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The low-energy, precision frontier & A.M.O. physics

❑Violation of fundamental symmetries        

(parity/time-reversal-symmetry)

❑ Precision tests of QED (electron g-factor, spectroscopy of simple 

atoms/highly-charged ions, etc)

❑ Tests of CPT theorem in matter-antimatter comparison

❑ Searches for light dark matter with atomic clocks, optical   

magnetometers, NMR-based sensors
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Outline

• Atomic parity violation in Yb
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• Atomic effects of the weak force & observables

• Physics motivations for atomic PV experiments

• Ytterbium parity violation experiment 

• Preliminary results 

• Forthcoming measurements

• A search for light bosons with isotope-shift spectroscopy in Yb

• How to look for new bosons with King-plot analysis

• Hints for new bosons from recent experiments

• Isotope-shift spectroscopy experiment in Yb  

• Evaluation of the previous hint for new physics 



I. Atomic parity violation in ytterbium
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Atomic Parity Violation
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Main Source: Z exchange

Electromagnetic

interaction

(conserves parity)

Weak 

interaction

(violates parity)
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The weak interaction mixes atomic states of 

opposite nominal parity (s & p)
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• Heavy atoms (high Z)

• Small E
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The weak interaction mixes atomic states of 

opposite nominal parity (s & p)
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What can atomic PV probe ?

QW ≈  − N + Z(1-4sin2θW)

Nature 557, 207 (2018)

1. Beyond-Standard Model interactions

➢ Extract sin2θW from: 

a)  single-isotope measurement

(need atomic theory) 

b)  from isotope-ratio measurements

(no theory needed)



What can atomic PV probe ?
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2. Neutron distributions



What can atomic PV probe ?
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2. Neutron distributions

Size ≈ 10-15 m Size ≈104 m

Image courtesy NASA

Spatial distribution of

neutrons in nuclei  

internal structure of 

neutron stars               

Piekarewicz and Fattoyev, Physics Today 72, 30 (2019)
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What can atomic PV probe ?

Anapole moment:  

• P-odd E/M moment from intranuclear PV

• Probe of weak meson-nucleon couplings (hadronic PV)

Safronova et al. arXiv:1710.01833

3. Hadronic weak interactions



Why PV with ytterbium

• Large PV effect (DeMille, 1995 - Tsigutkin et al, 2009)
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Why PV with ytterbium

• Large PV effect (DeMille, 1995 - Tsigutkin et al, 2009)

• 7 stable isotopes (A=168, 170-174,176)

• PV on chain of isotopes → new physics/neutron skins
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Why PV with ytterbium

• Large PV effect (DeMille, 1995 - Tsigutkin et al, 2009)

• 7 stable isotopes (A=168, 170-174,176)

• PV on chain of isotopes → new physics/neutron skins

• Two isotopes with nuclear spin →  spin-dependent PV effects
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The Yb experiment
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The Yb experiment
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The Yb experiment
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The Yb experiment
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Parity reversal

15 min acquisition
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Few essential checks



Observation of isotopic variation in atomic PV
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SM: QW ≈ − N+Z(1 − 4sin2θW) → 1% change per neutron around N=103

Observation: 0.96(15) % change per neutron

Antypas et al. Nature Physics 15, 120 
(2019)

Experimental details: 
PRA  100, 012503 (2019)
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In collaboration with V. Flambaum

Dzuba, Flambaum and Stadnik, PRL 119, 223201 (2017) 

Constraints on light Z´-mediated e-proton & e-neutron 

interactions

e-proton constraints

e-neutron constraints

Antypas et al. Nature Physics 15, 

120 (2019)



New large-area photodetector
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• ×2 wider atom beam

• New detector

Hamamatsu S14536 
PIN photodiode

×15 larger 

photocurrent

New detector: ×2 large-area PD



Next: precision isotopic ratio measurements
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ERC Starting Grant YbFUN (12.2020-11.2025):

1. Are there Z’ bosons? 

2. What is the neutron-skin variation in the Yb nuclei?

3. What is the size of the Yb anapole moment?              

NA=12%
NA=21%

A 0.03% isotopic ratio measurement will yield:

• sin2θW to within ~ 1.5%

• Yb neutron-skin variation to within ~30%



II. Searching for new scalar bosons                                                        

with isotope-shift spectroscopy
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Search for new force mediator between electron and neutrons

Effective spin-independent potential
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Search for new force mediator between electron and neutrons

Effective spin-independent potential
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Idea: Use isotope-shift data from a pair  of atomic transitions in a King-plot analysis 

● Data-driven approach with minimal input from atomic theory

● Need atoms with multiple isotopes & narrow transitions



King-plot & its (non)linearity

W. H. King, JOSA, 

Vol. 53, 638 (1963)
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King-plot & its (non)linearity
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Yb+ & Ca+ results and implications

Yb+: 3σ deviation from linearity

Counts et al. Phys. Rev. Lett. 125, 123002 (2020)

Ca+: no evidence for nonlinearity
Solaro et al. Phys. Rev. Lett. 125, 123003 (2020)

Question: what is the source of nonlinearity in Yb+?
30



Spectroscopy on Yb two-photon transition 1S0→
1D2 

Measurement goal:

300 Hz accuracy in isotope shift

to match Yb+ results

1P1

1D2

ω
1S0

399 nm

Γ = 2π ×24 kHz

λ=723 nmω



King plot with Yb/Yb+ data

Nonlinearity at the 8σ level!

32N. L. Figueroa, J. C. Berengut, V. A. Dzuba, V. V. Flambaum, D. Budker, D. Antypas Phys. Rev. Lett. 128, 073001 (2022)

c: 1S0→
1D2 (Yb)

α: 2S1/2 →
2D5/2 (Yb+)



Primary nonlinearity source 
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Yb+

Yb/Yb+

new boson

N. L. Figueroa, J. C. Berengut, V. A. Dzuba, V. V. Flambaum, D. Budker, D. Antypas 

Phys. Rev. Lett. 128, 073001 (2022)

• Consider combinations ζ
±
= 𝒅𝟏𝟔𝟖 - 𝒅𝟏𝟕𝟎±(d172 - d174)

• Ratio ζ-/ζ+ independent of atomic factors assuming

single source of nonlinearity

Transition ‘c’:
This work: Yb 1S0→ 1D2

Ref. [30]: Yb 1S0→ 3P0

Ref. [21]: Yb+ 2S1/2→ 2D5/2

Transition ‘a’:
Yb+ 2S1/2→ 2D3/2 (Ref. [21])

Frequency normalized King plot



34
€

• Atomic effects of weak force and

forthcoming high-precision isotopic comparison in Yb

• Evaluation of hint for new physics with isotope-shift

spectroscopy in Yb

Summary

• Multitude of approaches to test fundamental 

physics in low-energy, tabletop, non-accelerator 

experiments


