drifting constants

• interferometer with 2 different arms

• 2 optical cavities

• expected effect  ~ 10–19 – 10–18 within current precision limits

• optical cavity/atomic clock – α-dependence suppressed 

  

Pasteka et al., PRL 122, 160801; Kozlov, Budker, Ann. Phys. 531, 1800254
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Detecting dark matter
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Dark matter candidates
• scalar/axionlike oscillating DM field

• quadratic coupling to SM fields

• induces effective changes in the SM
• photons

• fermions

• bosons

Stadnik, Flambaum, PRL 115, 201301
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Laser interferometry
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• DM field

• oscillating signal

• slow drift

• topological defect d ≈ 10-7 – 10-1 m

Expected signals

Stadnik, Flambaum, PRL 115, 201301
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