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From elementary particles to EDMs of atoms and molecules
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From elementary particles to EDMs of atoms and molecules

Lagrangian and atomic/molecular-level parameters

Electron-nucleon-level parameter space:

Nine parameters (electron-hadron level) Seven  parameters  Six parameters
(global bounds) (qualitative analysis)

de de de

dn(dy'; 90, 91, 92)

7_7_7_ dsrz_dsr d

dp(dlsjrvg(hglagQ) n p N

90,91, 92 90,91 9aNN

ks=4Cs=Csp+XCon ks ks

kp =(o)nyCr = ’; (O)n, Cp + ; (O, CTn kT kT

P n
kp = ()N Cp ~ 2 (), Cpp+ 2(0)n, Con  kp kp
np nn

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, T. Chupp, M. Ramsey-Musolf, Phys. Rev. C 2015, 91, 035502, S. Degenkolb et al., arXiv 2024, hep-ph, 2403.02052.
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Why molecules?

| Contra

XComplex many body system
XLower resolution than in atoms
XAb initio description can be limited

Pro

v Complex many body system

vAccessible internally broken symmetries
v Can have a simpler electronic structure than atoms
vRecent breakthroughs in molecular spectroscopy

T
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| P ———— = Tailoring a tuned quantum sensor from the periodic table!
- BE FiE)E %E}I@

Polar diatomic Linear polyatomic Non-linear polyatomic
(0]7&|a){a|Fip o)
ZEof—Ea Ey - E, < THz Ey - E, < GHz Ey - E, < MHz Eyg - E, <skHz
a

= Molecular enhancement 3-6 orders of magnitude
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Effective £, 7-odd Hamiltonian

Linear molecule with one heavy nucleus

Hp 7=

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, M. G. Kozlov, L. N. Labzowsky, J. Phys. B 1995, 28, 1933-1961, K. Gaul, R. Berger, J. Chem. Phys. 2020, 152, 044101.
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Effective £, 7-odd Hamiltonian

Linear molecule with one heavy nucleus
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Hp g = 1-5 (Wade + Wsks) + 17 - T -8 Wp((Mzgann + MEDMAN)
Q e
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—_
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We need from ab initio calculations:
@ Electronic structure factors (steeply scale with Z) Wq, Ws, W o(, W, Wy, Wi, W, W, Wiy

@ Nuclear structure factors Ry, S, Mgpn, Mz

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, M. G. Kozlov, L. N. Labzowsky, J. Phys. B 1995, 28, 1933-1961, K. Gaul, R. Berger, J. Chem. Phys. 2020, 152, 044101.
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We need from ab initio calculations:
@ Electronic structure factors (steeply scale with Z) Wy, Ws, Wy, Wr, W, WE*, Wg, WE, Wiy
@ Nuclear structure factors Ry, S, Mgpn, Mz
= Large enhancement factors < high sensitivity(?)

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, M. G. Kozlov, L. N. Labzowsky, J. Phys. B 1995, 28, 1933-1961, K. Gaul, R. Berger, J. Chem. Phys. 2020, 152, 044101.
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Single source model vs. global analysis

Global atoms/molecuies —
Global atoms/ molecules + neutron m—
Single source Hg/HfF T  mm—

—
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Experimental uncertainties F. Allmendinger et al., Phys. Rev. A 2019, 100, 022505, N. Sachdeva et al., Phys. Rev. Lett. 2019, 123, 143003, S. A. Murthy et al., Phys. Rev. Lett. 1989, 63, 965-968,
T. A. Zheng et al., Phys. Rev. Lett. 2022, 129, 083001, J. J. Hudson et al., Phys. Rev. Lett. 2002, 89, 23003, J. J. Hudson et al., Nature 2011, 473, 493, T. S. Roussy et al., Science 2023, 381, 46-50, B. Graner
et al., Phys. Rev. Lett. 2016, 116, 161601, B. C. Regan et al., Phys. Rev. Lett. 2002, 88, 71805, D. Cho et al., Phys. Rev. A 1991, 44, 2783-2799, S. Eckel et al., Phys. Rev. A 2013, 87, 052130, R. H. Parker et al.,
Phys. Rev. Lett. 2015, 114, 233002, M. Bishof et al., Phys. Rev. C 2016, 94, 025501, V. Andreev et al., Nature 2018, 562, 355-360, ab initio electronic structure calculations from K. Gaul, R. Berger, J. High
Energ. Phys. 2024, 2024, 100 and nuclear structure data from T. E. Chupp et al., Rev. Mod. Phys. 2019, 91, 015001
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Global £, 7-odd measurement model

