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Motivation

To increase the precision of atomic calculations
e Push atomic calculations to 0.1% precision,
e Improved benchmarking of atomic theory,
e Remove nuclear structure uncertainties (most limiting),
e Predictions of different nuclear models deviate by 0.5%,
e Muonic atoms are highly sensitive to nuclear structure,

e Have been used historically to study nuclear structure,
e New muonic atom experiment underway at Paul Scherrer Institute.



Muonic atoms

Muonic atoms?

Re = 207 R,
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Muonic atoms
QED effects

QED effects are dominated by vacuum polarisation consisting of electric and

magnetic loop contributions:
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Muonic atoms

Hyperfine structure in muonic atoms

Interaction between the spin of a muon (or electron) and nuclear magnetic
moments — hyperfine splitting

Closer proximity to the nucleus — larger hyperfine splitting:

F=1+1/2
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1/2 F=I-1/2 > 1/2
F=I1-1/2
e Bohr-Weiskopf (BW) effect (on the order of 1% of the hyperfine

constant in electronic system compared to the order of 100% in muonic
systems).



Hyperfine structure
Calculations of hyperfine structure
Relativistic expression for the hyperfine interaction is
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1 - nuclear magnetic moment
F(r) - describes the nuclear magnetisation distribution:

3
F(r)= (r) O(Rm — r) +O(r — Rm) - uniform spherical model
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- nuclear single particle model

©(r) - step function

Ry, - effective magnetic nuclear radius

ay, as, and € - orbital and spin fractions of magnetic moment and spin
asymmetry term



Hyperfine structure

Sensitivity to F(r) for muonic and electronic systems
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Hyperfine structure

Sensitivity to F(r) for muonic and electronic systems
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Hyperfine structure

Extraction of F(r) from muonic measurements

(Ca P+ (/8 - ]-) mucz + Vnuc(r))ﬁbmim = E@nkm




Hyperfine structure

Relative BW effect in caesium
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Hyperfine constants in caesium atom

AT (%)
131 37 0.69(19)
133 17 0.24(18)
134 4+ 0.41(18)
135 17 0.27(18)

Hyperfine structure of 133Cs is crucial for APV studies. Our result reduces
the nuclear structure uncertainty in the hyperfine structure down to 0.2%!
Final value of 0.24(18)% can be compared to predictions of different nuclear
models: 0.67% (Ball), 0.21% (SP), 0.19(14)% (SP-WS), 0.22% (CM).



Summary

e Nuclear structure uncertainty in caesium hyperfine structure is reduced
down to 0.2%,

e The result for 33Cs has implications for the error analysis of theoretical
atomic calculations,

e Further implications on previous 133¢s hyperfine structure calculations,

e Confirms the validity of the nuclear single-particle model (we advocate
for the future use of single particle model in atomic calculations instead
of the commonly used uniform spherical model),

e Emphasises the importance of future muonic (and H-like) atom
experiments for further reducing uncertainties in BW effect.
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