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The proton radius: From a puzzle to precision
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Abstract

We comment on the status and history of the proton charge radius determinations.

The proton charge radius rP is a fundamental quan-

tity in particle physics, as it challenges our understand-

ing of the so successful Standard Model in the non-

perturbative regime of the strong interactions. It is de-

fined by the slope of the proton charge form factor GE
p (t)

at zero momentum transfer,

r2
p = 6

dGE
p (t)

dt

∣

∣

∣

∣

t=0
, (1)

with t the invariant four-momentum transfer squared.

The proton charge radius was first indirectly measured

in the Nobel prize winning electron scattering experi-

ments by Hofstadter et al. [1, 2], who fitted the form

factor data with a dipole form and extracted the radius

from the slope of the dipole. While electron scattering

was the method of choice to refine the measurements

of the proton radius in the decades following these pi-

oneering experiments, the Lamb shift in electronic hy-

drogen and muonic hydrogen is also sensitive to the pro-

ton radius [3]. These are electromagnetic bound states

of an electron (a muon) with a proton, where the finite

size of the proton leaves a small imprint in the energy

spectrum. Such determinations, however, require pre-

cision experiments and precision theory and thus came

into the game only later, with a much higher sensitiv-

ity to rp for muonic hydrogen. This is due to the larger

muon mass, mµ/me ≃ 200, so that the corresponding

Bohr radius is smaller and the effect of the proton radius

much enhanced. Most electron scattering experiments

gave the so-called large radius, rP ≃ 0.88 fm, which

was also the value given by CODATA [4]. This was

also consistent with the determination from the elec-

tronic Lamb shift. It then came as a true surprise to

most researchers (but not all, see below) when the first

measurement of the muonic hydrogen Lamb shift led to

the so-called small radius, rP = 0.84184(67) fm, differ-

ing by 5σ from the CODATA value [5]. The plot further

thickened when high-precision electron-proton scatter-

ing data from the Mainz Microtron (MAMI) reinforced

the large radius [6], which was also consistent with

the average value from electronic Lamb shift measure-

ments, see, e.g., [4]. Another measurement of muonic

hydrogen, however, supported the small value [7]. This

glaring discrepancy in such a fundamental quantity,

which was believed to be understood since long, be-

came known as the “proton radius puzzle”, that featured

prominently in many print and online media. For a re-

view see, e.g., [8].

However, while this led to a large number of pub-

lications scrutinizing the experimental and theoretical

approaches, or even questioning the lepton universal-

ity underlying the Standard Model (cf. Ref. [8]), this

is not the whole story. Electron scattering data lead-

ing to the proton and neutron charge and magnetic

form factors are best analyzed using dispersion rela-

tions, as these embody the general principles of uni-

tarity, crossing and analyticity. In particular, the con-

tribution from the closest singularity in the momentum

transfer t, the two-pion continuum, can be included in a

model-independent fashion and is of utmost importance

for a proper extraction of the proton radius [9]. This ap-

proach was pioneered and utilized first by the Karlsruhe

group [10], and further developed and made consistent

with symmetries and constraints from Quantum Chro-

modynamics (QCD) by the Bonn-Mainz group [11, 12].

In fact, the proton radius puzzle was anticipated in the

2007 paper by Belushkin and the authors based on a

thorough dispersion-theoretical analysis of the world

data base of nucleon form factor data [13]. Again,
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Table 1: Modern extractions of the proton charge radius from the elec-

tronic Lamb shift and electron-proton scattering.

rp [fm] year method Ref.

0.8335(95) 2017 el. Lamb shift [16]

0.877(13) 2018 el. Lamb shift [17]

0.833(10) 2019 el. Lamb shift [18]

0.831(7)(12) 2019 e − p scattering [19]

a small radius in the range rp = 0.82 . . .0.85 fm was

found and it was further shown that a large proton ra-

dius rP = 0.88 . . .0.90 fm could hardly be accommo-

dated by the form factor data if the constraints from

unitarity and analyticity are taken into account. The

reanalysis of the exquisite MAMI data from 2010 us-

ing the same dispersion-theoretical framework also led

to a small radius of rp = 0.84(1) fm [14], similar to all

other such analyses before. This was later refined in-

cluding effects from the two-photon exchange and per-

forming an improved error analysis, leading to rp =

0.840 (0.828 − 0.855) fm [15].

Still, the situation remained unsatisfactory as rp from

the electronic Lamb shift was on the large side and there

has been on-going debate about the extraction of the

radius from electron scattering experiments. The situ-

ation changed, however, dramatically when three new

experiments on the electronic Lamb shift [16, 17, 18], a

novel measurement of electron-proton scattering at un-

precedented small momentum transfer [19], and another

dispersion-theoretical inspired analysis of electron scat-

tering data [20] became available in the last few years,

with the latter one just reinforcing the claims made by

the Bonn-Mainz group since the mid 1990ties. With

the exception of the Paris electronic Lamb shift mea-

surement [17], all of these new determinations of rp

consistently give a small proton radius. Consequently,

the newest addition of the CODATA compilation lists

the proton charge radius as rp = 0.8414(19) fm [21],

completely consistent with the value from muonic hy-

drogen and electron scattering data analysed using dis-

persion theory. In light of these results, an improved

dispersion-theoretical analysis including the most re-

cent high-precision determination of the two-pion con-

tinuum contribution [22] based on the tremendously

successful Roy-Steiner analysis of pion-nucleon scatter-

ing [23] should be performed. Complementary scatter-

ing experiments using muons are also planned [24, 25].

In summary, in view of the new extractions of the

proton charge radius from electronic Lamb shift mea-

surements and very low-energy electron-proton scatter-

ing as well as the on-going activities to analyze electron

scattering data using dispersive methods, we can now

consider the proton radius puzzle solved and look for-

ward to an increased precision in the determination of

this fundamental quantity.
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