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The plan

Today:
From the Standard Model to molecular structure theory

Standard Model of particle physics, cosmology and
beyond
A crash course in relativistic molecular structure

Parity violation
Rovibrational spectroscopy
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NMR spectroscopy

Thursday:
Molecular probes of New Physics

Molecular parity violation in the
Standard Model and beyond
▶ Parity violation
▶ Lorentz invariance violation
▶ New bosons/fifth force

Electric dipole moments in atoms and
molecules

Dark matter and Lorentz invariance violation
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Molecular parity violation
g-\-puzzle and the fall of parity

Discovery of “two” new particles with same life-time and mass

\+ → c+ + c0

︸   ︷︷   ︸
%=+1

, g+ →
{

c+ + c− + c+
c+ + c0 + c0

}

︸                  ︷︷                  ︸
%=−1

→ Lee and Yang in 1956:
Parity of weak interaction was not tested!
Proposal of several experimental tests!

Nature is left handed!

V-decay: 60
27
Co→60

28
Ni + 4− + a4

T. D. Lee, C. N. Yang, Phys. Rev. 1956, 104, 254–258, C. S. Wu et al., Phys. Rev. 1957, 105, 1413–1415.
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Molecular parity violation
The standard electroweak theory

Glashow-Weinberg-Salam model:
Idea spontaneous symmetry breaking/superposition of interactions

⇒ Definition of left- and right-handed particle spinors:

kL ≡
1 − $5

2
k, kR ≡

1 + $5

2
k, k = kL + kR

~p

~s

Left-helical

~p

~s

Right-helical

https://commons.wikimedia.org/wiki/File:Standard_Model_Of_Particle_Physics, _Most_Complete_Diagram.jpg

Weak mixing angle (Weinberg angle) \W = 28.75◦

Connection to electromagnetic coupling constant:
�, =

�4
sin \W

, �/ =
�4

sin \W cos \W

Weak fine structure constant Uw =
1

29.5 ∼ 5U

", = 80.40(3)GeV/22, "/ = 91.188(2)GeV/22

⇒ Yukawa-like ∼ [`a
exp(−ℏ/("2)A )

A for
� ≪ 80 GeV→ y[`a

("2)2 X
3 (A)

→ Weak interaction weak due to large boson masses
S. L. Glashow, Nucl. Phys. 1961, 22, 579–588, S. Weinberg, Phys. Rev. Lett. 1967, 19, 1264–1266, A. Salam in Proceedings of the Eighth Nobel Symposium, Vol. 680519, (Ed.: N. Svartholm), Amkvist

and Wiksell, Stockholm, 1968, pp. 367–377.
7
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Molecular parity violation
The standard electroweak theory

Glashow-Weinberg-Salam model:
Idea spontaneous symmetry breaking/superposition of interactions

⇒ Definition of left- and right-handed particle spinors:

kL ≡
1 − $5

2
k, kR ≡

1 + $5

2
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Right-helical
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Weak mixing angle (Weinberg angle) \W = 28.75◦

Connection to electromagnetic coupling constant:
�, =

�4
sin \W

, �/ =
�4

sin \W cos \W

Weak fine structure constant Uw =
1

29.5 ∼ 5U

", = 80.40(3)GeV/22, "/ = 91.188(2)GeV/22

⇒ Yukawa-like ∼ [`a
exp(−ℏ/("2)A )

A for
� ≪ 80 GeV→ y[`a

("2)2 X
3 (A)

→ Weak interaction weak due to large boson masses

Weinberg angle cannot be calculated in the Standard Model!

S. L. Glashow, Nucl. Phys. 1961, 22, 579–588, S. Weinberg, Phys. Rev. Lett. 1967, 19, 1264–1266, A. Salam in Proceedings of the Eighth Nobel Symposium, Vol. 680519, (Ed.: N. Svartholm), Amkvist
and Wiksell, Stockholm, 1968, pp. 367–377.
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Molecular parity violation
Weak electron-nucleus interaction I

In a molecule or atom we have 4, ? = |DD3⟩ and = = |D33⟩
Weak electron-electron scattering negligible V. G. Gorshkov et al.,
Zhurnal Eksperimentalnoi I Teoreticheskoi Fiziki 1977, 72, 1268–1274

Vertex factors −y�/2 $`
(
2
5

V
− 2 5

A
$5

)

Ignoring virtual quarks/anti-quarks
→ summation over quark vertices to obtain ? and = vertex factors
� ≪ "/ 2

2 → �`a (?) ∼ [`a

("/2)2 → Fermi’s constant

�F =

√
2

8

(
�/
"/22

)2
ℏ323

e e

n
u d

d

n
u d

d

/0

e e

p
u u

d

p
u u

d

/0

The interaction Lagrangian:

L4 (=/?) = −
√

2�F

[
k̄4$`

(
24V − 2

A
4 $

5
)
k4

] [
k̄=/?$

`
(
2
=/?
V
− 2=/?

A
$5

)
k=/?

]

L4= = − �F

2
√

2

[
k̄4$`

(
1 − 4 sin2 \W + $5

)
k4

] [
k̄=$

`
(
−1 − $5

)
k=

]

L4? = − �F

2
√

2

[
k̄4$`

(
1 − 4 sin2 \W + $5

)
k4

] [
k̄?$

`
(
1 − 4 sin2 \W + $5

)
k?

]

R. Berger in Relativistic Electronic Structure Theory, Part: 2, Applications, (Ed.: P. Schwerdtfeger), Elsevier, Netherlands, 2004, Chapter 4, pp. 188–288. 8



Molecular parity violation
Weak electron-nucleus interaction II

Nucleons (quarks) are non-relativistic: k̄p,n$
0kp,n = dp,n (®A) and k̄p,n ®$$5kp,n = ®�p,n (®A) survive!

Assuming #dn + /
(
1 − 4 sin2 \W

)
dp ≈ &Wdnuc (®A) and

〈
ΨN

����
∑
n

®�p −
∑
p

®�p

����ΨN

〉
≈ _PVdnuc ®�

LeN,PV ≈ −
�F

2
√

2

[
k̄4$

0$5k4
]
&Wdnuc ( ®A ) − ^A

�F

2
√

2

[
k̄4 ®$k4

]
· ®�dnuc ( ®A ) , ^A = −_PV

(
1 − 4 sin2 \W

)
+ :a + :hf

&W =
(
1 − 4 sin2 \W

)
/� − #� is the weak charge.

Note: sin2 \W ≈ 1
4
→ &W ≈ −#�

ee

NN

Z0

cA
N

⃗


5

cV
e

⃗

ee

n∕pN




Z0

ka
⃗

5

−ge�B
⃗

cA
n,p
⃗


5cV
N

⃗

ee

NN

Z0 


cV
N


0

cA
e


5

−ge�B
⃗

gN�N
⃗

Nuclear anapole moment ka
®O ∝ G2/3 Tough for nuclear theory! (error bars

O(100 %) )
Missing motivation for higher level of
accuracy?

M. S. Safronova et al., Rev. Mod. Phys. 2018, 90, 025008.
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Molecular parity violation
E�ective molecular parity violation operator

�̂PV =
�F

2
√

2

nuclei∑

�

elec∑

8

[
&W,�d�(®A8)$5

8 + ^A,�d�(®A8) ®"8 · ®��
]

In the non-relativistic limit: $5 → ®2 · ®̂?
<e2

⇒ Measure of the helicity

�F = 2.22249 × 10−14�h/03
0

d�(®A) is the normalized nuclear
charge distribution
▶ point-like nucleus:
d� ( ®A ) = X ( ®A − ®A�)

▶ Gaussian shaped nucleus:
d� ( ®A ) =
( Z�c )3/2 exp(−Z� | ®A − ®A� |2 )

Example $5 H2Te2:
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Measure of helicity ($5) of the electron cloud at the
nucleus (d)
⇒ Requires mixing of s1/2 and p1/2 states!

