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Nuclear structure relevant to fundamental symmetry 
studies with atoms and molecules

Outline
• Atoms & Molecules
• BSM searches
• P and T-violating nuclear properties
• Current and planned experiments
• Nuclear structure input
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HBSM

Fifth forces
• Higher order EM 

moments:
<δr2>, <δr4>, β2,… 

• Nuclear dipole 
polarizability

P-violation
• P-odd nuclear moments:

e.g. Anapole moments
• Quark couplings: C2u,d , P-odd 

nucleon- nucleon forces
• Weak quadrupole moments,

neutron distribution 

T-violation
• T-odd moments, EDMs, e.g. Schiff 

moments, magnetic quadrupole 
moment, T-odd nucleon-nucleon
forces

Current and 
planned experiments:

29Si, 18,19F, 133Cs, 137Br, 171Yb, 205Tl, 
209,210Fr, 223,225Ra

129Xe, 199Hg, 171,173Yb, 205Tl , 181Ta 
223Fr, 223Rn, 223,225Ra, 229Th, 229Pa 

Ca, Sr, Cd, Yb, Ra,
… 

Nuclear structure
experiment & theory
provide critical input



co
un

ts

~ ONuclFmol

Atom/molecule

Experiment

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

E+
N- E-N  ~ 10-5 eV

Molecule > 103

Nuclear amplification > 103

Nuclear X Molecule

Nuclear
~ZaAbβ2β3 /(E+

N- E-N)

~ 𝟏
𝝉 𝑵

AMO techniques for Fundamental Symmetries
~ONucl Fmol

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

Atom/moleculeNuclear

molecule

Parker et al. PRL 114, 233002 (2015)
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Hmol= He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV+ HBSM

Nuclear Electromagnetic Properties

(Z~50)(Z~28) (Z~82)

Strong Z dependence

Similar trends for neutron-rich

[Koszorus et al. Nature Phys. (2021)] 
[Degroote et al. Nature Phys. 16, 620 (2020)]
[Kaufmann Phys. Rev. Lett. 124, 132502 (2020)]
[Garcia Ruiz & Vernon EPJ A 56, 136 (2020)]
[Gorges et al. Phys. Rev. Lett. 122, 192502 (2019)]
[Garcia Ruiz et al. Nature Phys. 12, 594 (2016)]
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New 
physics

Berengut et al. PRL 120, 091801 (2018)

HBSM

Fifth forces
• New electron-

nucleon forces?
• Dark matter

Figueroa et al. PRL 128, 073001 (2022)
Hur et al. PRL 128, 163201 (2022)
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New Particles and Forces

New 
physics

HBSM

Fifth forces
• New electron-

nucleon forces?
• Dark matter
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Nuclear structure input
• Higher order EM moments:

<δr2>, <δr4>, β2,…  
• Nuclear dipole polarizability

Current & planned experiments:
Ca, Sr, Cd, Yb, Ra,… 

Atom/molecule  
Nuclear

Figueroa et al. PRL 128, 073001 (2022)
Hur et al. PRL 128, 163201 (2022)
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Flambaum et al. Phys. Lett. B 146, 367 (1984). 
Phys. Rev. C 56, 1641 (1997)

Slide thanks to: T. Miyagi
Safronova et al. RMP 90, 025008 (2018)
Altunas et al. PRL 120, 142501 (2018)
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Parity-Violating Nuclear Properties

Slide thanks to: T. Miyagi

Haxton, Liu, & Ramsey-Musolf
PRC 65, 045502 (2002).
Hao et al. PRA 102, 052828 (2020)

Energy splitting  of 
opposite parity states

Nuclear structure
P -odd nucleon-nucleon 
interaction



HPV

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

Parity-Violating Nuclear Properties

Slide thanks to: T. Miyagi

P -odd nucleon-nucleon 
interactionNuclear structure

Nuclear structure input
• Anapole moments
• P-odd nucleon- nucleon forces
• Quark couplings: C2u,d 

• Weak quadrupole moments,
neutron distribution 

Energy splitting  of 
opposite parity states



T-Violating Nuclear Properties
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Chupp et al. RMP 91, 01500 (2019)
Parker et al. PRL 114, 233002 (2015)

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

Parity Doublet

<latexit sha1_base64="QfTm/hCgNty6xv46kZsFhAcHqqo="></latexit>

|↵i
<latexit sha1_base64="8+8/TqPC9AQHuN5cWkN3cd+eRJY="></latexit>

|�i

• Shielding in Diamagnetic Atoms

Schiff PR 132:2194 (1963)

Slide thanks to: J. Singh
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Nuclear structure

Dobaczewski et al. Phys. Rev. Lett. 121, 232501 (2018)
Chupp et al. Rev. Mod. Phys. 91, 015001 (2019)

Schiff Moments

225Ra
Δ E = 55 keV

[Gaffney et al. Nature 497, 199 (2013)]

P, T -odd nucleon-
nucleon  interaction

T-Violating Nuclear Properties



Energy splitting of opposite
parity states

`

Nuclear structure
Schiff Moments

P, T -odd nucleon-
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T-Violating Nuclear Properties

Nuclear structure input
• T-odd moments: Schiff moment, 

Magnetic quadrupole moment
• Sensitivity to CP-violating physics
• Energy splitting of opposite parity-

state

Current & planned experiments:
129Xe, 199Hg, 171,173Yb, 205Tl , 181Ta 223Fr, 
223Rn, 223,225Ra, 229Th, 229Pa 
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P, T -odd nucleon-
nucleon  interaction

T-Violating Nuclear Properties

Isotope DE (keV) t1/2 (sec) sensitivity
Hg-199 1800 stable 1
Rn-223 ~102? 103 102

Ra-225 55 106 103

Pa-229 (0.06 +/- 0.05)? 105 106

Pa-229: Haxton & Henley PRL 51:1937 (1983)
I. Ahmad et al Phys. Rev. C 92:024313 (2015)
Dobaczewski et al PRL 121, 232501 (2018)

FRIB will make lots of Pa-229!

Slide thanks to: J. Singh

Cao et al. Phys. Rev. C, 102:024311 (2020)

FRIB



Nuclear Schiff Moment (NSM) and 
Magnetic Quadrupole Moment (MQM)

<latexit sha1_base64="JN/mMIARcpwRvFX7nQjcE5h3uhY="></latexit>

S “ pdp ` ndnloooooomoooooon
short range single nucleon EDMs

` a1g1 ` a2g2looooomooooon
long range CPV pion-nucleon couplings
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Once-in-a-lifetime opportunity!

• New Facilities (FRIB, TRIUMF, ISOLDE, FAIR,…. )

• New Era of Precision (Atomic, Molecular, Nuclear) Physics

Experiment
Theory

Nuclear & Atomic & Molecular




