Precision molecular experiments as a tool in the search for New Physics
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EDM predictions
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Reinterpretation of BaF experiment

T, P-violating energy shift

= d.QWy ~ 8 uHz

where E.q = Wy|Q| ~ 1.565 - 1024 Hz/(e-cm)

Reinterpretation in terms of ALPs
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Stadnik, Y. V., Dzuba, V. A., Flambaum, V. V. (2018), Phys. rev. lett., 120(1), 013202.
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Integrals

Standard Coulumb interaction integrals
1 ' 2 Tt?
(ab| - |cd) — Fo(T) :/ dtt2me-
ri2 0
a, b, c, d are primitive Gaussian-type basis functions x ymzke_ﬂr
Yukawa interaction integrals
e manz ! ~TEHU(- L)
(ab| " |cd) = Gu(T,U) = / dtt>Me 2
r2 0

Implemented in LIBINT library!

Prosnyak S.D. (PNPI) Search for New Physics with molecular experiments 2025 4/16



Default approach

0 0< T <20 and 1077 < U < 103 — Gaussian quadrature

precalculated values of the Chebyshev expansion coefficients of the positions and weights
of the grid points are used

o T >290r U< 1077 — upward recursive relations

e

G,="— /2 {ekzerfc(k) + e)‘zerfc()\)} ,

4 VU

Go = e_T\/? {ekzerfc(k) — e)‘2erfc()\)} ,
4 T

where k = —vVT +VU, A\ =+VT +VU.

All the remaining G, values are obtained using the recurrence relations
Gm

= ﬁ[(2m —1)Gpo1 +2UGp_o —e 7]
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e T=0and U< 107

The first element of relations is
Go = 1 — eYVrUerfc(v/U),

All the remaining G, values are obtained using the recurrence relations

Gm(0, U) = [1 - 2UGp_1(0, U)].

2m+1

e T<01land U<10’
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Calculated Waffe)(ma) and derived limits on |gSgP| for BaF

. &V W) (ma), mec/h 282
DHF CCSD CCSD(T) (Final) Limit, fic
1 +6.3-107° +8.1-10°° +8.0-10°° +1.6-102°
10 +6.3-107° +8.1-107° +8.0-107° +1.6-1072°
102 +6.3-107° +8.1-107° +8.0-107° +1.6-102°
103 +4.8-10° +6.6-107° +6.5-1076 +1.9.10~20
10* +1.2-1076 +2.0-10°6 +2.0-107° +6.5-1072°
10° +9.3-1078 +1.4-1077 +1.4-1077 +9.2.10°1°
10° —3.3-107° —5.2-107° —5.1-107° +2.5-10717
107 —5.1-10711 -8.0-107 1 -7.8-1071 +1.6-1071°
108 —5.1-10713 —8.0-10713 —7.9-10713 +1.6-10"13
10° —5.1-10"% -8.0-10° 1 —7.9-10715 +1.6-10"11
1010 —5.1.107%7 -8.1-107Y —7.9.107Y +1.6-107°
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Calculated WaffN)(ma) and derived limits on |gygP| for BaF

m,, eV Wang)(ma)v mec/h W;;N)(ma), mec/h |En8E|

Point Correction, % Finite Limit, Ac
1 +1.74-107° 0.0 +1.74-107° +7.29-10~21
10 +1.74-107° 0.0 +1.74-107° +7.29-10"2
102 +1.73-107° 0.0 +1.73-107° +7.31-107%
108 +1.45.107° 0.0 +1.45.107° +8.71-10~2
104 +1.86-10° 0.0 +1.86-10° +6.81-10~21
10° —1.07-107° 0.0 —1.07-107° +1.18-10~2
108 —4.70-107° 0.0 —4.70-107° +2.69 1020
107 -1.36-107 -0.4 —1.36-10" +9.34.1071°
108 —1.99-10° -4.0 —1.91-107° +6.65 - 1017
10° —2.09-10" 1 -5.6 —1.97-107 1 +6.43-1071°
1010 —2.09-10713 -5.6 -1.97-10713 +6.43-.10713
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Calculated WaffN)(ma) and derived limits on |gxgP?| for HfF*

m,, &V WM (m,), mec/h WM (m,), mec/h |Eg?]

Point Correction, % Finite Limit, Ac
1 +1.67-107° 0 +1.67-107° 1.11-10~2°
10 +1.67-107° 0 +1.67-107° 1.11-10-20
102 +1.66-107°> 0 +1.66-107° 1.11-10720
103 +1.54.107° 0 +1.54.107° 1.19.10720
104 +3.30-10° 0 +3.31-10°° 5.24 .10
10° -1.15-107° 0 -1.15-107° 1.67 - 1020
106 —6.41-107° 0 —6.41-107° 2.97-10-20
107 —2.85-107 -1 —2.82-107 6.74-10719
108 —5.30-107° -9 —4.81-107° 3.95-10"17
10° —5.85-10"1 -13 —5.09-10" 11 3.73-10715
1010 —5.87-10713 -13 —5.10-10713 3.73-10713
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Radius of Yukawa-type interaction

Ry = 1/mj,(relativistic units) = h/m,c

@ Low-mass limit

—mgar 1
1Bohr+— my~4kev = Sz = W,(m,)~ constant

@ High-mass limit

1 Fermi<— m,~02GV = S " xLlir) = Wy(m)~ W, m=2.

4rr m?2 a

Prosnyak S.D. (PNPI) Search for New Physics with molecular experiments



EDM limitation
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https://en.wikipedia.org/wiki/Electron _electric _dipole moment
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Derived constraints for limiting cases

Limit BaF* HfF+ ** ThO***
|gngP|/(hc), my < 1 keV 7.3 x 1072 1.1 x 10720 9.0 x 1020
lgsgP|/(hc), m, < 1 keV 1.6 x 10~20 2.2 x 10720 2.4 x 10719

\znegl|/(hem?), my > 1 GeV  6.4x 1071 GeV™2  3.7x1071 GeV™? 6.0 x 1075 GeV ™2
lgsgP|/(hicm?), my > 1 GeV 1.6 x 1071 GeV™2 1.7 x 1071 GeV ™2 5.6 x 1071 GeV 2

* Prosnyak, S. D., Skripnikov, L. V. (2024), Phys. Rev. A 109, 042821

** Prosnyak, S. D., Maison, D. E., Skripnikov, L. V. (2023), Symmetry, 15(5), 1043.

***Combining theoretical data from [Stadnik, Y. V., Dzuba, V. A., & Flambaum, V. V. (2018), Phys.
rev. lett., 120(1), 013202; arXiv:1708.00486] and experimental data from [ACME Collaboration (2018),
Nature, 562(7727), 355-360.]
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Current limitations

BaF EDM experiment
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Thank you for attention!
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Comparison with macroscopic experiments

Astrophvsical experiments for m, < 1071 eV about 17 order of magnitude

phy P better, but can be spoiled by some mechanisms
gygl < 4.3 x 1073%c for the range of

QUAX-gpgs experiment ALP masses 7 x 1077 = 4 x 107° eV, but for
heavy axions many orders less stringent

Torsion pendulum better only for m, < 1077 eV,
Eot—Wash experiment but not for heavy axions

better only for m, < 107 eV,

Magnetometry experiment .
& y exp but not for heavy axions
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EDM predictions

CORNERING THE AXION WITH CP-VIOLATING ... PHYS. REV. D 102, 115026 (2020)
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