R. A. Hegstrom et al., J. Chem. Phys. 1980, 73, 2329–2341, R. Bast et al., Phys. Chem. Chem. Phys. 2011, 13, 864–876. 10



Molecular parity violation
Isn’t it hopeless?—A short history of atomic PV

1959 Zel’dovich proposes the PV odd nuclear anapole
moment
1959 Zel’dovich notices that electroweak PV makes
atoms slighly chiral⇒ optical rotation in atoms
1970 Poppe tries first measurement of optical rotation
of Pb vapor in Amsterdam
1975 M.-A. & C. Bouchiat extend Fermi-Segré to show /3

enhancement in heavy atoms
1975 Lethokov: PV should lead to an energy di�erence
between enantiomers of chiral molecules

1978-1986 First measurements of atomic PV
▶ In Novosibirsk, Seattle, Oxford and Moscow with Bi
▶ In Paris and Boulder with Cs
▶ In Berkeley, Seattle and Oxford with Tl
▶ In Seattle with Pb

1995 PV measured to 1-2% in Cs, Tl, Bi, Pb
1997 Measurement of the nuclear anapole moment of Cs

Scaling with / and U for electroweak PV:
Nuclear-spin independent PV (NSIPV)

ΔNSIPV ∼
〈
B1/2

�� �̂NSIPV

�� ?1/2
〉 〈
?1/2

�� �̂so

�� B1/2
〉

�8 − �0

∼ �FU
3

2
√

2
`5' (/, �)

Nuclear-spin dependent PV (NSDPV)

ΔNSDPV ∼
〈
B1/2

�� �̂NSDPV

�� ?1/2
〉
∼ �FU√

2
`2' (/, �) 2W + 1

3

1× 10−2

1× 10−1

1× 100

1× 101

1× 102

1× 103

1× 104

1× 105

1× 106

1× 107

10 100

Z

αZ
2

αZ
2 2γ+1

3
R(Z)

α
3
Z

5

α
3
Z

5
R(Z)

R. Berger, J. Stohner, Wiley Interdiscip. Rev.-Comput. Mol. Sci. 2019, 9, e1396.
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Molecular parity violation
Parity violation molecules

Biomolecular homochirality

✗

✗

Close spacing of levels of opposite parity ΔPV ∼
〈
0

�� �̂PV

��1
〉〈
1

��� −4 ®E· ®A
��� 0

〉

�0−�1
Atoms Polar diatomic molecules Chiral molecule

�0 − �1 ∼ GHz ∼MHz ≪ Hz

Electronic Rotational Tunneling splitting

F U L L P A P E R

Instanton calculations of tunneling splittings in chiral molecules

Nityananda Sahu1 | Jeremy O. Richardson2 | Robert Berger1

1Fachbereich Chemie, Theoretische Chemie,

Philipps Universität Marburg, Marburg,

Germany

Abstract

We report the ground state tunneling splittings (ΔE±) of a number of axially chiral

Isotopes H2O2 HSOH H2S2 H2Se2 H2Te2 H2Po2

H 1.4 × 10−6 1.7 × 10−4 1.5 × 10−7 1.1 × 10−7 9.6 × 10−9 9.4 × 10−9

D 9.1 × 10−10 4.0 × 10−7 1.5 × 10−11 7.5 × 10−12 2.2 × 10−13 2.2 × 10−13

T 6.8 × 10−12 6.6 × 10−9 2.0 × 10−14 6.1 × 10−15 8.1 × 10−17 9.6 × 10−17

splittings (cm−1hc) for the

molecules at CCSD(T) level

and CCSD(T) levels of

ΔE±,est. CCSD(T)

16.3

TABLE 7 Trans-tunneling splittings ΔE± (cm
−1hc) calculated for

S2Cl2 as a function of the number of beads N and the imaginary-time-

duration βℏ (in E−1h ℏ)

N# βℏ! 20,000.0 30,000.0 40,000.0

32 1.3 × 10−96 2.1 × 10−96 1.9 × 10−95

64 8.8 × 10−97 8.7 × 10−97 4.0 × 10−96

⇒ Δ� 287 Hz in H2Te2
and Δ� 10−87 Hz in S2Cl2!

R. Berger in Relativistic Electronic Structure Theory, Part: 2, Applications, (Ed.: P. Schwerdtfeger), Elsevier, Netherlands, 2004, Chapter 4, pp. 188–288, R. Berger, J. Stohner, Wiley Interdiscip.
Rev.-Comput. Mol. Sci. 2019, 9, e1396.

D. G. Blackmond, Cold Spring Harb Perspect Biol 2010, 2, a002147[PII], a002147, Q. Sallembien et al., Chem. Soc. Rev. 2022, 51, 3436–3476. 12
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R. Berger in Relativistic Electronic Structure Theory, Part: 2, Applications, (Ed.: P. Schwerdtfeger), Elsevier, Netherlands, 2004, Chapter 4, pp. 188–288, R. Berger, J. Stohner, Wiley Interdiscip.
Rev.-Comput. Mol. Sci. 2019, 9, e1396.

D. G. Blackmond, Cold Spring Harb Perspect Biol 2010, 2, a002147[PII], a002147, Q. Sallembien et al., Chem. Soc. Rev. 2022, 51, 3436–3476. 12

Measurement of molecular parity violation is pending
5-decade-challenge to see enantiomeric energy di�erence!



Molecular parity violation
Parity violation in diatomic molecules

 

Demonstration of a Sensitive Method to Measure
Nuclear-Spin-Dependent Parity Violation

Emine Altuntaş,
*
Jeffrey Ammon,

†
Sidney B. Cahn,

‡
and David DeMille

§

Department of Physics, Yale University, P.O. Box 208120, New Haven, Connecticut 06520, USA

(Received 22 December 2017; revised manuscript received 16 February 2018; published 2 April 2018)

Nuclear-spin-dependent parity violation (NSD-PV) effects in atoms and molecules arise from Z0 boson

exchange between electrons and the nucleus, and from the magnetic interaction between electrons and

the parity-violating nuclear anapole moment. We demonstrate measurements of NSD-PV that use an

enhancement of the effect in diatomic molecules, here using the test system 138Ba19F. Our sensitivity

surpasses that of any previous atomic parity violation measurement. We show that systematic errors can be

suppressed to at least the level of the present statistical sensitivity. We measure the matrix elementW of the

NSD-PV interaction with total uncertainty δW=ð2πÞ < 0.7 Hz, for each of two configurations where W

must have different signs. This sensitivity would be sufficient to measure NSD-PV effects of the size

anticipated across a wide range of nuclei including 137Ba in 137BaF, where jWj=ð2πÞ ≈ 5 Hz is expected.

PHYSICAL REVIEW LETTERS 120, 142501 (2018)
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Molecular parity violation
PV energy di�erence between enantiomers

(a)

(b)

P̂

P̂

Enantiomers connected by P
Weak interaction makes atoms chiral

⇒ Enantiomers become diastereomers
⇒ Parity violating energy di�erence
R. Berger, J. Stohner, Wiley Interdiscip. Rev.-Comput. Mol. Sci. 2019, 9, e1396, P. Schwerdtfeger in Computational Spectroscopy: Methods, Experiments and Applications, (Ed.: J. Grunenberg),

Wiley, Netherlands, 2010, Chapter 7, pp. 201–221. 14



Molecular parity violation
Parity violation in chiral molecules an overview

Nuclear spin-independet PV
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Electronic, vibrational and rotational spectroscopy
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NMR, ESR

R. Berger, J. Stohner, Wiley Interdiscip. Rev.-Comput. Mol. Sci. 2019, 9, e1396.
V. S. Letokhov, Phys. Lett. A 1975, 53, 275–276, A. Messiah, Quantenmechanik, Vol. 1, Walter de Gruyter, Berlin, 1976.
I. B. Khriplovich, Z. Phys. A 1985, 322, 507–509, A. L. Barra et al., Phys. Lett. A 1986, 115, 443–447, A. L. Barra et al., Europhys. Lett. 1988, 5, 217–222. 15



Molecular parity violation
Best limit on PV in chiral molecules from vibrational spectroscopy

Best limit on electroweak parity violation in chiral molecules from CHBrClF-Experiment

VOLUME 83, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 23 AUGUST 1999

Limit on the Parity Nonconserving Energy Difference between the Enantiomers
of a Chiral Molecule by Laser Spectroscopy

Ch. Daussy, T. Marrel, A. Amy-Klein, C. T. Nguyen, Ch. J. Bordé,* and Ch. Chardonnet†

Laboratoire de Physique des Lasers, UMR 7538 CNRS, Université Paris 13, Avenue J.-B. Clément, 93430 Villetaneuse, France
(Received 14 April 1999)

We have developed a saturation spectroscopy experiment to test the prediction that enantiomers of
chiral molecules have different spectra because of the parity violation associated with neutral currents
in the weak interaction between electrons and nuclei. First experimental tests have been conducted on
hyperfine components of vibration-rotation transitions of CHFClBr in the 9.3 mm spectral range. The
frequencies of saturation resonances of separated enantiomers have been compared and found to be
identical within 13 Hz (Dn�n , 4.10

213).

407,34 ← 408,33 transition (�′ ′0, ′2
← �′′

 ′′0 , ′′2
) of

C–F stretching fundamental studied
⇒Resolution �.