@ At least 6 experiments i needed to determine all effective parameters on molecular level:

ho = Wip o Xp g = (de, dN, ks, kT, kp, g2NN)

1.0F
Gaussian probability distributions
05 N — Ellipsoidal coverage regions:
£ 00 \ \ — Experiment1 };,TU;)}TXPaT = P2 B
\ — Total
-1 Tr-1
-05 UP,,]—:W v, w
. -1/2
10 Volume V of coverage region: V = Phﬁ_’z—%det (U;}T)
-1.0 -0.5 0.0 0.5 1.0
ko

6
n IhO‘w,[|
For N =6 and 95% CL (P = 3.55) and six independent measurements: V = 3.55%%.
Determinant is maximal if all measurements have orthogonal sensitivities!

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, T. Chupp, M. Ramsey-Musolf, Phys. Rev. C 2015, 91, 035502, JCGM 102:2011, Evaluation of measurement data - Supplement 2 to the “Guide
to the expression of uncertainty in measurement” - Extension to any number of output quantities, Standard, Joint Committee for Guides in Metrology, Paris, FR, 2011.
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7121



Global £, 7-odd measurement model

@ At least 6 experiments i needed to determine all effective parameters on molecular level:
ho = Wxp 7 Xp 7 = (de,dN, ks, kT, kp, gxNN)
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@ At least 6 experiments i needed to determine all effective parameters on molecular level:
ho = Wxp 7 Xp 7 = (de,dN, ks, kT, kp, gxNN)
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Global £, 7-odd measurement model

Do we need ab initio calculations? Fermi-Segré model

@ Simple effective one-electron wave functions at distances r < agZ~1/3:

5 T T T T T
aZ

45 |- ; i
oz ——
K 8Zr 4+ " b
M felr) = (K+yk)127k 35
v3 9o "

. [klryZagvy 3 b i
25 —

2Zr ,SZr)) L il

a0 15 |- g

- ao 2yk-1
z 8z i 1
KZa r
3 agp 1 L L L L L
[« Ty Zaovy 10 20 30 10 50 60 70 50 90 100
z

@ Effective quantum numbers v contain all many-body information (O (v,) ~ 1)

= Estimate the expectable order of magnitude of a property!

E. Fermi, E. Segré, Z. Phys. 1933, 82, 729-749, L. L. Foldy, Phys. Rev. 1958, 111, 1093-1098, N. Fréman, P. O. Froman, Phys. Rev. A 1972, 6, 2064-2067, C. Bouchiat, M. A. Bouchiat, J. Phys. (Paris) 1975,
36, 493-509.
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Global £, 7-odd measurement model

Electronic structure enhancement factors

W; aZ-scaling  Relativistic enhancement Reference
Wg o223 ﬁ P. Sandars, Phys. Lett. 1965, 14, 194-196, V. V
7120812 Flambaum, Yad. Fiz. 1976, 24, 383-386

wi az? R(Z,A) -1 V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A
1985, 110, 121-125

ws 72 R(Z,A)% 0. P. Sushkov et al., Sov. Phys. JETP 1984, 60,
873-883

15(1+ % (1-92 )+93—4n2(1772 )2 )
Wm aZ ( 1 11/2 = fi" 12 ) K. Gaul, R. Berger, J. High Energ. Phys. 2024,
iz 2024, 100.
2 7200 (y1/2+y3/2-2)

