
Abstract. The so-called proton charge radius puzzle was one of
the challenging problems in physics in the last decade. A signifi-
cant (at the level of four standard deviations (4r )) difference
between the values of the root-mean-square proton charge ra-
dius measured in normal andmuonic hydrogen has kindled lively
discussions among both experimentalists and theoreticians spe-
cializing in quantum electrodynamics. The problem becomes
even more glaring (up to 7r ) if data on the scattering of elec-
trons on protons are taken into account. We review various
methods that enable measurement of the proton charge radius,
analyze the origin of the disagreement, and present results of
recent experiments that aim at resolving this puzzle.

Keywords: proton radius, hydrogen atom, muonic hydro-
gen, proton radius puzzle, Rydberg constant, single-photon
spectroscopy, e±p scattering

1. Introduction

The history of the proton charge radius (rp) begins with
experiments on the scattering of high-energy electrons on
protons that aimed at studying the electromagnetic structure
of the proton and neutron. The experimental landscape was
later complemented by experiments on the high-precision

radio frequency and laser spectroscopy of the hydrogen atom,
which independently yielded the value of rp. The importance
of this constant for fundamental physics is explained, in
particular, by the fact that it is the source of the most
significant error in the Rydberg constant (the coefficient of
correlation between these two constants is 98.9%). The
Rydberg constant R1 � meca 2=�2h�, where h is the Planck
constant, me is the electron mass, c is the speed of light in a
vacuum, and a is the fine-structure constant, is, in turn, the
coefficient of conversion between the atomic system of units
and the SI system and is a basic component in determining
many other fundamental constants.

Another independent method to determine the proton
charge radius was designed and implemented at the Paul
Scherrer Institute (PSI, Switzerland). This method involved a
highly-sensitive experiment on the spectroscopy of exotic
muonic hydrogen, mp, which is a bound system that consists
of a proton and negatively charged muon. Amuon is a lepton
similar to the electron, owing to which standard methods of
quantum electrodynamics (QED) for bound systems can be
applied. However, the muon is 207 times heavier than the
electron, and, consequently, the Bohr radius of the muon is
a0=207, where a0 � �h=�meca� is the Bohr radius of the
electron. Consequently, the corrections due to overlapping
of the jc�0�j2 wave function with the nucleus, which are
proportional to c�r�, are enhanced by many orders of
magnitude. Although the muon lifetime is only 2 ms, it is
possible to measure the Lamb shift using the laser spectro-
scopy technique at a wavelength of 6 mm and improve the
accuracy of the rp value by an order of magnitude.

Similar to other fundamental constants, the `tabular'
value of the proton radius is set by the Committee on Data
for Science and Technology (CODATA), whose mission is to
reconcile the values of constants taking into consideration
errors in various experiments and correlations among them
[1]. However, experiments with muonic hydrogen carried out
in 2010 yielded a surprising result that disagreed with both the
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data obtained in experiments with normal hydrogen and
electron scattering. The disagreement, which was significant
(about 7s), indicated the existence of a profound problem and
did not allow the results of experiments of the three types to be
correctly averaged. The so-called proton radius puzzle
emerged. A number of hypotheses that could explain the
nature of the observed disagreement were suggested, begin-
ning with errors in the experiments and ending with the
incompleteness of the Standard Model. To find a solution to
the puzzle, theoretical studies were carried out in which a `new
physics' was searched for and experiments were conducted
which were supposed to shed light on the problem.

However, experiments withmuonic deuterium carried out
in 2016 at PSI yielded again a significant (7:5s) disagreement
between the charge radius of the deuteron rd and the radius of
a normal deuteron. As a result, the charge radius puzzle
became even more perplexing. Two sets of internally con-
sistent results were available, which pertained to electronic
systems (normal hydrogen and electron scattering) and
muonic systems. The suspicion arose that the behavior of
the muon and its interaction with a charged center are not
fully described by QED methods, and there are some
additional corrections which are only characteristic of
muonic systems. Attention is attracted by the correction
needed in theoretical calculations in muonic systems, which
is 140s for mp and 22s for md.

However, the disagreements observed might be well
explained by simpler reasons within the modern physical
paradigm and originate in the employed experimental techni-
ques and data processing methods. In the case of electron
scattering on protons, model errors in the extrapolation of the
momentum transferred to the nucleus may fairly easily explain
the observed disagreement. No less probable are problems
unaccounted for in spectroscopic experiments with normal
hydrogen: the required adjustment equal to 4smay occur as a
result of incorrect determination of the centers of correspond-
ing spectral lines. It should be noted that, for spectrally broad
lines of transitions to the excited states of normal hydrogen
(3S, 4P, 8D, etc. with a characteristic linewidth of� 10 MHz),
the required correction only corresponds to the error equal to
1/1000 of the linewidth. This option also exists in muonic
experiments, but then one must `miscalculate' by 1/4 of the
spectral width of the line.

This simple analysis clearly shows that a solution to the
proton radius puzzle without new experiments based on
advanced techniques is an extremely challenging if not
impossible task. Special attention should be paid to experi-
ments with normal hydrogen and, possibly, scattering
experiments. The scientific community has been intrigued
for almost a decade by themysterious proton. However, what
is the root of the puzzle? Is it due to experimental errors or a
new, yet unexplored area of physics?

2. What is the proton charge radius?

It has been known for a long time that the proton is not a
pointlike particle, but its diameter is of the order of 10ÿ15 m.
It was found in the 1950s that the proton has an internal
structure. Experiments on the scattering of high-energy
electrons on proton-containing targets, which were carried
out by Robert Hofstadter, showed that the results observed
differ from the scattering laws inherent to pointlike nuclei [4].
Hofstadter was awarded with the Nobel Prize in physics in
1961 for his discoveries in the area of nucleon structure.