.
< 4 × 10−13

3 years later factor-4-improvement

16



Molecular parity violation
Ab initio calculation of PV rotational and vibrational frequency shifts

Leading order PV shifts of rotational constants:

Δ�GG = 2<� (~�XPV~� + I�XPVI�),
Δ-R

-R
≈ − Δ�GG

�GG
, XPV

®' = −S−1/2G(GTNMWG)−1GTS−1/2 ®∇�PV

Leading order PV shifts in vibrational spectra

⟨Ψ=A |�PV ( ®@) |Ψ=A ⟩ ≈ �PV ( ®'0 )+
1

2

∑

A

(
=A +

1

2

) (
m2�PV

m@2
A

−
∑

B

1

ℏlB

m3+BO

m@2
A m@B

m�PV

m@B

)

A. D. Buckingham, W. Urland, Chem. Rev. 1975, 75, 113–117.
M. Quack, J. Stohner, Z. Phys. Chem. 2000, 214, 675–703, M. Quack, M. Willeke, Helv. Chim. Acta 2003, 86, 1641–1652.
K. Gaul et al., Phys. Rev. A 2020, 102, 032816, K. J. Gaul, Dr. rer. nat. thesis, Philipps-Universität Marburg, 2020, S. A. Brück et al., J. Chem. Phys. 2023, 158, 194109.
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Molecular parity violation
Ab initio calculation of PV rotational and vibrational frequency shifts

Leading order PV shifts of rotational constants:
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Leading order PV shifts in vibrational spectra
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Reliable predictions of vibrational shifts can be tough!
Rotations are easier.



Molecular parity violation
PV rotational shifts in experimentally well-characterised chiral CpRe(CO)(NO)(CH3)

Parity Violation
DOI: 10.1002/anie.201406071

High-Resolution Spectroscopy of the Chiral Metal Complex
[CpRe(CH3)(CO)(NO)]: A Potential Candidate for Probing Parity
Violation**

Chris Medcraft, Robert Wolf, and Melanie Schnell*

□✓ Vapor pressure and gas phase stability
□✓ Suitability for precision spectroscopy
□✓ Controlling enantiomeric excess with microwave
three-wave mixing

□✓ Nuclear electric quadrupole tensor to benchmark DFT
□✓ Large PV shifts of rotational constants
□✗ Predictions of vibrational shift very complicated due
to huge multi-mode e�ects

N. Sahu et al., arXiv 2023, physics.chem-ph, 2303.08263.
E. Hirota, Proc. Jpn. Acad. Ser. B 2012, 88, 120–128, D. Patterson et al., Nature 2013, 497, 475–477. 18



Molecular parity violation
NMR PV shifts

Nuclear spin-dependent PV splits chemical shift of enantiomers ΔPVf:; = Δ(',() m3�
mB:m�;m^A ≲ mHz

Line width in solution NMR spectroscopy is typically > 0.5 Hz

⇒ Detecting PV in solution NMR was considered to be hopeless!

https://www.masterorganicchemistry.com/2018/09/10/types- of- isomers/
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Molecular parity violation
Towards the detection of PV in NMR
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The search for the ideal molecule continues...



New physics in molecular parity violation?
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Lorentz invariance violation

22



Lorentz invariance violation
The luminoferous aether and Michelson–Moreley

Special relativity was discovered when one tried to measure the luminoferous aether!

~v

source

detector detector

l2

l1
semi-

permeable

mirror

mirror

mirror

t1 =
2l1

cγ2

t2 =
2l2

cγ

https://commons.wikimedia.org/wiki/File:AetherWind.svg
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Lorentz invariance violation
Lorentz invariance violating Standard Model Extension (SME)

Local Lorentz invariance violation (LLIV) would imply �%) violation
String theory and various quantum gravity theories hint to LLIV
Kostelecký & co: e�ective field theory that extends the SM with LLIV
Electron sector SME:

LSME
e = ℏ2k̄e

[
2̃`a$

` + 3̃`a$5$
` + 4̃a + 5̃a$5 +

1

2
�̃_`af

_`

]
y

2

←→
m ake − <e2

2 k̄e

[
0̃`$

` + 1̃`$5$
` + 1

2
ℎ̃`af

`a

]
ke .

Coefficient C P T CP CT PT CPT

cTT , cJK , (kF )TJTK , (kF )JKLM + + + + + + +

bJ , gJTL, gJKT , (kAF )J + + − + − − −

bT , gJTT , gJKL, (kAF )T + − + − + − −

cTJ , cJT , (kF )TJKL + − − − − + +

aT , eT , fJ − + + − − + −

HJK , dTJ , dJT − + − − + − +

HTJ , dTT , dJK − − + + − − +

aJ , eJ , fT − − − + + + −
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Lorentz invariance violation
Lorentz-invariance violation in iodine molecular clock

BOOST: A satellite mission to test Lorentz invariance using
high-performance optical frequency references
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TABLE II. Expected constraints on LIV by the proposed

mission BOOST after one year of observation.

Constraints
a
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Lorentz invariance violation
Lorentz-invariance violation in iodine molecular clock

BOOST: A satellite mission to test Lorentz invariance using
high-performance optical frequency references

Norman Gürlebeck,
1,2,*

Lisa Wörner,
1,2

Thilo Schuldt,
2
Klaus Döringshoff,

3
Konstantin Gaul,

4
Domenico Gerardi,

5

Arne Grenzebach,
1,2

Nandan Jha,
6
Evgeny Kovalchuk,

3
Andreas Resch,

2
Thijs Wendrich,

6
Robert Berger,

4

Sven Herrmann,
1
Ulrich Johann,

5
Markus Krutzik,

3
Achim Peters,

3
Ernst M. Rasel,

6
and Claus Braxmaier

1,2

1

PHYSICAL REVIEW D 97, 124051 (2018)

ΔLLIV
::

= −2̃::
(〈
�0+D, {′

�� 2
∑
8 "
:
8
?̂:
8

�� �0+D, {′
〉
−

〈
-0+�, {

�� 2
∑
8 "
:
8
?̂:
8

��-0+�, {
〉)

0

5000

10000

15000

20000

25000

30000

35000

2.5 3 3.5

−9756.5

−9756

−9755.5

−9755

−9754.5

−9754

−9753.5

r
X
,R

K
R

〈X
, v

=
0
| r

|X
, v

=
0〉

r
X

r
B
,R

K
R

r
B

〈B
, v

=
0
| r

|B
, v

=
0〉

〈B
, v

=
32

| r
|B

, v
=

32
〉

V
e
le
c
(r
)/

(

cm
−
1
·h
c)

an
d
ψ
v
(r
)

〈c
α

z
p̂
z
〉
/E

h

r/Å

X10+
g

DHF-COSCI

X10+
g

RKR
〈

X10+
g

∣

∣ cαz p̂z
∣

∣X10+
g

〉

〈

X10+
g

∣

∣ cαz p̂z
∣

∣X10+
g

〉

v=0

B30−
u

DHF-COSCI

B30−
u

DHF-COSCI/RKR
〈

B30−
u

∣

∣ cαz p̂z
∣

∣B30−
u

〉

〈

B30−
u

∣

∣ cαz p̂z
∣

∣B30−
u

〉

v=0
〈

B30−
u

∣

∣ cαz p̂z
∣

∣B30−
u

〉

v=32

⇒ ΔLLIV
::

2̃11
≈ 27 eV;

ΔLLIV
::

2̃33
≈ −54 eV

~v

~v~v

~v

~v

↔

↔ ↔

↔

3

2

1
12

11

10

9

8

7
6

5

4

?
=

3

2

1
12

11

10

9

8

7
6

5

4

γ

I I

TABLE II. Expected constraints on LIV by the proposed

mission BOOST after one year of observation.

Constraints
a

jcSCF
10

þ cSCF
01

j ≤ 3 × 10−13

jcSCF
30

þ cSCF
03

j ≤ 3 × 10
−13

jcSCF
12

þ cSCF
21

j ≤ 4 × 10
−17

jcSCF
13

þ cSCF
31

j ≤ 2 × 10−17

jcSCF
23

þ cSCF
32

j ≤ 3 × 10
−17

jcSCF
11

þcSCF
22

−2cSCF
33

j≤4×10
−17

jαKTj ≤ 7.5 × 10
−10b

25

⇒ In the meantime surpassed by atomic clock experiments with Yb+!
Potential of molecules yet to be explored. . .
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New bosons and fifth force
New bosons?

A new boson would mediate a fifth force.