Wy aZ RGPy Eempeemw 1 greayeoms 0. P. Sushkov et al., Sov. Phys. JETP 1984, 60,
873-883

Ws  aZ3 R(z, )22 f3(2) 0. P. Sushkov, V. V. Flambaum, Sov. Phys. JETP
1978, 48, 608-611, V. A. Dzuba et al., Phys. Rev.
A 201, 84, 052108

wm o o273 R(Z,A) 1. B. Khriplovich, S. K. Lamoreaux, CP Violation
without Strangeness, Springer, Berlin, 1997

Wr  aZ? R(Z,A)Wf”g) V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A
1985, 110, 121-125

Wy  a?Z3 R(Z,A) V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A

1985, 110, 121-125

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100.
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Do the analytic models work?

Open-shell molecules: P, 7-odd ratio and coverage region in d.-ks parameter space

T T — T T T W, W, -

102 £ T 3 . w-1w-1 s, 1~ Ws,2
_ 3 (Mg-E120)F @ (Ti-HEN @ A Wd,IWd,Q‘Wd’l Wi
§§ 101 ; 7; 1074.12 Z2.56 — 1074.97 Za,la — ’
& £ E Sc-E121)0 4 Cd-Cn)H  *
£ 100 ¢ E (—4 32 2)71 —(4 59 3)11 kg7r|u(v1)u(v2)|
- E 3 10-432 2271 — . 10—4.59 3. A~ s
< E ] 2 2
RS 4 (CeTh)N = (B-THO  x 10bd,1+b,,,2W 0.9-[1.0221 - 1.02%2 x 1027 He
= 3 ] (Yb-No)F v 1074272285 .—.

L 3

U T (LuL)o v

10 7z 100
Numerical results ~ » THO % Ab initio model: group 2, group 12
100-05£0.01 , ((~0.0090+0.0002)Z HEF+

I I
20 40 60 80 100 120

K. Gaul et al,, Phys. Rev. A 2019, 99, 032509, T. Fleig, Phys. Rev. A 2017, 96, 040502, T. Fleig, M. Jung, J. High Energy Phys. 2018, 2018, 12.
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Do the analytic models work?

Closed shell atoms/molecules: P, 7-odd ratio for nuclear spin-dependent parameter spaces

e fm® Ws
Wp 1072
10004

1070012002 100012872 1070013462

500

R?=082 R?=0.87 R?=0.94
T ~ € cm (Wam + Wan®® + Wyni®P)
100 >, Wer 107
50 1d -0.00076 Z 10—0.000192 100,000742
22000 R?*=0.00 R*=0.00
.« e 20 40 60 80 100 120N °
Antonio Rivera Vargas Wy
RPA-HF calculations of a large set of W
Closed_shell 1000 40-0-008432 10-0.00087Z 4070010172
500 R?=0.69 R?=0.83 R?=0.89

@ atoms (Be-E120), (Zn-Cn),
(B-Nh)+1 (He-og)

@ molecules (Li-E119)F/H, (Sc-Ac)F, 100
(Ti-Rf)O*, (Cu-Ag)H, 50
(Be—Ra)CC/SH+ 200 40 60 80, 100 . 120w °

Cancellation of Wt at Z = 34

Random phase approximation/coupled perturbed HF

DFT calculations, finite nucleus effects and many body effects on W are currently analysed.
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Do the analytic models work?

Closed shell atoms/molecules: P, 7-odd ratio for nuclear spin-dependent parameter spaces

10-0013152 100012622 100013262

R?=093 R?=0.91 R?=0.94

a

4

Antonio Rivera Vargas

e cm (W + WaoYC + Wy P)
21
102" Wep©

1d -0.00299 Z 10—0.00221 z 100.0001 12
; 22027 RP=019 R’= o.ooA

0.100 40 60 128 z

RPA-HF calculations of a large set of %" 0010} N7
Closed_sheu 1000 10-0-009582 40-0.009622 1070000872 0.001 .
500 R*=0.90 R?=0.86 R?=0.89 10

@ atoms (Be-E120), (Zn-Cn),
(B-Nh)*, (He-Og)

@ molecules (Li-E119)F/H, (Sc-Ac)F, 100
(Ti-Rf)O*, (Cu-Ag)H, 50
(Be-Ra)CC/SH* 20 40 0 8o 100 120 ¢

Cancellation of Wt at Z = 34

Sum over states/uncoupled HF "no correlation"

DFT calculations, finite nucleus effects and many body effects on W are currently analysed.
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Do the analytic models work?