Prior to this discovery, the proton was considered to be a
particle that has a pointlike charge and a pointlike magnetic
moment. Should this description be correct, scattering of an
electron on a proton would have been described by the
formula derived by Rosenbluth, which we quote in its
original form [3]:�
ds
dO

�
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�
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Here, sNS is the differential cross section of Mott scattering,
y 2 f0; pg is the scattering angle in the laboratory system,
E0 is the energy of the impinging electron in the laboratory
system, M is the proton mass, k � 1:79 corresponds to the
anomalous part of the magnetic moment of the proton, and
q 2 is the four-momentum vector squared, which corresponds
to the virtual photon of electromagnetic interaction between
the electron and the proton [5]. It may be noted that the very
existence of the anomalous (non-Dirac) part of the magnetic
moment of the proton is an indication of its structure, i.e.,
finite dimensions.

Experiments on the scattering of 188-MeV electrons on
hydrogen atoms [6, 7] were the first to show that the proton's
dimensions should be nonzero. Experimental points in the
case of large scattering angles proved to be located lower than
the theoretical curve that follows from the Rosenbluth
formula (Fig. 1). Figure 1 also displays for comparison the
curve of theMott scattering sNS. It is of importance that, for a
smaller electron energy (100MeV), when the effects related to
proton size are expected to be small, the angular scattering
distribution fairly satisfactorily follows the Rosenbluth
scattering law, thus precluding possible experimental errors
[7]. It was found in this way that the proton has a distributed
charge.

It also became clear that the distributed nature of proton
charge should also distort the Coulomb potential that
determines energy levels in atoms. S-states, whose wave
function does not vanish at the origin of coordinates, are the
most sensitive to this distortion of the potential.

Concurrently with Hofstadter's pioneering experiments,
elastic scattering of electrons from the nucleon was theoreti-
cally analyzed using the Feynman diagram technique. It was
assumed that the contribution from the Born term dominates
due to the smallness of electromagnetic interaction constant
a. Basic expressions have been derived for hadronic currents,
and two invariant form factors, F1 and F2, have been
introduced, which were named later the Dirac and Pauli form
factors. Following Rosenbluth's approach [9], Yennie, Levy,
and Ravenhall [8] derived in 1957 a formula for e±p-scattering
that contains these two form factors. Experimental data can be
analyzed in a more convenient way using another set of form
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factors, GE and GM [10, 11], which are related to F1 and F2 by
the following formulas:

GE � F1 ÿ tF2 ; �4�

GM � F1 � F2 : �5�
Here, t � Q 2=�4M 2� > 0 is a quantity that depends on the
transferred momentum, which in turn is defined as
Q 2=�2M� � ÿq 2=�2M� � E0 ÿ E1, where E1 is the energy of
the scattered electron. The differential cross section can be
represented in this case as follows:

ds
dO
�
�

e 2

2E0 sin
2 �y=2�

�2
E1

E0

�
�
G 2

E � tG 2
M

1� t
cos2

y
2
� 2tG 2

M sin2
y
2

�
: �6�

The first part of the formula is the Rutherford cross section,
the second ratio is related to the recoil effect, and the third
term consists of two terms: (1) electric/magnetic scattering
with consideration for the proton structure and (2) the
magnetic part related to spin. The form factors in the
Q 2 5 1 approximation can be represented as Fourier images
of charge distribution r�r� and magnetic moment m�r�,
respectively:

GE�Q 2� � GE�Q2� �
�
vol

r�r� exp �iQr� d3r ; �7�

GM�Q 2� � GM�Q2� �
�
vol

m�r� exp �iQr� d3r : �8�

If Q! 0, the form factors should take the values GE�0� � 1
and GM�0� � 2:79. The latter quantity is equal to the
magnetic moment of the proton measured in nuclear
magneton units. Experiments at higher energies (5±20 GeV)
showed, in turn, that the charge distribution r�r� is best
described by an exponential formula,

r�r� � r0 exp
�
ÿ r

a

�
; �9�

where a � 0:24 fm. This model is currently generally
adopted. The distribution of the magnetic moment is the
same as the charge distribution, so GM�Q 2� � 2:79GE�Q 2�.

The proton charge radius is extracted in experiments on
elastic e±p-scattering from the electric form factor GE�Q 2� as
a function of the momentum transferred Q 2. Equation (6)
shows that, if Q 2 5 1, the cross section of the elastic
scattering can be represented as the product of the Mott
cross section for a pointlike electron with spin 1/2 and the
Fourier transform of the proton charge density:

ds
dO
� sMott G

2
E�Q 2� : �10�

The following formula [15] holds in the Born approximation
for a centrally symmetrical distribution integrated over angles

GE�Q 2� � 1�
X
n5 1

�ÿ1�n
�2n� 1�! hr

2niQ 2n

� 1ÿ 1

6
Q 2hr 2i � 1

120
Q 4hr 4i � . . . ; �11�

which follows from the expansion in Fourier integral (7) by
the rQ parameter. It can be seen that the expansion only
contains average values of an even power of r :

hr 2ni �
�
r 2n4pr 2r�r� dr : �12�

Equation (11) shows that, having measured the electric form
factor, the value of hr 2i can be extracted in a model
independent way (i.e., without using any model of charge
distribution).

The root-mean-square proton radius defined as rE ����������hr 2ip
can be found from Eqn (11) when the transferred

momentum tends to zero:

rE �
��������������������������������������
ÿ 6�h 2

GE�0�
dGE�Q 2�

dQ 2

s ���
Q 2�0

: �13�

The term `proton radius' rp is used in the literature; it is set
equal to the root-mean-square charge radius rp � rE and is
approximately 0.8 fm.