Symmetry|Interactions ss sp pp VV AV AA TT TP

% + − + + − + + −
) + − + + + + + −

Atomic/molecular probes of ss/pp/VV/AA/TT: Precision experiments/theory with simple systems
Atomic probes of ss with isotope shift spectroscopy (inferior to �-factor measurements)
EDM experiments for probing sp
Parity violation experiments for AV

L. Cong et al., Rev. Mod. Phys. 2025, 97, 025005.
V. A. Dzuba et al., Phys. Rev. Lett. 2017, 119, 223201.
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Molecular parity violation beyond the SM
How do chiral molecules sense dark matter?
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Molecular parity violation beyond the SM
The molecular expectation value of W5

Scaling behavior with respect to / and U:
X�$5 ≈ 21U
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Dominated by electrons close to the nucleus
⇒ We need heavy-elemental molecules



Molecular parity violation beyond the SM
Direct detection of oscillating axial vector fields
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Possible improvements:
1 at least 2 orders by experiment
2 2 orders by molecule ∼ U5/4 (e.g.
CHAtFI)

3 1 order by choice of vibrational mode

K. Gaul et al., Phys. Rev. Lett. 2020, 125, 123004.
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Molecular parity violation beyond the SM
Parity violating mixing of Ω states in BaF

B∆P− ∼ |dEω|2−|dEωikAWa|
ω2−B2∆2

|+⟩

|−⟩

B∆ B∆ P− ∼ |dEω|2+|dEωikAWa|
ω2−B2∆2

 

Demonstration of a Sensitive Method to Measure
Nuclear-Spin-Dependent Parity Violation

Emine Altuntaş,
*
Jeffrey Ammon,

†
Sidney B. Cahn,

‡
and David DeMille

§

Department of Physics, Yale University, P.O. Box 208120, New Haven, Connecticut 06520, USA

(Received 22 December 2017; revised manuscript received 16 February 2018; published 2 April 2018)

Nuclear-spin-dependent parity violation (NSD-PV) effects in atoms and molecules arise from Z0 boson

exchange between electrons and the nucleus, and from the magnetic interaction between electrons and

the parity-violating nuclear anapole moment. We demonstrate measurements of NSD-PV that use an

enhancement of the effect in diatomic molecules, here using the test system 138Ba19F. Our sensitivity

surpasses that of any previous atomic parity violation measurement. We show that systematic errors can be

suppressed to at least the level of the present statistical sensitivity. We measure the matrix elementW of the

NSD-PV interaction with total uncertainty δW=ð2πÞ < 0.7 Hz, for each of two configurations where W

must have different signs. This sensitivity would be sufficient to measure NSD-PV effects of the size

anticipated across a wide range of nuclei including 137Ba in 137BaF, where jWj=ð2πÞ ≈ 5 Hz is expected.

PHYSICAL REVIEW LETTERS 120, 142501 (2018)
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Computation of, with density functional theory→
constraints from Ba19F experiment
Projected sensitivity of experiments with 137BaF, RaF and SiO+
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Molecular parity violation beyond the SM
Constraints on exotic axial vector-vector nucleus-electron (AV-Ne) interaction
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Constraints on exotic axial vector-vector nucleus-electron (AV-Ne) interaction
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Ba19F more sensitive than Cs for small
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Uncertainty of nuclear theory needs
to be improved or requires
measurement of di�erent isotopes

Lines are not constraints but projected electronic sensitivities!
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Electric Dipole Moments (EDMs) in atoms and molecules
From elementary particles to EDMs of atoms and molecules

\, CKM, SUSY, Multi Higgs, LR-symmetry, etc.

Wilson coe�cients
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M. Pospelov, A. Ritz, Ann. Phys. (N. Y.) 2005, 318, 119 –169, T. E. Chupp et al., Rev. Mod. Phys. 2019, 91, 015001, W. B. Cairncross, J. Ye, Nat. Rev. Phys. 2019, 1, 510–521, K. Gaul, R. Berger, J. High
Energ. Phys. 2024, 2024, 100.
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Electric Dipole Moments (EDMs) in atoms and molecules
E�ective P, T-odd Hamiltonian (linear molecule with one heavy nucleus)

®_

�P,T =

K. Gaul, R. Berger, J. Chem. Phys. 2020, 152, 044101, K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, M. G. Kozlov, L. N. Labzowsky, J. Phys. B 1995, 28, 1933–1961.
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Electric Dipole Moments (EDMs) in atoms and molecules
E�ective P, T-odd Hamiltonian (linear molecule with one heavy nucleus)
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Electric Dipole Moments (EDMs) in atoms and molecules
E�ective P, T-odd Hamiltonian (linear molecule with one heavy nucleus)
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⇒ Large enhancement factors⇔ high sensitivity(?)
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Electric Dipole Moments (EDMs) in atoms and molecules
Electronic structure enhancement factors

,d =

〈
22
ℏ

#elec∑
8=1

y$0
8
$5
8
®̂?2
8

〉

Ω
A. Mårtensson-Pendrill, P Öster, Phys. Scr. 1987, 36, 444–452

,m
d
= − ®�� ·

〈
22
ℏ

#elec∑

8=1

$0
8
$5
8

A3
8�

®̂ℓ8�
〉
+ ®�� · 2Re




∑
0

〈

0

�����
22
ℏ

#elec∑
8=1

y$0
8
$5
8
®̂?2
8

�����
0

〉〈

0

�����
`0
4c

#elec∑
8=1

®A8�× ®"8
A3
8�

�����
0

〉

�0−�0




A. Mårtensson-Pendrill, P Öster, Phys. Scr. 1987, 36, 444–452

,S =
®�
� ·

〈
4
n0

#elec∑

8=1
( ®∇8d�(®A8))

〉
E. A. Hinds, P. G. H. Sandars, Phys. Rev. A 1980, 21, 471–479, V. V. Flam-
baum, J. S. M. Ginges, Phys. Rev. A 2002, 65, 032113

,m = ®�
� ·

〈
4
2`0

4cℏ

#elec∑

8=1

®"8
A3
8�

× ®̂ℓ8�
〉

E. A. Hinds, P. G. H. Sandars, Phys. Rev. A 1980, 21, 471–479

,M = ®�T

� ·

〈
24`0

4c
3
2

#elec∑
8=1

®A8�⊗ ( ®"×®A8�)
A5
8�

〉

Ω
· ®�� V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A 1985, 110, 121–125

,s =

〈

−�F√
2

#elec∑
8=1

y$0
8
$5
8
/�d� ( ®A8 )

〉

Ω
O. P. Sushkov et al., Sov. Phys. JETP 1984, 60, 873–883

,m
s = ®�

� · 2Re




∑
0

〈

0

�����
−�F√

2

#elec∑
8=1

y$0
8
$5
8
/�d� ( ®A8 )

�����
0

〉〈

0

�����
`0
4c

#elec∑
8=1

®A8�× ®"8
A3
8�

�����
0

〉

�0−�0




V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A 1985, 110, 121–125

,T = ®�
� ·

〈√
2�F

#elec∑

8=1
y®$d�(®A8)

〉
E. A. Hinds, P. G. H. Sandars, Phys. Rev. A 1980, 21, 471–479

,p =
®�
� ·

〈
�F√

2

#elec∑

8=1
#8 ( ®∇8d�(®A8))

〉
V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A 1985, 110, 121–125

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100.
37



Electric Dipole Moments (EDMs) in atoms and molecules
Relativistic enhancement of atomic and molecular EDMs
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Electric Dipole Moments (EDMs) in atoms and molecules

At least 6 experiments ℏ ®l needed to determine all e�ective parameters on molecular level:
ℏ ®l = ]®GP,T ®GP,T = (3e, 3N, :s, :T, :p, �cNN)

-1.0 -0.5 0.0 0.5 1.0

-1.0

-0.5

0.0

0.5

1.0

Gaussian probability distributions
→ Ellipsoidal coverage regions:

®GT

P,T[
−1
P,T ®GP,T = %2 ,

[−1
P,T = ]T[−1

l ]

Volume + of coverage region: + = % 2c#/2
#Γ (#/2) det

(
[−1
P,T

)−1/2
.

For # = 6 and 95% CL (% = 3.55) and six independent measurements: + = 3.55 c
3

6

6∏
8=1
|ℏfl,8 |

|det(] ) | .
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
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Electric Dipole Moments (EDMs) in atoms and molecules
Single source model vs. global limits
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Interpretation of EDM experiments with ab initio electronic structure calculations and rough nuclear structure estimates
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Electric Dipole Moments (EDMs) in atoms and molecules
Global minimization of simplified model

Only 6 experiments with fixed uncertainties fã,0 = 1 arb.u.: + ∼ |det (]) |−1

Focus on electronic structure
E�ective single valence electron atom:
,8 ≈ 58 (/) for 20 ≥ / ≤ 90. For example:
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I. 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, K. Gaul, R. Berger, J. High Energ. Phys.
2024, 2024, 100.
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Electric Dipole Moments (EDMs) in atoms and molecules
Purpose and limitations of the model

✓ Choosing complementary electronic structures
✓ Maximizing sensitivity to electronic and hadronic sector simultaneously
✓ Combinable with sophisticated nuclear structure models
✓ Expandable to contain theoretical uncertainties
✓ Impact of models for CP-violation on electronic structure of various systems
✗ Complementarity in nuclear structure
✗ Advantages of odd or even proton numbers
✗ Directly extract sensitivity on the fundamental particle level
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Electric Dipole Moments (EDMs) in atoms and molecules
Optimal distribution of nuclear charges

+ = 1.0 × 10−3 arb.u. (1.) + = 1.7 × 10−3 arb.u. (7.) + = 3.8 × 10−3 arb.u. (14.)

