Using Polyatomic Molecules 1n
eEDM Searches

Pablo Caparros Calle

Bachelor Thesis Presentation

First Examiner: prof. dr.Anastasia Borschevsky rijksuniversiteit
groningen



Introduction: Problems in the Standard Model

e Only accounts for 4% of the energy content in the universe
e (annot explain the existence of dark matter and dark energy
e Matter-antimatter imbalance <=

mmm) | New Beyond the Standard Model Theories are needed
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Matter-antimatter imbalance

In the early universe the amount of matter and antimatter
was almost equal, matter being slightly more abundant.
However in the present time matter dominates the
universe.

How do we explain this time reversal (T) violating effect?

mmm) | [ ook for source of T-violation
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Electron Electric Dipole Moment (¢eEDM)

e The eEDM violates both time reversal (T) and parity (P) @ @
symmetries
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SM predicted value: d, ~ 10~ eem

BSM predicted value: d, ~ 10720 — 10723

https://www-rug-nl.proxy-ub.rug.nl/research/vsi/newtopics/eedm?lang=en

Pospelov, M., & Ritz, A. (2005). Electric dipole moments as probes of new physics. Annals of physics, 318(1), 119-169. [2]]
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Measuring Technique

Direct measurement on electrons is not feasible and experiments are
performed on polar molecules instead:

° E@ f f amplifies the eEDM signal
e Most experiments use polar diatomic molecules
e Upper limit on eEDM se at |d,| < 4.1 X 10~V eem with HfF+

Cairncross, W. B., Gresh, D. N., Grau, M., Cossel, K. C., Roussy, T. S., Ni, Y., ... & Cornell, E. A. (2017). Precision measurement of the

electron’s electric dipole moment using trapped molecular ions. Physical review letters, 119(15), 153001. rijkg&lgggrsiteit
gro



Higher Sensitivity

All experiments give zero value, the upper limit arises due to statistical
uncertainty:
electron charge

e:
P : polarization
7 : coherence time
T ;

h 1
O'd:g

2’P ’ Ee ffrv NT measurement time
N : detection rate

e (Goal: increase the coherence interaction time without decreasing the detection
rate.

e Possible with laser cooling

e Problem: Diatomics with opposite parity states do guarantee being laser cooling
amendable

Denis, M., Haase, P. A., Timmermans, R. G., Eliav, E., Hutzler, N. R., & Borschevsky, A. (2019). Enhancement factor for the electric dipole

moment of the electron in the BaOH and YbOH molecules. Physical Review A, 99(4), 042512. rijksuniversiteit
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Polyatomic Molecules

Similar eEDM sensitivity to diatomics

Opposite parity states do not depend on electronic structure
Laser coolable

Source of parity doubling: nuclear angular momentum
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Molecule Characteristics

Posses a molecular dipole moment

Contain at least one heavy nucleus W, o Z°
Paramagnetic

Bend geometry in the ground state
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Goal of this study:

Determine the eEDM enhancement 1/ factor of PbOH and PoOH through ab
initio quantum chemistry calculations

Both molecules are linear triatomics

e Hz

h ecm
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Theory
de — AE/EG’ff ,) 2 — Z,)/O,TI,YZ,YS

LI loxa Dox2
EDM _ .. 54,2 =
Hgff = 2icde E :735?1 b Do —1axo
i

HeED M

- First order perturbation model: ]:] — ]:] (O) eff
de

ﬂ(O); Unperturbed Hamiltonian
)\ : field strength

P; : momentum of electron i

Haase, P. A., Doeglas, D. J., Boeschoten, A., Eliav, E., llia§, M., Aggarwal, P,, ... & (NL-e EDM Collaboration). (2021). Systematic study and

. . A . . rijksuniversiteit
uncertainty evaluation of P, T-odd molecular enhancement factors in BaF. The Journal of Chemical Physics, 155(3), 034309. groningen



Theory

‘e EDM
=A0 L - g, - EY + 2EL) + o)
(&
_ldEqo|  Eepy 1EQ) - E(=N)
) Wa = ) NS Q 2\

Q, : Electronic angular momentum projected along the internuclear axis

rijksuniversiteit
groningen



Theory

Energy as a function of the field strength, CCSD(T)
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Computational Methods and Considerations

The value of the enhancement factor will be calculated using relativistic ab initio quantum
chemistry DIRAC19 software.
® Dirac-Hartree—Fock (DHF)
e Couple Cluster (CC)
® Mpller—Plesset perturbation theory (MP2)
e Density Functional Theory (DFT)
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Molecular Hamiltonian

A

H. .= Te(’r) -+ TA:(R) + Vi, (T’, R) + V;@(T') -+ VNN(R)

R : nuclear coordinates
T :electronic coordinates

Oden, J. T. (2011). An introduction to mathematical modeling: a course in mechanics. John Wiley & Sons. girjcl)(gilggggrsiteit



Born-Oppenheimer Approximation

e The nuclel are much heavier than the electrons.
e Electrons move much faster than nuclei.
® Nuclear coordinates are assumed to be fixed.

