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This talk reviews the status of the proton radius puzzle, i.e., the discrepancy between inferred
values for the proton charge radius. The focus is on a discussion of the uncertainties in
extrapolations of electron scattering data, and of the uncertainties due to proton structure
corrections in the muonic hydrogen bound state.

1 Introduction

In 2010 the CREMA collaboration reported a first measurement of the Lamb shift in muonic
hydrogen 1. Interpreted as a measurement of the proton charge radius, the result differs sig-
nificantly from extractions based on electronic hydrogen, and extractions from electron-proton
scattering, as summarized in Fig. 1. This ∼ 5σ anomaly is perplexing. It is an obstacle to pre-
cise determination of the Rydberg constant R∞, a and it brings into question the reliability of
electron scattering data.b It has also led to speculations on new forces acting in the muon-proton
system 21, inadequate treatment of proton charge density correlations 22, and modifications of
offshell photon vertices 23.

This talk begins by discussing effective field theory formalism for proton structure effects
in atomic bound states. Dispersive analysis to constrain electron scattering determinations of
coefficients in the effective theory is then described, and the status of the proton radius puzzle
is summarized.

2 Proton structure in NRQED

Non-relativistic QED (NRQED) 24 is a field theory describing the interactions of photons and
nonrelativistic matter. The NRQED lagrangian is constructed to yield predictions valid to any
fixed order in small parameters α and |q|/M , where |q| denotes a typical bound state momentum,
and M is a mass scale for the nonrelativistic particle. NRQED provides a rigorous framework to
study the effects of proton structure, avoiding problems of double counting in bound state energy
computations 25; eliminating difficulties of interpretation for the polarizability of a strongly
interacting particle 26; and providing trivial derivations of universal properties, such as the low

a“Data from muonic hydrogen are so inconsistent with the other data that they have not been included in the
determination of rp and thus do not have an influence on R∞” 19.

bUntil the difference between the e p and p values is understood, it does not make much sense to average all
the values together. For the present, we stick with the less precise (and provisionally suspect) CODATA 2006
value. It is up to workers in this field to solve this puzzle 20.
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Figure 1: Values of the proton charge radius (in fm) extracted from muonic hydrogen (circle and vertical band);
electronic hydrogen (green triangles); electron scattering employing the z expansion (red squares); and previous

electron scattering extractions (blue downward triangles).

Ref. 1 Ref. 28

vertex correction -0.0096 meV -0.0108 meV mismatch in rpE definition

two photon correction 0.051 meV ∼ 0.05 ± 0.05 meV model dependence

recoil finite size 0.013 meV 0 double counting

total 210.0011(45) 209.987(50)
- 5.2262 r2 meV - 5.2262 r2 meV

extracted radius 0.8421(6) fm 0.841(6) fm

Table 1: Comparison between this and previous works for proton structure corrections to the 2P − 2S Lamb shift
in muonic hydrogen, in meV.

energy theorems of Compton scattering 27. Neglecting the pure photon sector, the NRQED
lagrangian has the expansion,

Le = ψ†
e

{

iDt +
D2

2me

+
D4

8m3
e

+ cF e
σ ·B

2me

+ cDe
[∂ ·E]

8m2
e

+ icSe
σ · (D ×E −E ×D)

8m2
e

+ cW1e
{D2,σ ·B}

8m3
e

− cW2e
Diσ ·BDi

4m3
e

+ cp′pe
σ ·DB ·D +D ·Bσ ·D

8m3
e

+ icMe
{Di, [∂ ×B]i}

8m3
e

+ cA1e
2
B2 −E2

8m3
e

− cA2e
2

E2

16m3
e

+ . . .

}

ψe + d1
ψ†
pσψp · ψ

†
eσψe

memp

+ d2
ψ†
pψpψ

†
eψe

memp

+ . . . . (1)

Here ψe is a two-component spinor representing the nonrelativistic electron field, σ is the Pauli
spin matrix, Dt and D are covariant derivatives and E, B are the electric and magnetic fields.
The proton charge radius is defined by the matching condition for cD, while structure-dependent
contributions to two-photon exchange enter the contact interactions d1,d2.

Once a regularization scheme for the field theory is specified, and coefficients cD , d2 , . . .
are determined, spectroscopic intervals can be computed. The bound state computation is
not essentially different for a point particle nucleus (e.g. a muon-electron bound state) versus
a composite nucleus (e.g. a proton-electron bound state). Some discrepancies between the
tabulation of Ref. 1 are noted in Table 1. For details, see Ref. 28.



3 Electron scattering
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Figure 2: Variation of the fitted proton charge radius as a function of maximum Q2. Fits of the proton data were
performed with kmax = 10, φ = 1, t0 = 0, |ak| ≤ 10. Data from Ref. 33.

Electron scattering is a promising method to determine structure-dependent constants in
the NRQED lagrangian. Let us consider the electromagnetic form factors satisfying F1(0) = 1,
F2(0) = ap, and
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where λ is a photon mass introduced for convenience. When extracting the form factor slope we
must account for the unknown form factor shape while retaining predictive power. This problem
can be addressed using constraints from analyticity 32, both to constrain the functional form of
Fi(q

2), and to allow systematic inclusion of electron-neutron scattering data and ππ → NN̄
data 5. Figure 2 illustrates the radius extraction from a representative dataset 33, as a function
of the maximum momentum transfer included in the fit. The corresponding radius, for Q2

max =
0.5GeV2, is displayed in Fig. 1, together with more precise determinations including neutron
and ππ data. For details see Ref. 5.

4 Outlook

Ref. 1 Ref. 28

H CODATA06 0.876(8) 4.2σ 3.5σ

ep Sick 2005 0.895(18) 2.9σ 2.8σ
JLab 2011 0.875(10) 3.3σ 2.9σ
Mainz 2011 0.879(8) 4.6σ 3.8σ

H, ep CODATA10 0.8775(51) 6.9σ 4.6σ

ep this work 0.870(26) 1.1σ 1.1σ
ep, en this work 0.880(20) 1.9σ 1.9σ

ep, en, ππ → NN̄ this work 0.871(10) 2.9σ 2.6σ

Table 2: Discrepancy between the proton charge radius from muonic hydrogen and from other determinations.

The proton radius remains a puzzle. Table 2 displays the discrepancy between the proton
charge radius from muonic hydrogen, and other determinations. The final two columns of the



table correspond to the reference values in the final row of Table 1. Future work should provide
a more robust estimation of uncertainties due to radiative corrections in the electron scattering
determination. New measurements in electronic hydrogen are being undertaken to assess the
possibility of systematic effects in the Rydberg and proton radius determinations. Proposed
muon-proton scattering measurements could provide an independent determination of the proton
radius, and directly measure the poorly constrained contact interaction parameterized by d2.
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