+ = 7.5 × 10−3 arb.u. (28.)

⇒ 3 or more of same class→ system with / ≤ 54

⇒ Experiments of same class should have considerably di�erent / .
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Electric Dipole Moments (EDMs) in atoms and molecules
Global ab initio study of past, present and future experiments
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Californium
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Einsteinium
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Fm
Fermium
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Md
Mendelevium

102 259

No
Nobelium
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Lr
Lawrencium

“Modern” experiments with: Xe, Yb, Hg, TlF, Ra, Cs, HfF+,
Tl, PbO and ThO
Planned experiments BaF, WC, Fr, RaF, YbOH, ThF+, etc.
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DFT calculation of,8 for relevant systems
At least 20 % accuracy (better for most)

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.
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Electric Dipole Moments (EDMs) in atoms and molecules
Current experimental status

2D subspaces cut from 6D ellipsoid
Most important: ThO, HfF+, Hg, Xe, TlF
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Electric Dipole Moments (EDMs) in atoms and molecules
How to choose complementary systems?

Achievable uncertainties are assumed for new molecular experiments with
f3 = 1 × 10−23 4 cm−1 with typical polarization field strength, and for new
atomic experiments with f3 = 1 × 10−28 4 cm−1.

I) Ω > 0 with � = 0

II) Ω = 0 with � ≥ 1/2
III) Ω > 0 with � = 1/2
IV) Ω > 0 with � > 1/2
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0

Nuclear structure will play an important role/change results!
Experiments with ions and polyatomic molecules are promising.
Uncertainties of experiments with SrOH or YO are possibly much lower.
→ Not necessary to use only the heaviest systems!

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100.
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Electric Dipole Moments (EDMs) in atoms and molecules
Next generation molecular EDM experiments

Polyatomic molecules
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Highly charged polar radioactive molecules
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Highly charged polar radioactive molecules
Why highly charged molecules?

Combining advantages of
Highly charged atoms:

Large relativistic
e�ects
Compressed
level structure
Sympathetic
cooling

Polar heavy-elemental molecules:
Large internal fields
Pronounced relativistic
e�ects
Easily polarizable
Vibrational and rotational
level structure
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Sphere Quadrupole Octupole Hexadecapole
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Intrinsic

Deformation

Collective

Schiff moment

S = 0 S = 0 S 6= 0 S 6= 0

PaF3+ as 229Pa containing molecule isoelectronic to RaF
Sympathetic cooling with Sr+ (</& ∼ 83 u/4)
Trapping and bu�er-gas cooling
Direct laser-cooling?

C. Zülch et al., arXiv 2022, physics.chem-ph, 2203.10333, C. Zülch et al., Isr. J. Chem. 2023, 63, e202300035, J. Stricker et al., arXiv 2025, physics.atom-ph, 2503.05759.
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Highly charged polar radioactive molecules
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+
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D. Schröder, H. Schwarz, J. Phys. Chem. A 1999, 103, 7385–7394.
C. Zülch et al., arXiv 2022, physics.chem-ph, 2203.10333, C. Zülch et al., Isr. J. Chem. 2023, 63, e202300035, J. Stricker et al., arXiv 2025, physics.atom-ph, 2503.05759.
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CP-violation and EDMs
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14F 15F 16F 17F 18F 19F 20F 21F 22F 23F 24F 25F 26F 27F 28F 29F 30F 31F

15Ne 16Ne 17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 30Ne 31Ne 32Ne 33Ne 34Ne

17Na 18Na 19Na 20Na 21Na 22Na 23Na 24Na 25Na 26Na 27Na 28Na 29Na 30Na 31Na 32Na 33Na 34Na 35Na 36Na 37Na

19Mg 20Mg 21Mg 22Mg 23Mg 24Mg 25Mg 26Mg 27Mg 28Mg 29Mg 30Mg 31Mg 32Mg 33Mg 34Mg 35Mg 36Mg 37Mg 38Mg 39Mg 40Mg

21Al 22Al 23Al 24Al 25Al 26Al 27Al 28Al 29Al 30Al 31Al 32Al 33Al 34Al 35Al 36Al 37Al 38Al 39Al 40Al 41Al 42Al 43Al

22Si 23Si 24Si 25Si 26Si 27Si 28Si 29Si 30Si 31Si 32Si 33Si 34Si 35Si 36Si 37Si 38Si 39Si 40Si 41Si 42Si 43Si 44Si 45Si

24P 25P 26P 27P 28P 29P 30P 31P 32P 33P 34P 35P 36P 37P 38P 39P 40P 41P 42P 43P 44P 45P 46P 47P

26S 27S 28S 29S 30S 31S 32S 33S 34S 35S 36S 37S 38S 39S 40S 41S 42S 43S 44S 45S 46S 47S 48S 49S

28Cl 29Cl 30Cl 31Cl 32Cl 33Cl 34Cl 35Cl 36Cl 37Cl 38Cl 39Cl 40Cl 41Cl 42Cl 43Cl 44Cl 45Cl 46Cl 47Cl 48Cl 49Cl 50Cl 51Cl

30Ar 31Ar 32Ar 33Ar 34Ar 35Ar 36Ar 37Ar 38Ar 39Ar 40Ar 41Ar 42Ar 43Ar 44Ar 45Ar 46Ar 47Ar 48Ar 49Ar 50Ar 51Ar 52Ar 53Ar

32K 33K 34K 35K 36K 37K 38K 39K 40K 41K 42K 43K 44K 45K 46K 47K 48K 49K 50K 51K 52K 53K 54K 55K 56K

34Ca 35Ca 36Ca 37Ca 38Ca 39Ca 40Ca 41Ca 42Ca 43Ca 44Ca 45Ca 46Ca 47Ca 48Ca 49Ca 50Ca 51Ca 52Ca 53Ca 54Ca 55Ca 56Ca 57Ca 58Ca

36Sc 37Sc 38Sc 39Sc 40Sc 41Sc 42Sc 43Sc 44Sc 45Sc 46Sc 47Sc 48Sc 49Sc 50Sc 51Sc 52Sc 53Sc 54Sc 55Sc 56Sc 57Sc 58Sc 59Sc 60Sc 61Sc

38Ti 39Ti 40Ti 41Ti 42Ti 43Ti 44Ti 45Ti 46Ti 47Ti 48Ti 49Ti 50Ti 51Ti 52Ti 53Ti 54Ti 55Ti 56Ti 57Ti 58Ti 59Ti 60Ti 61Ti 62Ti 63Ti 64Ti

40V 41V 42V 43V 44V 45V 46V 47V 48V 49V 50V 51V 52V 53V 54V 55V 56V 57V 58V 59V 60V 61V 62V 63V 64V 65V 66V 67V

42Cr 43Cr 44Cr 45Cr 46Cr 47Cr 48Cr 49Cr 50Cr 51Cr 52Cr 53Cr 54Cr 55Cr 56Cr 57Cr 58Cr 59Cr 60Cr 61Cr 62Cr 63Cr 64Cr 65Cr 66Cr 67Cr 68Cr 69Cr 70Cr

44Mn 45Mn 46Mn 47Mn 48Mn 49Mn 50Mn 51Mn 52Mn 53Mn 54Mn 55Mn 56Mn 57Mn 58Mn 59Mn 60Mn 61Mn 62Mn 63Mn 64Mn 65Mn 66Mn 67Mn 68Mn 69Mn 70Mn 71Mn 72Mn

45Fe 46Fe 47Fe 48Fe 49Fe 50Fe 51Fe 52Fe 53Fe 54Fe 55Fe 56Fe 57Fe 58Fe 59Fe 60Fe 61Fe 62Fe 63Fe 64Fe 65Fe 66Fe 67Fe 68Fe 69Fe 70Fe 71Fe 72Fe 73Fe 74Fe 75Fe

47Co 48Co 49Co 50Co 51Co 52Co 53Co 54Co 55Co 56Co 57Co 58Co 59Co 60Co 61Co 62Co 63Co 64Co 65Co 66Co 67Co 68Co 69Co 70Co 71Co 72Co 73Co 74Co 75Co 76Co 77Co

48Ni 49Ni 50Ni 51Ni 52Ni 53Ni 54Ni 55Ni 56Ni 57Ni 58Ni 59Ni 60Ni 61Ni 62Ni 63Ni 64Ni 65Ni 66Ni 67Ni 68Ni 69Ni 70Ni 71Ni 72Ni 73Ni 74Ni 75Ni 76Ni 77Ni 78Ni 79Ni 80Ni