This implies that experimental data for GE�Q 2� should be
extrapolated to the zero value of the transferred momentum
Q 2 and the slope of the tangent at Q 2 � 0 should be
determined as shown in Fig. 2. The following problem,
which emerges in processing experimental data, should be
noted. Although theoretically GE�0� � 1, the form factor
cannot be directly measured in experiment. It is calculated
by means of the Rosenbluth formula using differential cross
sections and, consequently, it is determined with an error:
G exp

E �0� � 1� d. In processing the data, an additional
normalization parameter aG is introduced, which turns out
to be close to one. Thus,

dGE�Q 2�
dQ 2

�����
Q 2�0

� ÿ hr
2
Ei

6�h 2aG
: �14�

For rp to be determined with an accuracy of 1%, the cross
section should be measured with the maximum accuracy
possible with the correct normalization of experimental
points. The accuracy with which cross sections are deter-
mined is limited by the accuracy in determining the absolute
luminosity, which, is turn, is limited by the error in
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Figure 1. Angular distribution in the scattering of electrons on protons. If

proton charge and magnetic moment were pointlike, the scattering

diagram corresponding to the Rosenbluth model (curve 1) would be

expected (see formula (3)). Experimental points (experiment on scattering

of electrons on a gaseous hydrogen target [7]) are located below curve 1,

thus confirming that charge in the proton is not pointlike. Displayed for

comparison is curve 2 that corresponds to theMott scattering in themodel

of a pointlike proton with charge �e and without a magnetic moment.
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determining the target density and electron beam intensity
[12].

The main sources of systematic errors in scattering
experiments are related to the normalization of experimental
data that takes into account detection efficiency, purity of
target, luminosity, and radiation effects. Most experiments
used magnetic spectrometers which registered either the
scattered electron and/or recoiled proton in a solid CHn

target or in a liquid or gaseous hydrogen target. The
correlation method and back tracing of detected particles
were used to separate the useful signal in elastic scattering
from background processes. The luminosity determined by
the beam intensity and density of the target was monitored
using an additional detector. It is this detector that ensured
relative normalization of data obtained at different values of
the angle or energy but the same value of momentum
transferred Q 2.

Significant attention has been paid in recent experiments
on e±p-scattering to normalization issues, and the corre-
sponding systematic errors are controlled at a level of several
tenths of a percent [12]. However, earlier experiments lacked
such stringent normalization criteria, and unification of
different data sets proved to be problematic.

One of the methods to analyze data is to approximate
experimental values with a function which includes the
normalization factor aG as a fitting parameter. In this
approach, the normalization systematics prove to be included
in the approximation error. However, study [13] showed that
such processing can under certain circumstances significantly
affect the final result. Moreover, even if a model with a single
fitting parameter is chosen, the result obtained can depend on
taking into account in the approximation individual data
errors (see Fig. 2).

Given the strong dependence of the Mott cross section on
the scattering angle and taking into account that the relative
contribution of the form factors varies with changes in Q 2,
the e±p-scattering method is arguably the most complicated
method for analyzing the proton structure [14]. The accuracy
in determining the proton charge radius in such experiments
is no better than 1%. Figure 3 shows results for the proton
charge radius obtained in experiments on e±p-scattering
carried out over the last several decades. The earliest data
were obtained in the experiments at Orsay [16], Stanford [17],
Saskatoon [18], and Mainz [19, 20].

3. Determination of the proton charge radius
in hydrogen atom spectroscopy

Spectral studies of the hydrogen atom, which played a
decisive role in the birth of quantum mechanics and QED in
the early 20th century, remain today of importance with
regard to problems related to determining fundamental
constants and testing basic theories. The energy levels of
hydrogen are described in terms of the QED for bound states
as a product of the Rydberg constant Ry � hcR1 and a
complex dimensionless function. TheRydberg constant Ry �
mc 2a 2=2 is, essentially, a coefficient for conversion of atomic
units of measurement into the SI system, which relates the
energy levels of model Bohr hydrogen to the hyperfine
splitting of the ground state of cesium-133 atoms.

The dimensionless function, in turn, primarily depends on
the fine structure constant a, the ratio of masses of the
electron and the proton me=M, and the proton charge radius
rp:

Enl j � hcR1

�
ÿ 1

n 2
� fnl j

ÿ
a;

me

M
; . . .

�� CNS

n 3
dl 0hr 2p i

�
; �15�

where n; l, and j are the quantum number of the level
(principal quantum number, orbital quantum number, and
total momentum of the electron). The second term is a
correction to the Bohr energy, fnl j �a; me=M; . . .� � X20a 2�
X30a 3ln�a� � X40a 4 � . . . , which includes relativistic correc-
tions, recoil-related corrections, and corrections calculated in
QED (eigenenergy, vacuum polarization, etc.) [28]. The last
term in Eqn (15), which contains the CNS factor, is the main
correction related to the finite value of the proton charge
radius rp. Corrections of higher orders, which are due to the
charge distribution in the nucleus, etc., are contained in
fnl j �a;me=M; . . .�.
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It should be noted that Eqn (15) contains, in addition to
the Rydberg constant and the proton charge radius, the fine
structure constant a (the leading term � a 2) and the mass
ratio me=M (the leading term me=M ). The a constant is
known with a relative accuracy of 1:5� 10ÿ10 [29] and the
mass ratio, 6� 10ÿ11 [30]. It is of importance that both values
are determined in independent experiments. Consequently,
the error introduced by these constants in Eqn (15) is at the
level of the 14th decimal point and actually does not
contribute in comparison with the accuracy of QED calcula-
tions, to say nothing about the accuracy of rp.

Thus, spectroscopic experiments with the hydrogen atom
enable determining R1 and rp, which prove to be strongly
correlated. To determine them jointly, the energy difference
should be measured with the highest accuracy possible
between (no fewer than) two pairs of levels with different
principal quantum number n. It is natural and reasonable to
choose as such an experiment the high-precisionmeasurement
of the frequency of the 1S±2S transition (two-photon
transition, l � 243 nm, intrinsic line width 1.3 Hz), which is
known with a relative error of 4� 10ÿ15. Hydrogen has no
other metastable levels apart from the 2S state; all other
transitions are much broader (� 10 MHz) and measured
with a significantly inferior accuracy.