Closed shell atoms/molecules: P, 7-odd ratio for nuclear spin-dependent parameter spaces

e fm® Ws

107° Wi pU©

1000 10-0.013152 10-\1012622
500Rq R?=0.93 R?=0.91

a

-

“

e cm W,oeVC

102 Wy ©
102'0 013262 10-0006232 10-0006122 10-0.006182
RT=094 0200 \ R =092 R?=0.91 R?=0.91

0.10

0.05

4

Antonio Rivera Vargas . cmmﬁ I T
RPA-HF calculations of a large set of W T W
Closed shell 1000 1070»009582 107000962Z 1070 009072 10—0009122 1070 009382 10—0 00946 Z
500\ R =0.90 R*=0.86 R*=0.89 AN 2 - 007 o - 09
@ atoms (Be-E120), (Zn-Cn), -0, -0, -0,
(B-Nh)*, (He-0g) 0.10
@ molecules (Li-E119)F/H, (Sc-Ac)F, 100 005
(Ti-Rf)O*, (Cu-Ag)H, 50 ]
(Be-Ra)CC/SH+ 20 40 60 80 100 120 z 0_01L » “© & & 100&0\

DFT calculations, finite nucleus effects and many body effects on W are currently analysed.

Sum over states/uncoupled HF "no correlation"
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Do the analytic models work?

Closed shell atoms/molecules: P, 7-odd ratio for nuclear spin-dependent parameter spaces

e fm® Ws e om W,E-eUC
107° Wi pU© 102 WepC
1000; '
1070013152 1070012622 1070013262 1070006232 10-0-00612Z 10-0006182
500 2 2
R?=093 R?=0.91 R?=0.94 020 R? =092 R% =091 R? =091

@ On average analytic models work
@ Misses difference in nuclear charge and magnetization density
@ Electron correlation important for whf, Wclilf or RPA treatment problematic

TN

) ng features cancellation of e-e and e-p excitations.

3

@ atoms

(B_Nh) LA =AY

@ molecules (Li-E119)F/H, (Sc-Ac)F, 100 0.05
(Ti-Rf)O*, (Cu-Ag)H, 50 ]
(Be-Ra)CC/SH+ 20 40 60 80 100 120 z 0.01 » 40 60 g 100\%

Sum over states/uncoupled HF "no correlation"

DFT calculations, finite nucleus effects and many body effects on W are currently analysed.
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Global minimization within a simplified model

Purpose and limitations of the model: Additional approximations:

/ Choosing complementary electronic structures @ Only 6 experiments with fixed uncertainties o3 o = larb.u.: V ~ |det w)H|~t

/' Maximizing sensitivity to electronic and hadronic @ Crude estimates for nuclear structure:
sector simultaneously

. . - ~ 2/3 27

v/ Combinable with sophisticated nuclear structure SEDM ~ 50 = (1.2fm) 7 (dp +dn)

models

. . . Sn~ [0.0228¢_O14Z o ali3)8

v/ Expandable to contain theoretical uncertainties 207v35 Al/3
v/ Impact of models for CP-violation on electronic £ 3€dext (1 ap o pmal/3y2) 3121

structure of various systems 50 ( ") 359NN
X Complementarity in nuclear structure MEDM ~ 2:5 T ——(dp +dn)
X Advantages of odd or even proton numbers

3 - _ 1
Mz = MIA x 10 14cm17y,,NN,

X Directly extract sensitivity on the fundamental 2mp 1

particle level
@ (*¢-1) -yt | (**27!) = 64 minimizations with respect to {Z;} (for all
combinations of different classes).