V;\"Té’»(r9 R) — VN@(TQﬁ)

H e H N

N N

N\ 7 N\
~ ~ -~

Hmol — Tﬁ(’f’) + "\P(r) R) + ‘;(, (’T‘) + "\\(R) + T\(R) — He + HN

Oden, J. T. (2011). An introduction to mathematical modeling: a course in mechanics. John Wiley & Sons. girjcl)(riilggggrsiteit



Born-Oppenheimer Approximation

The final form of the Hamiltonian can be given as:

: 1 A
H = Z ’1 ) +5 Z g, 7)) +Vun 3 Van = 52 ij
I;éj A#B :

h (@) one-electron operator, contains Te and VN@

L@(z’ ]) two-electron operator, represents the electron-electron repulsion

DIRAC, a relativistic ab initio electronic structure program, Release DIRAC19 (2019) rijksuniversiteit
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MO-Theory and Basis Sets

Molecular orbitals as a linear combination of atomic orbitals:

N

P = E ca®y

A
Atomic orbitals are approximated by Slater type orbitals (STO):

(I)STO(:C: Y, Z) — f\rfva‘ybzc ,—(Cr

abe

]V : normalization constant
a., b, C : control angular momentum, ( L=a-+0b+ C)

C’ : controsls the width of the orbital

Ar:\/x2+y2+32
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Gaussian Type Orbitals (GTO)
(I)GTO(CC, n Z) _ A]\/'x,aybZce_C.r2

abc
GTOs are computationally less demanding.
STOs give more accurate results
Use linear combination of GTOs
Cardinality: number of basis functions used (Tz, Dz, Qz,...)

abe

K
a2
Contracted Gaussian Types Orbitals, (CGTO): (I)CGTO =N E cjxa'ybzce_ '
j=1

C. D. Sherrill, “Basis sets in quantum chemistry,”School of Chemistry and Biochemistry, Georgia Institute of Technology, 2017. rijksuniversiteit
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Gaussian Type Orbitals (GTO)

0.6 CGTO approximation to STO
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Dirac-Hartree-Fock (DHF)

e In HF electrons are described by a single particle function and treat
the other electrons as an average charge distribution.

e Variational method

e First wave function approximation:

Xlgwlg X2E$1; T Xngallg
1 X1\Z2) X2(T2) -+ Xn L2
X1 (wn) X2 (wn) T X‘n‘(wn)

Spin Orbitals: X(CB) — ¢(r)a(w) ;, L= {’r,w}

Sherrill, C. D. (2000). An introduction to Hartree-Fock molecular orbital theory. School of Chemistry and Biochemistry Georgia
Institute of Technology.
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Dirac-Hartree-Fock (DHF)

e Hartree-Fock energy:

EHF=<\I’!F1(O)!‘I’>=Z i|hli) + 5 Z [ii|j 5] — [ij]74])

One-electron integral: ]h| / (1) fAL )X wl)dwl

Two-electron integral: [ij|kl] :/ (1) x;( X w(x2) i (x2)day das
Tij

Sherrill, C. D. (2000). An introduction to Hartree-Fock molecular orbital theory. School of Chemistry and Biochemistry Georgia Institute of

Technology. rijksuniversiteit
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Dirac-Hartree-Fock (DHF)

e Hartree-Fock equation:

A

h(@1) + Z [Tj(w1) = Kj(w1)]| xi(®1) = eixi(x1) —> f(x1)xi(x1) = € xi(x1)

j#i

Energy eigenfunction of spin orbit y;(xq) : €;

Coulomb operator: jj(wl) = /

X (22)]

r12

Exchange operator: K;(x1)y; (1) = [ /

¢

2
dwz

X (@2)Xi(22)

r12

dm2] Xj(T1)

Sherrill, C. D. (2000). An introduction to Hartree-Fock molecular orbital theory. School of Chemistry and Biochemistry Georgia Institute of

Technology.
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Dirac-Hartree-Fock

e Why s it called Dirac?