The correction to energy levels due to the finite radius of
the proton in Eqn (15) is described using the same logic as in
the expansion of a form factor taking into consideration the
finite charge distribution. The correction dV to the Coulomb
potential V can be represented as [31]

dV � 1

6
hr 2p iDV �

2p
3
ahr 2p id�r� : �16�

Consequently, the correction to the atomic-level energy is

DEn; l � Ry
4m 3

r a
2

3m 3
e l-

2
Cn

3
hr 2p idl 0 ; �17�

wheremr is the reduced electron mass and l-C is the Compton
wavelength. The correction related to the proton radius,
which is approximately 1.25 MHz for the 1S hydrogen level,
makes up a small fraction of the Lamb shift L1S of the ground
state. This correction is conventionally included in the
expression for the Lamb shift. The following formulas [34],

L1S � 8171:696�4�MHz� 1:5639hr 2p iMHz ; �18�

L2S � 1057:694�2�MHz� 0:1955hr 2p iMHz ; �19�

hold where all QED contributions are taken into account and
r 2p is measured in [fm2] units. These formulas clearly show
that, to determine rp with an accuracy of 1%, the level energy
should bemeasured with an accuracy of no less than 5 kHz. In
contrast to L1S, which is actually a `virtual' quantity, the
Lamb shift for the 2S state L2S � L1S=8 can be measured
using radio-frequency spectroscopy techniques. Measure-
ments of the Lamb shift do not provide an accurate value of
the Rydberg constant but enable the extraction of rp, which is
one of the methods by which the proton charge radius can be
determined.

Beginning in the late 1970s and until 2010, both the Lamb
shift and the energies of optical transitions in the hydrogen
atom (Fig. 4) were measured in numerous experiments. A list
of the most accurate experiments of that period includes
direct measurements of L2S performed by Pipkin and

Lundeen [35], determination of the Lamb shift based on the
measured frequency of the 2S1=2 ! 2P3=2 transition using a
theoretically calculated fine splitting of the 2P level [36], and
an experiment in which the anisotropy of the emitted light in
an external electric field was measured [37]. Distinguished in
the spectroscopy of optical transitions is Biraben's Paris-
based team, which has carried out since 1983 experiments on
the spectroscopy of two-photon 2SÿnS and 2SÿnD transi-
tions and the 1S±3S transition [38].

By the beginning of the 21st century, global data obtained
from hydrogen atom spectroscopy (both optical and radio
frequency) provided an accuracy in the determination of rp at
a level of 0.5% and were in good agreement with data on e±p-
scattering. This area of studies stagnated from 2000 through
2010: no new methods that could ensure a higher accuracy of
measurements were suggested, while further refinement of
QED calculations was senseless due to the error introduced
by rp. New experimental techniques substantially different
from those described above were urgently needed.

4. Lamb shift in muonic hydrogen

The idea to measure the Lamb shift in muonic hydrogen is
about 40 years old, but it was only in the early 2000s that a
team of Germany- and Switzerland-based researchers com-
menced its practical implementation to obtain a more
accurate value of the proton charge radius [32]. The mp atom
is unstable; however, the muon lifetime (2 ms) is long enough
to enable fairly accurate spectroscopic experiments. For
example, the spectroscopy of muonium me was realized in
1999 [33].

Due to the small Bohr radius of the muon (a0=207),
nucleus-related effects in muonic hydrogen prove to be
enhanced by many orders of magnitude, a factor which
significantly affects the Lamb shift structure. The table
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Figure 4. Transitions between energy levels of the hydrogen atom (not to

scale) that were used to determine the proton charge radius and Rydberg

constant. Dotted arrows show RF transitions. Corresponding results in

determining rp are displayed in Fig. 8.
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displays a comparison of some contributions to the Lamb
shift in normal and muonic hydrogen. Due to the change in
the energy scale in mp, the Lamb shift in muonic hydrogen
falls in the infrared range (6 mm), which opens prospects for
laser spectroscopy. The shift structure substantially differs
from that in normal hydrogen with regard to both radiative
corrections (eigenenergy) of the lepton and effects related to
the nucleus. The contribution of radiative corrections in the
case of muons is small (virtual photons insignificantly
`spread' heavy muons), but the vacuum polarization effect
proves to be dominant, since the Bohr orbit of the muon
proves to be smaller than the Compton wavelength of the
electron lC�a0=20 which determines the thickness of the
virtual polarized electron-positron cloud surrounding the
proton. The contribution related to rp increases manifoldly
to attain a value of 2% of the total shift. The techniques for
calculating QED corrections for ep and mp are identical, since
both the electron and the muon are leptons. Consequently,
the measurement of the Lamb shift in muonic hydrogen
makes it possible to determine with high accuracy the
corrections related to the finite size of the nucleus even if
experimental accuracy is moderate.

Experiments in which the 2S±2P transition in muonic
hydrogen was searched for were conducted with the pE5
beam of the proton accelerator at PSI. Beginning in 2000,
several experimental attempts were made which succeeded in
2010. A special line was created for the experiment to produce
slow (� 5 keV) muons, which ensures a higher efficiency of
muon capture in gaseous hydrogen (pressure 1 mbar) than
that for conventional muon beams [40]. Muon capture results
in the production ofmuon-hydrogen atoms in a highly excited
state (n � 14). Most of the atoms rapidly decay into the
ground 1S state [41], while about 1% populate the meta-
stable 2S state. After a 0.9-ms-long delay, during which all
cascade decays from upper levels are completed, the atoms
are irradiated with a short laser pulse at wavelength
l � 6 mm. This results in the excitation of the atoms and
their transition from the 2S state to the 2P state, which
immediately decays into the ground 1S state (lifetime of the
2P state t � 8:5 ps) with the emission of an X-ray photon at a
wavelength of 0.65 nm. The experiments searched for the
resonance that corresponds to the 2S±2P transition by
retuning the laser radiation wavelength and measuring the
detection rate of the photons with a wavelength of 0.65 nm
emitted synchronously with the laser pulse (Fig. 5).