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, |. B. Khriplovich, S. K. Lamoreaux, CP Violation without Strangeness, Springer, Berlin, 1997, J. S. M. Ginges, V. V. Flambaum, Phys. Rep.
2004, 397, 63-154.
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Minimization of the coverage volume within the simple model

® Class I (2)
@ Class 11 (1)
@ Class 111 (0)
@ Class IV (3)

@ Class I (1)

@ Class IT (2)
@ Class I1I (1)
@ Class IV (2)

20 37 55 71 87

Y

zZ
V=17%x10"3arb.u. (7.)

. ! Class 1
2 3 ’
ClassT1” 4
6 ® Class 1 (2) B Class 1 (0)
logio(V) @ Class T (2) @ Class T (1)
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|) Q>0 W|th I= 0, “) Q=0 Wlth I> 1/2 @ Class IV (1) E @ Class IV (4)
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o Trivial requirements: Ny < 2, Z z
Np+ N+ N+ Ny 2 6 V =3.8x10"3arb.u. (14.) V =7.5x10"3arb.u. (28.)
Q Ny €3 = Same class — considerably different Z.
e If No =3, Ng <2VA,B € {IL, 11,1V} = > 3 of same class — system with lower Z

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100.
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Current experimental status (“rule-of-thumb nuclear structure”)

2D subspaces cut from 6D ellipsoid

Most important: ThO, HfF*, Hg, Xe, TIF
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Current experimental status (“rule-of-thumb nuclear structure”)

How to choose complementary systems?

Achievable uncertainties are assumed for new molecular experiments with 1) Q> 0 with 7 =0
g = 1x10723 ¢cm™! with typical polarization field strength, and for new 1) Q =0 with 7 > 1/2

atomic experiments with oy = 1x 10728 ¢cm™1. ) Q> 0with 7 =1/2
IV) Q> 0 with 7 > 1/2

logyo(V/Var)

’ 11 [ PO Ra | o can

| ZﬁR‘

) l SRaF

2 2 RaF

HF*+
. ThO|
TIF
-4 E YbOH ThE*

Nuclear structure input will change results!

Experiments with ions and polyatomic molecules are promising.

Uncertainties of experiments with SrOH or YO are possibly much lower.
— From a global view not necessary to use only the heaviest systems!

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100.
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Polyatomic radioactive molecular ions

PHYSICAL REVIEW A 109, 042819 (2024)

CP-violation sensitivity of closed-shell radi ining poly i ions

Konstantin Gaul @,"-" Nicholas R. Hutzler®,” Phelan Yu®,> Andrew M. Jayich,’ Miroslav Ilia§®,* and Anastasia Borschevsky’

100
j ! Reductlon with RaSH s
Reduction with RaSH" (including neutron) s

@ Single molecule in an ion trap statistic
uncertainty (RaOCH;*) o, ~ 65uHz%:

@ Taking nuclear Schiff moment from T. E. Chupp
et al,, Rev. Mod. Phys. 2019, 91, 015001

@ Non-zero asymmetry
S 3Wp 7 b-Wp T.c)
P T = W 0 Wp T WP Tc

1

de. dx ke kr ke o &

Reduction of volume 3-4 orders of magnitude. @ ns~-2x1073, 54 ~6x1073
0004 / @ Asymmetry not equal for all properties! —
0002 / e Artifact or physics?
£ oom - @ Advantages with strongly asyn]metric tops to
= = =5 disentangle sources of #, 7-violation?
-0.002 — RaSH - TIF
0004 / = ol - st @M. Fan et al,, Phys. Rev. Lett. 2021, 126, 023002, P. Yu, N. R. Hutzler, Phys.
= ol Rev. Lett. 2021, 126, 023003.
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Multiply charged polar radioactive molecules

