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Lecture 2:
Test of fundamental symmetries with nuclei, atoms, and molecules



Toy problem: Two-level system

|+>

|->

Without P-violation With P-violation

|->  + f(HPV , ∆E)|+>

HPV∆E= E- - E+   

f(HPV , ∆E)=?

-> Weak interaction-> Energy separation 

Problem: Express the mixing coefficient in terms of HPV , ∆E
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What are the fundamental particles and forces of nature?

3How do complex nuclear phenomena emerge?
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Long range (> 1 fm)

1s 2p 3d

Atoms

Ra+

<r 2>, I , μ ,Q , . . .
Electromagnetic nuclear properties

AMO for Nuclear Science
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Long range (> 1 fm) Short range (< 0.1 fm)

1s 2p 3d Σ

Atoms Molecules

Ra+

<r 2>, I , μ ,Q , . . .

RaF

Ra+

F-

Electroweak nuclear properties
Electromagnetic nuclear properties

AMO for Nuclear Science
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APV Experiments
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APV Experiments

M1

E1

1974: Bouchiat

Stark

A± = | ± AStartk + APV|2

~  AStartk
2 ± 2 AStartk + APV

2

A+  - A- = EPV

PVPC



APV Experiments



Weinberg angle



Parity-violation

HPV ~ F(Zc) /(E+
e – E-

e) Atoms: ( E+- E- ) ~ 1 eV 
Molecules: ( E+- E- ) ~ 10-5 eV

[Phys Rev Lett 120, 142501 (2018)]
[Phys. Rev. Lett. 119, 223201 (2017)]



APV and W-mass



APV and W-mass

arXiv:2204.11991

https://arxiv.org/abs/2204.11991


He Hvib Hrot Hhfs

Why (radioactive) molecules?

4

HPTV

Hmol= He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV

eV ~ 2 10-2 10-5 10-8 <10-12 <10-18

~ONucl Fmol

HPV

E B



Hmol= He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV

eV ~ 2 10-2 10-5 10-8 <10-12 <10-18

~ONucl Fmol

Laboratory for Nuclear Science

• Nuclear properties (QCD) 
• Deviations from Standard Model predictions

To measure unknown properties 
of the Standard Model

A discovery that the Standard Model 
does not predict

Hhfs HPV

4
HPTV

Why (radioactive) molecules?

(-> Weak force)(-> Strong force)

(-> BSM physics)
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P,T-even
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Nuclear matter 
Nuclear structure 
BSM searches

Hhfs

Precision Measurements in Atoms and Molecules

●

4

●

How do nuclear phenomena emerge?
Can we connect the description of nuclei with QCD?

Electromagnetic structure
Rms charge radii: <r 2> 
Nuclear spin: I  
Magnetic moment: μ  
Quadrupole moment : Q

Hmol= He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV



P-violation
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P,T-even
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Nuclear matter 
Nuclear structure 
BSM searches
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Electro weak structure 
Precision Standard Model tests 
Dark Mater properties?
New forces?

Hhfs HPV

2

Hmol= He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV

Why (radioactive) molecules?
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Nuclear Anapole moment

Only one measurement (1997): 137Cs
Science 275, 1759 (1997)

Phys. Rev. C 65, 045502 (2002)



• A possible new vector boson

Nuclear Anapole moment

• Hadronic parity violation

Rev. Mod. Phys. 90, 025008 (2018)

Only one measurement (1997): 137Cs

Phys. Rev. Lett. 119, 223201 (2017)



P-violation
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P,T-even
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Nuclear matter 
Nuclear structure 
BSM searches
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Electro weak structure 
Precision Standard Model tests 
Dark Mater properties?
New forces?

Hhfs HPV

2

Hmol= He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV

EDM MDM 223Ra
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T-violation 
Matter-antimatter   
asymmetry 
New particles?

HPTV

Why (radioactive) molecules?
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Hmol= He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV

eV ~ 2 10-2 10-5 10-8 <10-12 <10-18

~ONucl Fmol

co
un

ts

~ ONuclFmol

moleculeNuclear

ExperimentExperiment
Theory

Nuclear & Atomic & Molecular

Why (radioactive) molecules?



Hmol= He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV

eV ~ 2 10-2 10-5 10-8 <10-12 <10-18

~ONucl Fmol

co
un

ts

~ ONuclFmol

Atom/moleculeNuclear

Experiment

~Zc /(E+
N- E-N)

E+
N- E-N  ~ 10-5 smaller 

in molecules

S~ZaAbβ2β3 /(E+
N- E-N)

Molecule > 103

Nuclear X Molecule

Radioactive Molecules



A single molecule in a Penning trap

HPV ~ F(Zc) /(E+
e – E-

e)

●

●
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Parity and Time reversal violation 
Nuclear amplification

Parity violation

> 103

> 103

> 1011
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[Phys Rev Lett 120, 142501 (2018)]
[Phys. Rev. Lett. 119, 223201 (2017)]

Demille’s group



A single molecule in a Penning trap

BB

E-

E+

Molecular enhancement > 1011

In collaboration with: D. Demille’s group (U Chicago), J. Dilling
(TRIUMF), N. Hutzler (Caltech), K. Blaum (MPIK)

S. MorochJ. Karthein S. Udrescu

●
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Parity and Time reversal violation 
Nuclear amplification

Parity violation

> 103

> 103

> 1011

HPV ~ F(Zc) /(E+
e – E-

e)
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Parity violation in Chiral Molecules



Tough science: five experiments as hard as finding the Higgs
Nature 481, 7379, (2012)

• Higgs Boson 
• Extraterrestrial life
• Role of the weak force in molecular chirality
• Finding Extra-dimension
• Gravitational waves

• …



Nuclear EM 
structure

Fundamental  
symmetries

Nuclear EW 
structure

Summary

e - e - e - e - e - e - e - e -

●

●

●

Parity and Time reversal violation 
Nuclear amplification
Parity violation

> 103

> 103

> 1011

Precision measurements of atoms and molecules offer 
unique probes to understand fundamental interactions