The lifetime of the 2S state in muonic hydrogen in the
absence of collisions is 2.2 ms, but under the conditions of the
experiment it is reduced to 1 ms due to collisional quenching
by gaseous H2. Consequently, a dedicated pulse laser system
is required, which is described in detail in [39]. A continuous
tunable titanium-sapphire oscillator pumped by double-
frequency radiation of a disc Yb:YAG laser [42, 43] was
used. The radiation was converted in a three-cascade Stokes
converter based on a vibrational transition in a high-pressure
H2 cell. Laser radiation frequencies were gauged using spectra
of water absorption in the wavelength range l � 6 mm.

Several experiments carried out in 2003 through 2009, in
which the 2S±2P transitions were searched for in the setup
described above, failed. In the opinion of the authors, the
main reason for the absence of signals was insufficient
statistics; significant effort was made to improve the laser
system (power enhanced, `light trap' for radiation with
l � 6 mm improved) and the detection system. It was only in
2010 that Pohl's team succeeded in detecting a reliable signal
and measuring the difference between the energies of the
2SF�1

1=2 and 2PF�2
3=2 states [39]. It was a surprise for the authors

that the position of the resonance significantly differed (by
several of its spectral widths) from the expected value
calculated using the QED technique and the rp value taken
from the tables published at that time by CODATA [44].

Figure 6 shows the 2S±2P resonance in muonic hydrogen.
Data were approximated by the Lorenz function taking into
consideration the background. The obtained frequency of the
transition for the hyperfine centroid was 49881.88(70) GHz
and the resonance frequency was 18.0(2.2) GHz. The error in
determining both of these quantities corresponds to a
statistical error of 1s. The systematic error of the measure-
ments, equal to 300 MHz, as reported by the authors, is
primarily related to gauging of the excitation laser wavelength
using water absorption lines in the 5.49±6.01-mm range (one
of the lines is also displayed in Fig. 6). The position of these
lines is known with an absolute accuracy of 1 MHz [45].

The proton charge radius was determined using the total
difference of energies LS m

2S between the 2SF�1
1=2 and 2PF�2

3=2

states in muonic hydrogen, which can be found using the
formula

LSm
2S � 50:7725�12�THzÿ 1:2637r 2p THz� 0:0839r 3p THz ;

�20�

where rp is measured in femtometers. Consequently, a new
value of the proton charge radius was calculated:
rp � 0:84184�36��56� fm. The first error corresponds to the
experimental error, while the second is due to the error of the
first term in Eqn (20).

The obtained value of rp proved to be 10 times more
accurate than the CODATA-2006 value, but significantly
smaller (by five combined standard deviations) (see Fig. 6).
The first assumption, namely an error in QED calculations
for muonic hydrogen, was almost immediately rejected, since
the `missing' correction corresponds to 0.31meV or 64s in the

Table. Contributions to Lamb shift L2S in normal (ep) and muonic (mp)
hydrogen.

L2S Radiative
correction

Vacuum
polarization

Contribution
of rp

Total shift

ep

mp
1085 MHz
0.1 THz

ÿ27MHz
ÿ45 THz

0.14 MHz
0.93 THz

1057 MHz
ÿ49 THz

X-ray radiation,
l � 0.65 nm
�Ka�

2S

2PLaser,
l � 6 mm

1S

b

X-ray radiation,
l � 0.65 nm
(Ka;Kb;Kg�

1S

2S
2P

1%

n � 14

99%

a

Figure 5. (Color online.) Diagrams of levels and concept of an experiment

on muonic hydrogen. (a) After the muon is captured in highly excited

states �n � 14�, 99% of population rapidly move in a cascade process to

the ground 1S state emittingK-series X-ray radiation (violet arrow). 1%of

atoms remain in the metastable 2S state (red arrow). (b) mp atoms in the

metastable 2S state are irradiated with a laser pulse (green arrow) at

wavelength l � 6:01 mmafter 0.9 ms, andKa photons emitted in the decay

of the 2P level are detected.
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units of the theoretical error in Eqn (20). The checks that were
rapidly made showed that all calculations involve well-known
QED corrections and were made properly.

The unexpected result obtained by Pohl's team outlined
the problem, which was later named the `proton radius
puzzle' and has been actively discussed for the last decade.
Many explanations, including fantastic ones, have been
suggested. Some of them are presented in Section 5.

5. Proton charge radius puzzle

The rp value recommended by the CODATA group has been
obtained as a result of analysis of all available experimental
data and determination (using QED calculations [31]) of the
average rp and R1 values with corresponding errors. Once
every four years, the CODATA group revises the recom-
mended values of all fundamental constants based on new
experimental data and refined calculations. The averaging
method is fully justified provided data do not disagree with
each other within the corresponding errors and are described
by Gaussian statistics. However, such an approach failed in
the case of results for rp from experiments with muonic
hydrogen due to too large a disagreement. CODATA made
a decision not to include new results in the analysis until the
situation is refined. The experiment with muonic hydrogen
was repeated in 2013 with a smaller error, but the disagree-
ment persisted (Fig. 7).