229pgF3*
0.03]
10 1tz S from Dobaczewskils, M scaled Flampanm2? s 0.02
1mHz, if chldmg neutron, S Dohauw:kllﬁ M scaled Flambaum?22 e
7, S Spevak97, M Flambaum2?2 s
1mHz, including neutron, S Spevakdr, M Flambann2? s 0.01
@ Stable chemical bond = 000 / — Mg
(De > 4eV) ol J ~0.01 -
@ Simple electronic 002 = Total
structure: 2®s 5
ground state 003
-0.4 -0.2 0.0 0.2 04
! A Ak ke k6@ 10% dyy /(e cm)
0.015
° Schlff moment from J. Dobaczewski et al., Phys. 0010 0
Rev. Lett. 2018, 121, 232501 (AE ~ 100 keV) 100 — Xe
0.005
= Reduction of volume 1-2 orders of magnitude. = =Y
. e 0 — Hg
@ Schiff moment from V. Spevak et al., Phys. Rev. C 0.005
1997, 56, 13571369, V. V. Flambaum, H. Feldmeier, 100, - TIF
Phys. Rev. C 2020, 101, 015502 (AE ~ 0.22 keV) -0.010 = PaF
-200
= Volume reduces 3 orders of magnitude but global %" = Total
bounds do not improve! ~0.02 -0.01 000 0.01 002 -100  -50 0 50 100
107 gy 10% kp

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, C. Ziilch et al., arXiv 2022, physics.chem-ph, 220310333, C. Ziilch et al., arXiv 2025, physics.chem-ph, 2511.10791.
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Multiply charged polar radioactive molecules

229pgF3*
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K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, C. Ziilch et al., arXiv 2022, physics.chem-ph, 220310333, C. Ziilch et al., arXiv 2025, physics.chem-ph, 2511.10791.
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Multiply charged polar radioactive molecules

235y03*
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Summary & Outlook: Next generation molecular EDM experiments?

@ Polyatomic molecules

@ Radioactive molecules and molecular ions

|'| |l'|I I
@ Lighter molecules (CaOH, YO, SrOH) for global analysis? : v
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Effective P, T-odd Hamiltonian

A. Mértensson-Pendrill, P Oster, Phys. Scr. 1987, 36, 444-452

elec

Nelec Nelee 7. xa;
7 2emo Nelee 1y0y5 2 =+ <0 & P ko ><a i 2 lés;l 0> . . .
Wé“= % . <ﬁ El #[M> + % .2Re % yoreyom : A. Martensson-Pendrill, P Oster, Phys. Scr. 1987, 36, 444-452
- Nelec .
Wg = §<_€% PINLY ,pA(n))> E. A. Hinds, P. G. H. Sandars, Phys. Rev. A 1980, 21, 471-479, V. V. Flam-
i=1 baum, J. S. M. Ginges, Phys. Rev. A 2002, 65, 032113
N Nelee
Wm= 1. <4% ol %l’m ><m> E. A. Hinds, P. G. H. Sandars, Phys. Rev. A 1980, 21, 471-479
i=1 [A
ce lelec 7. (axi: A )T
L <0 3 5§1 iA ('im) > .
Wpar= Lo ! . § V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A 1985, 110, 121-125
(’Z%('F e;ll vly?)'?m(ﬁ-))
W = = 0. P. Sushkov et al., Sov. Phys. JETP 1984, 60, 873-883
Ne 3 Nelec j @
B zo ;ZQEGF ;1:617?7,5“(?.) a><ﬂ i egl:cr'f* 0>
wm= L.oRely = —F s V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A 1985, 110, 121-125
a @
> Nelec .
Wr = % . <‘/§GF Z l‘f’pA(ﬁ')) E. A. Hinds, P. G. H. Sandars, Phys. Rev. A 1980, 21, 471-479
Wp = % < f;I‘N 2 ﬂ,(VLpA(n))> V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A 1985, 110, 121-125
Bec

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100.
1/6



Periodic trends of #, 7-violation in 2%, 5-ground state molecules

Chemical influence on scaling behavior of eEDM interactions
Empirical atomic model Wq ~ "‘Qfg; ZORA-cGKS-B3LYP calculations