®2><2 o
o ®2><2

hp = Bmc? +c(a-p) + Vin o =

In the relativistic regime there 1s a mass term added to the
one-electron operator:

Contains positive and negative energy solutions: 4(3, X2¢

Haase, P. A, Doeglas, D. J., Boeschoten, A,, Eliay, E., llia§, M., Aggarwal, P,, ... & (NL-e EDM Collaboration). (2021). Systematic study and
uncertainty evaluation of P, T-odd molecular enhancement factors in BaF. The Journal of Chemical Physics, 155(3), 034309.
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Electron Correlation (EC)

e The motion of the electron is influenced by the presence of the other electrons.

e HF does not account for EC.

e The difference between HF energy and the real energy is termed correlation
energy.

e Post-HF methods are used in order to account for it.
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Coupled Cluster (CC)

Post-HF method.
Perturbative method.
Includes EC .

Based on exponential operator:  \[J — eT(I)O

A

Cluster operator, 7' T = Tl + TQ + ...+ Tn

T k Mk . r L kil Mkl
Tido =S D 3 Thdg = tH DN
r.k r>s
" k>1

Hasanein, A. A,, & Evans, M. W. (1996). Computational methods in quantum chemistry (Vol. 5). World Scientific. rijksuniversiteit
groningen



Coupled Cluster (CC)

Hasanein, A. A., & Evans, M. W. (1996). Computational methods in quantum chemistry (Vol. 5). World Scientific. girjé(riﬁllgggrsiteit



Coupled Cluster (CCSD)

A A A

If we only take in to account one and two-particle excitation operators: T — Tl _|_ T2

T2 73
V= |14+T7T+ 5 + 3 + ... | Do

. (T + Ty)?
0= 1-|—T1—|—T2—|—(12' 2) —

T1+T2)(I)

— \Il:eTCI)oze(

T knk . r _ kl kil
Ty®o=» tiD} ; Tydo =Y tiD}!
r.k r>Ss

k>l

Hasanein, A. A., & Evans, M. W. (1996). Computational methods in quantum chemistry (Vol. 5). World Scientific. rijksuniversiteit
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Coupled Cluster (CCSD)

e If we add the three particle excitation operators, T = Tl + TQ - T3 , we obtain
the CCSDT method.

e (Computationally heavy
e There exist other methods that approximate CCSDT like CCSD(T) or CCSD-T
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Current Results

Geometry Optimization: first the geometry of the molecule needs to be determined

Search the literature - Run geometry in DIRAC - Test different methods

Methods: Basis Sets: Hamiltonian:
e DFT e Dyall.v2z e 4c
e CCSD e Dyall.v3z e X2c

We used a space cut off energy of -30 a.u to +30 a.u,
correlating a total of 61 electrons

1 a.u=27.211324570273 eV




Geometry of PoOH

CCSD
Basis Hamiltonian R (Po-0O) [A] R (O-H) [A] Angle [degrees]
Dyall.v2z 4c 2.156052 0.967499 105.904
Dyall.v3z 4c 2.100646 0.958618 107.840
Dyall.v2z X2c 2.156044 0.967511 105.910
- 1c - - -
R (Po-0O) [A R (O-H) [A] Angle [degrees]
Literature values
DFT 2.0644 0.9610 106.89

Van Yperen-De Deyne, A., Rijpstra, K., Waroquier, M., Van Speybroeck, V., & Cottenier, S. (2015). Binary and ternary Po-containing molecules

relevant for LBE cooled reactors at operating temperature. Journal of Nuclear Materials, 458, 288-295.
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Geometry of PbOH

CCSD
Basis

Dyall.v2z

Dyall.v3z

Dyall.v2z

Initial Calculation

DFT

Hamiltonian R (Pb-0O) [A] R (O-H) [A] Angle [degrees]
4c 2.112572 0.964580 113.764
4c - - -
X2c 2111954 0.964043 113.769
1c - - -
R (Pb-O) [A] R (O-H) [A] Angle [degrees]

1 A=10e(-10) m

2.111954748375

0.964242722369

113.79373244
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Following Calculations

e Use the obtained geometries for the enhancement factor calculations
e (alculate the enhancement factor varying the electron correlation
e (alculate the enhancement factor using DHF and varying CCSD methods

e (alculate the enhancement factor varying the Hamiltonian
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Thank you for your attention