Despite a profound understanding of the processes that
occur in measurements of the Lamb shift in mp, attempts were
made first to resolve the puzzle invoking effects not taken into
account in experiments. For example, study [47] explored the
idea that molecular pmeÿ ions are formed in the process of
muon capture. Indeed, the additional electron located at
distance a0 from the mp atom in the 2S state creates an
electric field sufficient to shift the observed mp�2Sÿ2P� line
by the required 0.3 meV. It was shown later in [48, 49] that
there are no long-lived pmeÿ systems. Thus, this hypothesis
proved to be unlikely.

Possible errors in theoretical calculations were also
explored. For example, attempts were made to explain the

paradox by a difference in the proton structure in muonic and
normal hydrogen. It was hypothesized that the puzzle can be
resolved by an anomalously large value of the third-order
Zemach correction [50]. This conjecture was later rejected,
and it was shown that the third-order Zemach correctionÐ
even taking into consideration the refined parametrization of
proton form factorsÐ is limited by a value that only exceeds
the one obtained for the proton dipole form factor by a factor
of two [51]. For the puzzle to be solved, this difference should
be larger than 15-fold.

Other hypotheses, such as a large contribution of proton
polarizability in the two-photon exchange with large photon
momenta [52±54], were also rejected, since they were con-
firmed neither by experiment nor by theory [55, 56].

It is of interest to mention a thought experiment in which
it is assumed that the proton contains in its interior electron-
positron pairs and photons [57]. Electroweak interaction
between quarks in the proton is `switched off', as a result of
which the particle becomes electrically neutral but similar in
its mass and nuclear properties to the normal proton
described by the nonperturbed quantum chromodynamic
(QCD) wave function. The electroweak interaction between
quarks is then `switched on' again, as a result of which virtual
photons and electron-positron pairs modify the wave func-
tion of the proton, which now contains additional photons
and electron-positron pairs.

Such a change in the shape of the wave function can be
significantly larger than that due to electroweak interaction.
This was related to the nonlinear nature of QCD and could
not be explained in the QED formalism alone. It is very
difficult, if at all possible, to estimate in quantitative terms the
density of electron-positron pairs inside the proton; however,
their presence is not precluded by any known experiments.
Moreover, the presence of photons in the proton is confirmed
by experiments on deep inelastic Compton scattering. If
electron-positron pairs do exist in the proton, the interaction
between the proton and the lepton is driven not only by
photon exchange but also by annihilation processes. The
effective Hamiltonian results in the emergence of nonvanish-
ing interaction between the bound electron and a sea
positron, the lightest of leptons, when their total spin is
equal to one. This effect should vanish in muonic hydrogen,
since the dominant contribution to sea leptons is provided by
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Figure 6. (Color online.) 2S±2P resonance in muonic hydrogen. Blue dots

show the number of detected events with a 0.9-ms delay normalized to the

total number of events. Red curve represents approximation using the

Lorenz function taking into consideration a flat background. Displayed is

the expected position of the resonance calculated using the rp value
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from experiments on electron-proton scattering [23, 46] (orange color).
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Figure 7. Proton charge radius determined from various experiments.

Result obtained by averaging data of the spectroscopy of hydrogen and

deuterium (H/D) [80] agrees with data from experiments on elastic

electron-proton scattering carried out at Mainz [21] and JLab [22]. The

value recommended by CODATA [80] is primarily based on H/D and

Mainz group's data. Proton radius obtained using data on muonic

hydrogen spectroscopy differs from value recommended by CODATA

by 7:9s.
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the lightest electron-positron pairs and the corresponding
annihilation channel is unavailable.

Themost intriguing hypotheses are arguably those related
to the failure of the Standard Model, which are based on the
fact that the measured anomalous magnetic moment of the
muon �gÿ2�m also disagrees with the Standard Model predic-
tions [58, 59]. Recent experiments at the Fermi National
Accelerator Laboratory (Fermilab), in which �gÿ2�m was
obtained, confirmed the results of an experiment carried out
at the Brookhaven National Laboratory and increased the
disagreement with the theoretical prediction to 4:2 s [60, 61].
It should be noted, however, that, unlike the disagreement in
the proton charge radius, which is of the order of 10ÿ3, the
relative disagreement in gÿ2 is only 10ÿ6. In spite of this, it
was asserted that the proton radius puzzle may be a serious
obstacle to a reliable prediction of �gÿ2�m in the Standard
Model [62].

Other explanations beyond the StandardModel have been
suggested as well. For example, the difference between the
electron andmuonic hydrogen was explained in [63, 64] by the
contribution to the binding energy of an effective Yukawa-
type gravitational potential. Study [65] explored a (4� n)-
dimensional theory with a modified gravitation which, in the
authors' opinion, resolve the puzzle bymeans of an additional
gravitational interaction between the proton and the muon.

As was stressed above, extraction of information on the
charge radius of the proton from experimental data on
scattering is the most complex technique, the result of which
depends on the model employed in the analysis of data.
Although in most cases Rosenbluth's approximation func-
tion yields a `large' proton charge radius [21±23, 25, 66±68],
the analysis based on dispersion relations provided for a long
time a `small' value that corresponds to the result for muonic
hydrogen [26, 69±71]. The calculation made in [72] using the
effective field theory (EFT) also yielded a small proton radius.
The disagreement between the results for muonic and
electronic hydrogen encouraged the emergence of studies of
various details of fitting functions and approximation
techniques [14, 25, 73], some of which yielded a small radius,
even if Rosenbluth's fitting function was used [76]. It became
apparent that the proton charge radius puzzle cannot be
solved without additional experimental data.