Y
4 —24 ¢Cm
logyg {IWdh’ X107 o = ba,Fs +aa s logio {Z}
Y s ‘
E (Mg-E120)F @ (Ti-HE )N~ *
;EE 10! ; 10—4,12 Z2.56 —_— 10—4.97 Z3‘16 —_—
b F (Sc-E121)0 4 (Cd-Cn)H  *
= 100 ¢ 10432 7271 9—4.59 »z3.11 ...
o
=0k (Ce-Th)N (B-T)O  x
S (Yb-No)F v 1074272285 ..
-2
0T E (Lu-Lr)O

100

= Chemically suppressed Z-scaling in group 2 and 3
= Chemical enhancement in group 4 and 12

K. Gaul et al., Phys. Rev. A 2019, 99, 032509.
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Periodic trends of #, 7-violation in 2%, 5-ground state molecules

Chemical influence on scaling behavior of eEDM interactions

Empirical atomic model Wq ~ v

@2Z%. 70RA-cGKS-B3LYP calculations
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[Wan| 7t (10255)

100

= Chemically suppressed Z-scaling in group 2 and 3
= Chemical enhancement in group 4 and 12

K. Gaul et al., Phys. Rev. A 2019, 99, 032509.
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*
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Periodic trends of #, 7-violation in 2%, 5-ground state molecules

Chemical influence on scaling behavior of eEDM interactions
Empirical atomic model Wq ~ "‘Qfg; ZORA-cGKS-B3LYP calculations

Y
L L2010 )
@ Chemical enhancement enormous for isoelectronic species:
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— Chemical enhancement in groupvz. and 12

K. Gaul et al., Phys. Rev. A 2019, 99, 032509.
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ZORA-cGKS-BHandH approach

@ Computation of all W; for all relevant systems
@ Comparison with literature of available W;
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Polyatomic molecules

Linear polyatomic molecules: MOH

Laser-coolable 1st excited vibrational state:
© Wa, Ws and S|m|lar to MF @ Experiment: Internal co-magnetometer states

Numerical results o HFY  x @ Calculations: Vibrational corrections to Eq¢
100-0520.01 _ 1(~0.0090%0.0002)Z MOH  x negllglble (< 1%)

= Promising candidates for experiment

ThO *

leéo

Seseaey
IIIIII' AN
RS

20 40 60 80 100 120

ot (9205 q20) — Eeri (0,0) ———
= No advantages for disentanglement Botee(@2a,421) ~ Eetee(0,0)
Bag2 + _qu% —_—
H-bending modes in YbOH
1. Kozyryev, N. R. Hutzler, Phys. Rev. Lett. 2017, 119, 133002, K. Gaul, R. Berger, Phys. Rev. A 2020, 101, 012508, A. Zakharova, A. Petrov, Phys. Rev. A 2021, 103, 032819.




Polyatomic molecules
General polyatomic molecules

R AP )Q>0with =0

S a 1) Q=0with 7 > 1/2
N >
7§ — M) Q > 0 with 7 = 1/2

V) Q> 0with 7 >1/2

Hgr =17 - (Wade + Wsks) - Jo + A7 - (T W p() - Je(Mzgrnn + MEDMAN)
+ 7. (WTkT + Wpkp + Whks + W sSgann

W de + Windy + W SRvolclN) 7

@ 1is the polarization axis.

@ Lowered molecular symmetry — More degrees of freedom — W, are rank-1 tensors in the
molecule-fixed coordinate system.

@ May bring advantages for disentangling different sources?



Stability of highly charged molecules

@ MX3* can be stable if IP of M3* is about IP of X.
= Actinides combined with F, O or N
@ UF3* known — AcF3*, ThF3*, PaF3*

@ PaF3* has a single valence electron (isoelectronic to RaF).

@ RECP-CCSD(T) calculations combined with ZORA-DFT
= Very stable bond in PaF3*

D. Schrdder, H. Schwarz, J. Phys. Chem. A 1999, 103, 7385-7394.
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