52Cu 53Cu 54Cu 55Cu 56Cu 57Cu 58Cu 59Cu 60Cu 61Cu 62Cu 63Cu 64Cu 65Cu 66Cu 67Cu 68Cu 69Cu 70Cu 71Cu 72Cu 73Cu 74Cu 75Cu 76Cu 77Cu 78Cu 79Cu 80Cu 81Cu 82Cu
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69Kr 70Kr 71Kr 72Kr 73Kr 74Kr 75Kr 76Kr 77Kr 78Kr 79Kr 80Kr 81Kr 82Kr 83Kr 84Kr 85Kr 86Kr 87Kr 88Kr 89Kr 90Kr 91Kr 92Kr 93Kr 94Kr 95Kr 96Kr 97Kr 98Kr 99Kr
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85Ru 86Ru 87Ru 88Ru 89Ru 90Ru 91Ru 92Ru 93Ru 94Ru 95Ru 96Ru 97Ru 98Ru 99Ru

88Rh 89Rh 90Rh 91Rh 92Rh 93Rh 94Rh 95Rh 96Rh 97Rh 98Rh 99Rh
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100Cd 101Cd 102Cd 103Cd 104Cd 105Cd 106Cd 107Cd 108Cd 109Cd 110Cd 111Cd 112Cd 113Cd 114Cd 115Cd 116Cd 117Cd 118Cd 119Cd 120Cd 121Cd 122Cd 123Cd 124Cd 125Cd 126Cd 127Cd 128Cd 129Cd 130Cd 131Cd 132Cd 133Cd 134Cd
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103Sb 104Sb 105Sb 106Sb 107Sb 108Sb 109Sb 110Sb 111Sb 112Sb 113Sb 114Sb 115Sb 116Sb 117Sb 118Sb 119Sb 120Sb 121Sb 122Sb 123Sb 124Sb 125Sb 126Sb 127Sb 128Sb 129Sb 130Sb 131Sb 132Sb 133Sb 134Sb 135Sb 136Sb 137Sb 138Sb 139Sb 140Sb 141Sb

105Te 106Te 107Te 108Te 109Te 110Te 111Te 112Te 113Te 114Te 115Te 116Te 117Te 118Te 119Te 120Te 121Te 122Te 123Te 124Te 125Te 126Te 127Te 128Te 129Te 130Te 131Te 132Te 133Te 134Te 135Te 136Te 137Te 138Te 139Te 140Te 141Te 142Te 143Te

107I 108I 109I 110I 111I 112I 113I 114I 115I 116I 117I 118I 119I 120I 121I 122I 123I 124I 125I 126I 127I 128I 129I 130I 131I 132I 133I 134I 135I 136I 137I 138I 139I 140I 141I 142I 143I 144I 145I

109Xe 110Xe 111Xe 112Xe 113Xe 114Xe 115Xe 116Xe 117Xe 118Xe 119Xe 120Xe 121Xe 122Xe 123Xe 124Xe 125Xe 126Xe 127Xe 128Xe 129Xe 130Xe 131Xe 132Xe 133Xe 134Xe 135Xe 136Xe 137Xe 138Xe 139Xe 140Xe 141Xe 142Xe 143Xe 144Xe 145Xe 146Xe 147Xe 148Xe

111Cs 112Cs 113Cs 114Cs 115Cs 116Cs 117Cs 118Cs 119Cs 120Cs 121Cs 122Cs 123Cs 124Cs 125Cs 126Cs 127Cs 128Cs 129Cs 130Cs 131Cs 132Cs 133Cs 134Cs 135Cs 136Cs 137Cs 138Cs 139Cs 140Cs 141Cs 142Cs 143Cs 144Cs 145Cs 146Cs 147Cs 148Cs 149Cs 150Cs 151Cs 152Cs

113Ba 114Ba 115Ba 116Ba 117Ba 118Ba 119Ba 120Ba 121Ba 122Ba 123Ba 124Ba 125Ba 126Ba 127Ba 128Ba 129Ba 130Ba 131Ba 132Ba 133Ba 134Ba 135Ba 136Ba 137Ba 138Ba 139Ba 140Ba 141Ba 142Ba 143Ba 144Ba 145Ba 146Ba 147Ba 148Ba 149Ba 150Ba 151Ba 152Ba 153Ba 154Ba

116La 117La 118La 119La 120La 121La 122La 123La 124La 125La 126La 127La 128La 129La 130La 131La 132La 133La 134La 135La 136La 137La 138La 139La 140La 141La 142La 143La 144La 145La 146La 147La 148La 149La 150La 151La 152La 153La 154La 155La 156La

119Ce 120Ce 121Ce 122Ce 123Ce 124Ce 125Ce 126Ce 127Ce 128Ce 129Ce 130Ce 131Ce 132Ce 133Ce 134Ce 135Ce 136Ce 137Ce 138Ce 139Ce 140Ce 141Ce 142Ce 143Ce 144Ce 145Ce 146Ce 147Ce 148Ce 149Ce 150Ce 151Ce 152Ce 153Ce 154Ce 155Ce 156Ce 157Ce 158Ce

121Pr 122Pr 123Pr 124Pr 125Pr 126Pr 127Pr 128Pr 129Pr 130Pr 131Pr 132Pr 133Pr 134Pr 135Pr 136Pr 137Pr 138Pr 139Pr 140Pr 141Pr 142Pr 143Pr 144Pr 145Pr 146Pr 147Pr 148Pr 149Pr 150Pr 151Pr 152Pr 153Pr 154Pr 155Pr 156Pr 157Pr 158Pr 159Pr 160Pr

124Nd 125Nd 126Nd 127Nd 128Nd 129Nd 130Nd 131Nd 132Nd 133Nd 134Nd 135Nd 136Nd 137Nd 138Nd 139Nd 140Nd 141Nd 142Nd 143Nd 144Nd 145Nd 146Nd 147Nd 148Nd 149Nd 150Nd 151Nd 152Nd 153Nd 154Nd 155Nd 156Nd 157Nd 158Nd 159Nd 160Nd 161Nd 162Nd

126Pm 127Pm 128Pm 129Pm 130Pm 131Pm 132Pm 133Pm 134Pm 135Pm 136Pm 137Pm 138Pm 139Pm 140Pm 141Pm 142Pm 143Pm 144Pm 145Pm 146Pm 147Pm 148Pm 149Pm 150Pm 151Pm 152Pm 153Pm 154Pm 155Pm 156Pm 157Pm 158Pm 159Pm 160Pm 161Pm 162Pm 163Pm 164Pm

128Sm 129Sm 130Sm 131Sm 132Sm 133Sm 134Sm 135Sm 136Sm 137Sm 138Sm 139Sm 140Sm 141Sm 142Sm 143Sm 144Sm 145Sm 146Sm 147Sm 148Sm 149Sm 150Sm 151Sm 152Sm 153Sm 154Sm 155Sm 156Sm 157Sm 158Sm 159Sm 160Sm 161Sm 162Sm 163Sm 164Sm 165Sm 166Sm

130Eu 131Eu 132Eu 133Eu 134Eu 135Eu 136Eu 137Eu 138Eu 139Eu 140Eu 141Eu 142Eu 143Eu 144Eu 145Eu 146Eu 147Eu 148Eu 149Eu 150Eu 151Eu 152Eu 153Eu 154Eu 155Eu 156Eu 157Eu 158Eu 159Eu 160Eu 161Eu 162Eu 163Eu 164Eu 165Eu 166Eu 167Eu 168Eu

133Gd 134Gd 135Gd 136Gd 137Gd 138Gd 139Gd 140Gd 141Gd 142Gd 143Gd 144Gd 145Gd 146Gd 147Gd 148Gd 149Gd 150Gd 151Gd 152Gd 153Gd 154Gd 155Gd 156Gd 157Gd 158Gd 159Gd 160Gd 161Gd 162Gd 163Gd 164Gd 165Gd 166Gd 167Gd 168Gd 169Gd 170Gd

135Tb 136Tb 137Tb 138Tb 139Tb 140Tb 141Tb 142Tb 143Tb 144Tb 145Tb 146Tb 147Tb 148Tb 149Tb 150Tb 151Tb 152Tb 153Tb 154Tb 155Tb 156Tb 157Tb 158Tb 159Tb 160Tb 161Tb 162Tb 163Tb 164Tb 165Tb 166Tb 167Tb 168Tb 169Tb 170Tb 171Tb 172Tb

138Dy 139Dy 140Dy 141Dy 142Dy 143Dy 144Dy 145Dy 146Dy 147Dy 148Dy 149Dy 150Dy 151Dy 152Dy 153Dy 154Dy 155Dy 156Dy 157Dy 158Dy 159Dy 160Dy 161Dy 162Dy 163Dy 164Dy 165Dy 166Dy 167Dy 168Dy 169Dy 170Dy 171Dy 172Dy 173Dy 174Dy