6. Muonic deuterium

One option to verify the validity of the measurements in
muonic systems is to determine the Lamb shift in muonic
deuterium. Indeed, both hydrogen and deuterium are well-
studied systems, owing to which the characteristics of the
proton and deuterium can be compared. For example, high-
precision measurements of the isotopic shift of the 1S±2S
transition between H and D, which were made as part of a
close scientific collaboration between Lebedev Physical
Institute of the Russian Academy of Sciences (FIAN) and
the Max Planck Institute for Quantum Optics (MPQ) [77],
enabled determining the difference between the charge radii
of deuteron and the proton [78]:

r 2d ÿ r 2p � 3:82007 fm2 : �21�

TheCREMAcollaboration (Charge Radius Experiment with
Muonic Atoms) planned to conduct a similar comparison in
muonic systems by measuring the Lamb shift in muonic
deuterium. Although the experiments with muonic hydrogen

and muonic deuterium were conducted at the same period of
time (2009±2010), interpretation of the results obtained for
the muonic deuterium required more than five years. The
stumbling point was the deuteron polarizability calculated
by K Pachucki [75]. Frequencies for three resonances
in md were reported in 2016 [74]: 2S

F�3=2
1=2 ! 2P

F�5=2
3=2 ,

2S
F�1=2
1=2 ! 2P

F�3=2
3=2 , and 2S

F�1=2
1=2 ! 2P

F�1=2
3=2 . A combination

of these frequencies and the theoretical values of the fine
splitting of the 2P level and the hyperfine splitting of the 2P3=2

level were used to determine the Lamb shift and the hyperfine
splitting of the 2S level in the muonic deuterium:

L d; exp
2S � 49:05583�75�stat�29�syst THz ; �22�

E d; exp
HFS � 1:5172�17�stat�5�syst THz ; �23�

and E exp
HFS agrees well with the theoretical prediction for

E theo
HFS � 1:5183�12�THz [79].
The Lamb shift in md is very sensitive to the deuteron

charge radius, whose contribution is 14%.The obtained value
of the deuteron charge radius [74],

rd�md� � 2:12562�13�exp�77�theo fm ; �24�

again significantly differs (by 7:5s) from the value adopted by
the CODATA group, rd�CODATA��2:1424�21� fm [80].
An additional comparison of the spectroscopic data on
deuterium and muonic deuterium [81] also indicates a
significant difference between deuteron radii.

It turns out that the comparison between the H±D and
mp ± md systems yields consistent results within each isotopic
pair; however, there is no consistency between the electronic
and muonic systems. Thus, the unresolved proton radius
puzzle has been extended to the deuteron.

7. New measurements of proton radius based
on the spectroscopy of normal hydrogen

7.1 Spectroscopy of the single-photon 2S±4P transition
using a cryogenic beam
As part of long-term scientific cooperation between FIAN
and H�ansch's laboratory at MPQ (Garching, Germany),
high-precision spectroscopy experiments began in 2011 to
measure single-photon transitions from the metastable 2S
state to the 4P1=2 and 4P3=2 states in the hydrogen atom as an
attempt to find a solution to the proton radius puzzle. The
high-precision measurement of the frequency of the 1S±2S
transition carried out by the same joint team [87] was used as
an `anchor value' in using Eqn (15), which requires that no
fewer than two transitions be measured.

A spectroscopic method was proposed that essentially
differs from the earlier experimental techniques described in
Section 3. In contrast to the excitation to the metastable 2S
state performed by the electron impact in other experiments
on the spectroscopy of the 2SÿnS, nP, and nD state, theMPQ
experiment used for this excitation the optical method of two-
photon absorption. This technique makes it possible to
employ a cryogenic beam of metastable hydrogen in a
particular hyperfine state (in this case, F � 0). The method
requires a system of two-photon 1S±2S excitation (243 nm)
featuring an extremely stable frequency, which only became
possible after 2010 owing to progress in methods of stabiliza-
tion of laser sources [83±85]. The system provided a facility to
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detect various velocity groups up to 70m sÿ1, which enabled a
thorough analysis of the systematic effect in conducting 2S±
4P spectroscopy, namely, the Doppler effect [86]. Direct
measurement of the optical frequency of transitions using a
femtosecond optical comb [87] was also used.

The experimental setup was as follows: a beam of atomic
hydrogen from a cryogenic nozzle maintained at a tempera-
ture of 5.8 K was directed into the area where the 1S±2S
transition was excited within an optical cavity, which
generated a standing wave (243 nm). The atoms in the 2S
state entered the area where the 2S±4P transition was excited.
To minimize the Doppler effect, this transition was also
excited in a standing light wave (486 nm) with the wave
vector orthogonal to the direction in which the atomic beam
propagated. In the process of the decay of the 4P level, excited
atoms emitted Lyÿg-photons at a wavelength of 97 nm,
which knocked out secondary electrons from the detector
walls. The electrons were collected and detected using a
secondary electron multiplier.

The contribution from quantum interference of sponta-
neously emitted photons proved in this experiment to be
unexpectedly strong. Despite a large difference between the
energies of fine 4P1=2 and 4P3=2 sublevels (more than
100 intrinsic widths), the adjacent sublevel makes a signifi-
cant contribution to the decay amplitude and results in the
extension of the resonance under observation to 50 kHz with
the statistic error in the determination of the line center of
about 2 kHz. Prior to this experiment, this effect had actually
not been taken into account in the spectroscopy of atomic
transitions [89]. A `blind' data analysis was used that allows
the results not be disclosed until final verification of all
systematic effects. Thus, a psychological effect that could
affect the final value despite the intentions of the researchers
was ruled out.

The methods described above made it possible to reduce
the error in the determination of the absolute frequency of the
2S±4P transition centroid to 2 kHz [88], a value that
corresponds to the errors of all averaged global data
obtained earlier. Consequently, the proton radius calculated
based on the frequencies of the 1S±2S and 2S±4P transitions
was

rp � 0:8335�95� fm ; �25�
in good agreement with the muonic hydrogen radius but 3:3s
smaller than the value derived from the entire set of global
hydrogen data obtained earlier.

