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Different methods to determine
the proton charge radius (2010)
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The Lamb shift in muonic
hydrogen: experiment

The size of the proton
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Fig. 16. Level scheme of the PS5l experiment on the Lamb shift in a mucnic hydrogen
[85] (not to scale). The hyperfine structure is not shown,
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Figure 1| Energy levels, cascade and experimental principle in muonic
hydrogen. a, About 99% of the muons proceed directly to the 15 ground
state during the muonic cascade, emitting ‘prompt’ K-series X-rays (blue).
1% remain in the metastable 2§ state (red). b, The ;p(2S) atoms are
illuminated by a laser pulse (green) at ‘delayed’ times. If the laser is on
resonance, delayed K, X-rays are observed (red). ¢, Vacuum polarization
dominates the Lamb shiftin up. The proton’s finite size effect on the 28 state
is large. The green arrow indicates the observed laser transitionat 2 = 6 pm.
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Figure 4 | Summed X-ray time spectra. Spectra were recorded on resonance
(a) and off resonance (b). The laser light illuminates the muonicatoms in the
laser time window t € [0.887, 0.962] us indicated in red. The ‘prompt’
X-raysare marked in blue (see text and Fig. 1). Inset, plots showing complete
data; total number of events are shown.



The Lamb shift in muonic
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Figure 5 | Resonance. Filled blue circles, number of events in the laser time
window normalized to the number of ‘prompt’ events as a function of the
laser frequency. The fit (red) is a Lorentzian on top of a flat background, and
gives a ){zfd.f. of 28.1/28. The predictions for the line position using the
proton radius from CODATA? or electron scattering"? are indicated (yellow
data points, top left). Our resultis also shown (‘our value’). All error bars are
the =1 s.d. regions. One of the calibration measurements using water
absorption is also shown (black filled circles, green line).



Theory of H and uH:

o Rigorous

o Ab initio

o Complicated
o Very accurate

o Partly not cross
checked

o Needs no higher-
order proton
structure

o Rigorous

o Ab initio

o Transparent

o Very accurate
o Cross checked

o Needs higher-
order proton
structure (much
below the
discrepancy)
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Spectroscopy of H and uH:

o Many transitions in
different labs.

One lab dominates.
Correlated.
Metrology involved.

The discrepancy Is
much below the line
width.

o Sensitive to various
systematic effects.

O O O O

One experiment

A correlated
measurement on ubD

No real metrology

Discrepancy is of few
line widths.

Not sensitive to
many perturbations.



H vs uH:

o uH: much more sensitive to the R,
term:

e less accuracy in theory and
experiment is required,

e easier for estimation of systematic
effects etc.

o H experiment: easy to see a signal,
hard to interpret.

o uH experiment: hard to see a signal,
easy to interpret.



Proton radius puzzle

Big puzzle: Small puzzle:

O What value is O How to get an

vetter? acurate value of

O Plausible answer: Ry?

Lom 11 H O The higher-order
finite-size terms
are needed,

O They involve
scattering data or

modeLs.



Example: radiative finite-size
corrections
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Example: radiative finite-size
corrections
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Medium Z muonic atoms:

00
uVP
Limit of
S electronic
atoms:
| mR N <<]1

Muonic H:
mRy=0.4




Medium Z muonic atoms:
SE
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Muonic hydrogen: method
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Muonic hydro
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Asymptotics at mR >> 1

Muonic vacuum

Self energy
polarization
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