140Ho 141Ho 142Ho 143Ho 144Ho 145Ho 146Ho 147Ho 148Ho 149Ho 150Ho 151Ho 152Ho 153Ho 154Ho 155Ho 156Ho 157Ho 158Ho 159Ho 160Ho 161Ho 162Ho 163Ho 164Ho 165Ho 166Ho 167Ho 168Ho 169Ho 170Ho 171Ho 172Ho 173Ho 174Ho 175Ho 176Ho

142Er 143Er 144Er 145Er 146Er 147Er 148Er 149Er 150Er 151Er 152Er 153Er 154Er 155Er 156Er 157Er 158Er 159Er 160Er 161Er 162Er 163Er 164Er 165Er 166Er 167Er 168Er 169Er 170Er 171Er 172Er 173Er 174Er 175Er 176Er 177Er 178Er

144Tm 145Tm 146Tm 147Tm 148Tm 149Tm 150Tm 151Tm 152Tm 153Tm 154Tm 155Tm 156Tm 157Tm 158Tm 159Tm 160Tm 161Tm 162Tm 163Tm 164Tm 165Tm 166Tm 167Tm 168Tm 169Tm 170Tm 171Tm 172Tm 173Tm 174Tm 175Tm 176Tm 177Tm 178Tm 179Tm 180Tm 181Tm

148Yb 149Yb 150Yb 151Yb 152Yb 153Yb 154Yb 155Yb 156Yb 157Yb 158Yb 159Yb 160Yb 161Yb 162Yb 163Yb 164Yb 165Yb 166Yb 167Yb 168Yb 169Yb 170Yb 171Yb 172Yb 173Yb 174Yb 175Yb 176Yb 177Yb 178Yb 179Yb 180Yb 181Yb 182Yb 183Yb 184Yb 185Yb

150Lu 151Lu 152Lu 153Lu 154Lu 155Lu 156Lu 157Lu 158Lu 159Lu 160Lu 161Lu 162Lu 163Lu 164Lu 165Lu 166Lu 167Lu 168Lu 169Lu 170Lu 171Lu 172Lu 173Lu 174Lu 175Lu 176Lu 177Lu 178Lu 179Lu 180Lu 181Lu 182Lu 183Lu 184Lu 185Lu 186Lu 187Lu 188Lu

153Hf 154Hf 155Hf 156Hf 157Hf 158Hf 159Hf 160Hf 161Hf 162Hf 163Hf 164Hf 165Hf 166Hf 167Hf 168Hf 169Hf 170Hf 171Hf 172Hf 173Hf 174Hf 175Hf 176Hf 177Hf 178Hf 179Hf 180Hf 181Hf 182Hf 183Hf 184Hf 185Hf 186Hf 187Hf 188Hf 189Hf 190Hf

155Ta 156Ta 157Ta 158Ta 159Ta 160Ta 161Ta 162Ta 163Ta 164Ta 165Ta 166Ta 167Ta 168Ta 169Ta 170Ta 171Ta 172Ta 173Ta 174Ta 175Ta 176Ta 177Ta 178Ta 179Ta 180Ta 181Ta 182Ta 183Ta 184Ta 185Ta 186Ta 187Ta 188Ta 189Ta 190Ta 191Ta 192Ta 193Ta 194Ta

157W 158W 159W 160W 161W 162W 163W 164W 165W 166W 167W 168W 169W 170W 171W 172W 173W 174W 175W 176W 177W 178W 179W 180W 181W 182W 183W 184W 185W 186W 187W 188W 189W 190W 191W 192W 193W 194W 195W 196W 197W

159Re 160Re 161Re 162Re 163Re 164Re 165Re 166Re 167Re 168Re 169Re 170Re 171Re 172Re 173Re 174Re 175Re 176Re 177Re 178Re 179Re 180Re 181Re 182Re 183Re 184Re 185Re 186Re 187Re 188Re 189Re 190Re 191Re 192Re 193Re 194Re 195Re 196Re 197Re 198Re 199Re

161Os 162Os 163Os 164Os 165Os 166Os 167Os 168Os 169Os 170Os 171Os 172Os 173Os 174Os 175Os 176Os 177Os 178Os 179Os 180Os 181Os 182Os 183Os 184Os 185Os 186Os 187Os 188Os 189Os 190Os 191Os 192Os 193Os 194Os 195Os 196Os 197Os 198Os 199Os 200Os 201Os 202Os 203Os

164Ir 165Ir 166Ir 167Ir 168Ir 169Ir 170Ir 171Ir 172Ir 173Ir 174Ir 175Ir 176Ir 177Ir 178Ir 179Ir 180Ir 181Ir 182Ir 183Ir 184Ir 185Ir 186Ir 187Ir 188Ir 189Ir 190Ir 191Ir 192Ir 193Ir 194Ir 195Ir 196Ir 197Ir 198Ir 199Ir 200Ir 201Ir 202Ir 203Ir 204Ir 205Ir

166Pt 167Pt 168Pt 169Pt 170Pt 171Pt 172Pt 173Pt 174Pt 175Pt 176Pt 177Pt 178Pt 179Pt 180Pt 181Pt 182Pt 183Pt 184Pt 185Pt 186Pt 187Pt 188Pt 189Pt 190Pt 191Pt 192Pt 193Pt 194Pt 195Pt 196Pt 197Pt 198Pt 199Pt 200Pt 201Pt 202Pt 203Pt 204Pt 205Pt 206Pt 207Pt 208Pt

169Au 170Au 171Au 172Au 173Au 174Au 175Au 176Au 177Au 178Au 179Au 180Au 181Au 182Au 183Au 184Au 185Au 186Au 187Au 188Au 189Au 190Au 191Au 192Au 193Au 194Au 195Au 196Au 197Au 198Au 199Au 200Au 201Au 202Au 203Au 204Au 205Au 206Au 207Au 208Au 209Au 210Au

171Hg 172Hg 173Hg 174Hg 175Hg 176Hg 177Hg 178Hg 179Hg 180Hg 181Hg 182Hg 183Hg 184Hg 185Hg 186Hg 187Hg 188Hg 189Hg 190Hg 191Hg 192Hg 193Hg 194Hg 195Hg 196Hg 197Hg 198Hg 199Hg 200Hg 201Hg 202Hg 203Hg 204Hg 205Hg 206Hg 207Hg 208Hg 209Hg 210Hg 211Hg 212Hg 213Hg 214Hg 215Hg 216Hg

176Tl 177Tl 178Tl 179Tl 180Tl 181Tl 182Tl 183Tl 184Tl 185Tl 186Tl 187Tl 188Tl 189Tl 190Tl 191Tl 192Tl 193Tl 194Tl 195Tl 196Tl 197Tl 198Tl 199Tl 200Tl 201Tl 202Tl 203Tl 204Tl 205Tl 206Tl 207Tl 208Tl 209Tl 210Tl 211Tl 212Tl 213Tl 214Tl 215Tl 216Tl 217Tl 218Tl

178Pb 179Pb 180Pb 181Pb 182Pb 183Pb 184Pb 185Pb 186Pb 187Pb 188Pb 189Pb 190Pb 191Pb 192Pb 193Pb 194Pb 195Pb 196Pb 197Pb 198Pb 199Pb 200Pb 201Pb 202Pb 203Pb 204Pb 205Pb 206Pb 207Pb 208Pb 209Pb 210Pb 211Pb 212Pb 213Pb 214Pb 215Pb 216Pb 217Pb 218Pb 219Pb 220Pb

184Bi 185Bi 186Bi 187Bi 188Bi 189Bi 190Bi 191Bi 192Bi 193Bi 194Bi 195Bi 196Bi 197Bi 198Bi 199Bi 200Bi 201Bi 202Bi 203Bi 204Bi 205Bi 206Bi 207Bi 208Bi 209Bi 210Bi 211Bi 212Bi 213Bi 214Bi 215Bi 216Bi 217Bi 218Bi 219Bi 220Bi 221Bi 222Bi 223Bi 224Bi

186Po 187Po 188Po 189Po 190Po 191Po 192Po 193Po 194Po 195Po 196Po 197Po 198Po 199Po 200Po 201Po 202Po 203Po 204Po 205Po 206Po 207Po 208Po 209Po 210Po 211Po 212Po 213Po 214Po 215Po 216Po 217Po 218Po 219Po 220Po 221Po 222Po 223Po 224Po 225Po 226Po 227Po

191At 192At 193At 194At 195At 196At 197At 198At 199At 200At 201At 202At 203At 204At 205At 206At 207At 208At 209At 210At 211At 212At 213At 214At 215At 216At 217At 218At 219At 220At 221At 222At 223At 224At 225At 226At 227At 228At 229At

193Rn 194Rn 195Rn 196Rn 197Rn 198Rn 199Rn 200Rn 201Rn 202Rn 203Rn 204Rn 205Rn 206Rn 207Rn 208Rn 209Rn 210Rn 211Rn 212Rn 213Rn 214Rn 215Rn 216Rn 217Rn 218Rn 219Rn 220Rn 221Rn 222Rn 223Rn 224Rn 225Rn 226Rn 227Rn 228Rn 229Rn 230Rn 231Rn

197Fr 198Fr 199Fr 200Fr 201Fr 202Fr 203Fr 204Fr 205Fr 206Fr 207Fr 208Fr 209Fr 210Fr 211Fr 212Fr 213Fr 214Fr 215Fr 216Fr 217Fr 218Fr 219Fr 220Fr 221Fr 222Fr 223Fr 224Fr 225Fr 226Fr 227Fr 228Fr 229Fr 230Fr 231Fr 232Fr 233Fr

201Ra 202Ra 203Ra 204Ra 205Ra 206Ra 207Ra 208Ra 209Ra 210Ra 211Ra 212Ra 213Ra 214Ra 215Ra 216Ra 217Ra 218Ra 219Ra 220Ra 221Ra 222Ra 223Ra 224Ra 225Ra 226Ra 227Ra 228Ra 229Ra 230Ra 231Ra 232Ra 233Ra 234Ra 235Ra

205Ac 206Ac 207Ac 208Ac 209Ac 210Ac 211Ac 212Ac 213Ac 214Ac 215Ac 216Ac 217Ac 218Ac 219Ac 220Ac 221Ac 222Ac 223Ac 224Ac 225Ac 226Ac 227Ac 228Ac 229Ac 230Ac 231Ac 232Ac 233Ac 234Ac 235Ac 236Ac 237Ac

208Th 209Th 210Th 211Th 212Th 213Th 214Th 215Th 216Th 217Th 218Th 219Th 220Th 221Th 222Th 223Th 224Th 225Th 226Th 227Th 228Th 229Th 230Th 231Th 232Th 233Th 234Th 235Th 236Th 237Th 238Th 239Th

211Pa 212Pa 213Pa 214Pa 215Pa 216Pa 217Pa 218Pa 219Pa 220Pa 221Pa 222Pa 223Pa 224Pa 225Pa 226Pa 227Pa 228Pa 229Pa 230Pa 231Pa 232Pa 233Pa 234Pa 235Pa 236Pa 237Pa 238Pa 239Pa 240Pa 241Pa

215U 216U 217U 218U 219U 220U 221U 222U 223U 224U 225U 226U 227U 228U 229U 230U 231U 232U 233U 234U 235U 236U 237U 238U 239U 240U 241U 242U 243U

219Np 220Np 221Np 222Np 223Np 224Np 225Np 226Np 227Np 228Np 229Np 230Np 231Np 232Np 233Np 234Np 235Np 236Np 237Np 238Np 239Np 240Np 241Np 242Np 243Np 244Np 245Np

227Pu 228Pu 229Pu 230Pu 231Pu 232Pu 233Pu 234Pu 235Pu 236Pu 237Pu 238Pu 239Pu 240Pu 241Pu 242Pu 243Pu 244Pu 245Pu 246Pu 247Pu

229Am 230Am 231Am 232Am 233Am 234Am 235Am 236Am 237Am 238Am 239Am 240Am 241Am 242Am 243Am 244Am 245Am 246Am 247Am 248Am 249Am

231Cm 232Cm 233Cm 234Cm 235Cm 236Cm 237Cm 238Cm 239Cm 240Cm 241Cm 242Cm 243Cm 244Cm 245Cm 246Cm 247Cm 248Cm 249Cm 250Cm 251Cm 252Cm

233Bk 234Bk 235Bk 236Bk 237Bk 238Bk 239Bk 240Bk 241Bk 242Bk 243Bk 244Bk 245Bk 246Bk 247Bk 248Bk 249Bk 250Bk 251Bk 252Bk 253Bk 254Bk

237Cf 238Cf 239Cf 240Cf 241Cf 242Cf 243Cf 244Cf 245Cf 246Cf 247Cf 248Cf 249Cf 250Cf 251Cf 252Cf 253Cf 254Cf 255Cf 256Cf

239Es 240Es 241Es 242Es 243Es 244Es 245Es 246Es 247Es 248Es 249Es 250Es 251Es 252Es 253Es 254Es 255Es 256Es 257Es 258Es

241Fm 242Fm 243Fm 244Fm 245Fm 246Fm 247Fm 248Fm 249Fm 250Fm 251Fm 252Fm 253Fm 254Fm 255Fm 256Fm 257Fm 258Fm 259Fm 260Fm

245Md 246Md 247Md 248Md 249Md 250Md 251Md 252Md 253Md 254Md 255Md 256Md 257Md 258Md 259Md 260Md 261Md 262Md

248No 249No 250No 251No 252No 253No 254No 255No 256No 257No 258No 259No 260No 261No 262No 263No 264No

251Lr 252Lr 253Lr 254Lr 255Lr 256Lr 257Lr 258Lr 259Lr 260Lr 261Lr 262Lr 263Lr 264Lr 265Lr 266Lr

253Rf 254Rf 255Rf 256Rf 257Rf 258Rf 259Rf 260Rf 261Rf 262Rf 263Rf 264Rf 265Rf 266Rf 267Rf 268Rf

255Db 256Db 257Db 258Db 259Db 260Db 261Db 262Db 263Db 264Db 265Db 266Db 267Db 268Db 269Db 270Db

258Sg 259Sg 260Sg 261Sg 262Sg 263Sg 264Sg 265Sg 266Sg 267Sg 268Sg 269Sg 270Sg 271Sg 272Sg 273Sg

260Bh 261Bh 262Bh 263Bh 264Bh 265Bh 266Bh 267Bh 268Bh 269Bh 270Bh 271Bh 272Bh 273Bh 274Bh 275Bh

263Hs 264Hs 265Hs 266Hs 267Hs 268Hs 269Hs 270Hs 271Hs 272Hs 273Hs 274Hs 275Hs 276Hs 277Hs

265Mt 266Mt 267Mt 268Mt 269Mt 270Mt 271Mt 272Mt 273Mt 274Mt 275Mt 276Mt 277Mt 278Mt 279Mt

267Ds 268Ds 269Ds 270Ds 271Ds 272Ds 273Ds 274Ds 275Ds 276Ds 277Ds 278Ds 279Ds 280Ds 281Ds

272Rg 273Rg 274Rg 275Rg 276Rg 277Rg 278Rg 279Rg 280Rg 281Rg 282Rg 283Rg

276Cn 277Cn 278Cn 279Cn 280Cn 281Cn 282Cn 283Cn 284Cn 285Cn

278Nh 279Nh 280Nh 281Nh 282Nh 283Nh 284Nh 285Nh 286Nh 287Nh

284Fl 285Fl 286Fl 287Fl 288Fl 289Fl

287Mc 288Mc 289Mc 290Mc 291Mc

289Lv 290Lv 291Lv 292Lv 293Lv

291Ts 292Ts 293Ts 294Ts

293Og 294Og 295Og

223Fr 225Fr

223Ra 225Ra

223Ac 225Ac

227Th 229Th

229Pa

220At 221At 222At 223At

220Rn 221Rn 222Rn 223Rn 224Rn 225Rn

220Fr 221Fr 222Fr 223Fr 224Fr 225Fr 226Fr 227Fr

220Ra 221Ra 222Ra 223Ra 224Ra 225Ra 226Ra 227Ra 228Ra 229Ra

221Ac 222Ac 223Ac 224Ac 225Ac 226Ac 227Ac 228Ac 229Ac 230Ac 231Ac

222Th 223Th 224Th 225Th 226Th 227Th 228Th 229Th 230Th 231Th 232Th

224Pa 225Pa 226Pa 227Pa 228Pa 229Pa 230Pa 231Pa 232Pa 233Pa

226U 227U 228U 229U 230U 231U 232U 233U 234U

229Np 230Np 231Np 232Np 233Np 234Np

231Pu 232Pu 233Pu 234Pu

223Fr 225Fr

223Ra 225Ra

223Ac 225Ac

227Th 229Th

229Pa

Sphere Quadrupole Octupole Hexadecapole

n = 0 n = 2 n = 3 n = 4

Intrinsic

Deformation

Collective

Schiff moment

S = 0 S = 0 S 6= 0 S 6= 0

Parity violation

Rovibrational spectroscopy

B∆P− ∼ |dEω|2−|dEωiWAV−ne|
ω2−B2∆2

|+⟩

|−⟩

B∆ B∆ P− ∼ |dEω|2+|dEωiWAV−ne|
ω2−B2∆2

NMR spectroscopy

Dark matter and Lorentz invariance violation

v⃗

v⃗v⃗

v⃗

v⃗

↔

↔ ↔

↔

3

2

1
12

11

10

9

8

7
6

5

4

?
=

3

2

1
12

11

10

9

8

7
6

5

4

γ

I I

L
SME

e = ℏcψ̄e

[

c̃µνγ
µ
+ d̃µνγ5γ

µ
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