It should be noted that each value obtained from
measurements in hydrogen conducted in previous years
agrees fairly well with the result for muonic hydrogen, and
significant disagreement only emerges after averaging. It can
be hypothesized that earlier data proved to be correlated due
to an unaccounted systematic effect or for psychological
reasons in processing data. A candidate for the unaccounted
systematic effect may be, for example, the quantum inter-
ference phenomenonmentioned earlier or the effect of electric
fields in the impact excitation of the hydrogen. The consis-
tency of the obtained result with those for muonic hydrogen,
although a surprise, was the first significant step towards
solving the proton puzzle.

7.2 Measurement of the Lamb shift in hydrogen
Hessel's team at York University (Canada) carried out in
2014±2019 a new measurement of the Lamb shift L2S in
normal hydrogen to obtain a new value of rp. Their approach

was based on the conventional technique of radio frequency
spectroscopy on a hydrogen beam with a number of
modifications.

The measurements used a fast (1% of the speed of light)
beam of hydrogen atoms created when protons passed
through a molecular hydrogen target. About 4% of the
atoms were in the metastable 2S1=2 state with equal popula-
tions of hyperfine sublevels F � 0 and F � 1. Residual
protons were filtered out when the beam passed between
70-cm-long deflecting plates. To separate atoms in the F � 0
state, two radio frequency cavities were used which converted
atoms from the 2S1=2�F � 1� state to the 2P1=2 state, which
rapidly decayed into the ground 1S state.

Tomeasure the frequency of the transition 2S1=2�F�0� !
2P1=2�F�1�, the method of spectroscopy in spaced fields with
frequency variation, an analog of the Ramsey method, was
used [90]. The residual population of the 2S1=2�F � 0� after
filtering of the states was determined by applying a constant
electric field that mixes the 2S1=2 and 2P1=2 levels. The atoms
relax into the ground state, emitting Lyÿa-photons with a
wavelength of 121.6 nm, which photo ionize acetone
molecules in the detector [91]. An interesting feature of the
experiment is that the radio frequency unit could rotate as a
whole around the vertical axis. This feature made it possible
to change the sequence of the electromagnetic field and to
reliably control in this way systematic effects.

The proton charge radius obtained in this experiment was

rp � 0:833�10� fm : �26�
This result agrees well with both the results for muonic
hydrogen and the new result for the spectroscopy of the
2S±4P transition.

8. Two-photon 1S±3S spectroscopy

Biraben's team at the Laboratoire Kastler Brossel (Paris)
published in 2018 results of the next measurement of the
frequency of the two-photon 1S±3S transition in which the
accuracy of the proton charge radius was improved [92]. It
should be noted that most of the data that were taken into
account by the CODATA group for the optical spectroscopy
of highly excited states of the hydrogen atom until 2010 were
also obtained by Biraben's team.

Themain techniques used in this study were essentially the
same as in the earlier experiments of the group. The 1S±3S
transition was excited by a continuously operated laser at a
wavelength of 205 nm, after which a fluorescence signal from
the decay of hydrogen atoms from the 3S state to the 2P state
was detected. Experiments were carried out using a thermal
beam of atomic hydrogen excited to the 2S state by electronic
impact. It should be stressed that the use of a continuously
operating laser at this wavelength results in significant
engineering problems related to fast degradation of non-
linear converters and optical devices. The authors of [92]
reported a significant decrease in error (in comparison to that
in their earlier results) in the determination of the absolute
frequency of the transition, to 2.7 kHz. The published value of
the proton radius rp � 0:877�13� fm corresponded to that
recommended by CODATA, which added ambiguity to the
proton puzzle.

Finally, H�ansch's group at MPQ conducted in 2020
another experiment on high-precision spectroscopy of the
1S±3S transition in the hydrogen atom [93]. The concept of
the experiment was qualitatively different from that of the
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French team. It was based on direct spectroscopy of two-
photon transitions using the frequency comb proposed by
Baklanov and Chebotaev [94]. The comb is a set of
equidistant, mutually coherent optical frequencies with a
fixed space between them, ok�kor � o0 (k is an integer),
which is generated by a laser with mode synchronization. The
pulse repetition frequency or and the offset frequency
o0 < or can be accurately measured. The two-photon 1S±3S
transition is excited when two comb pulses moving in
opposite directions are superimposed; the energies of the
photons from different modes add in such a way that their
total energy corresponds to the transition energy �ho1Sÿ3S. If
the condition 2ok � o1Sÿ3S holds for one of the modes, the
condition of the two-photon resonance is automatically
fulfilled for all other pairs of the modes: o1Sÿ3S �
okÿm � ok�m, and the excitation occurs in a coherent way.

The primary advantage of this method over continuous
excitation is that the pulsed radiation can be efficiently
converted into the ultraviolet range. In this case, similar to
the continuous radiation regime, the entire radiation power is
involved in excitation of the transition. The list of disadvan-
tages includes the residual Doppler effect due to the broad
spectrum of the comb, the chirp effect, and the small
excitation volume that is controlled by the pulse duration
and the constriction radius.

The authors of [93] used the frequency of the transition
1S�F � 1� ! 3S�F � 1� taking into consideration hyperfine
splitting to obtain the frequency of the centroid of the 1S±3S
transition with an accuracy which is 3.6 times better that that
in the French group's experiment. The proton radius
calculated using the frequency of the 1S±2S and 1S±3S
transitions was

rp � 0:8482�38� fm ; �27�

which proved to be 2:9s smaller than the value derived from
the set of global hydrogen data obtained before 2014,
including the most recent measurement of the frequency of
the 1S±3S transition [92]. The difference from the value that
follows from muonic hydrogen is 1:9s.

A conclusion can be drawn that the most recent experi-
ments listed in this section confirm the results obtained in
studying muonic systems and actually solve the charge radius
puzzle indicating the problems in hydrogen experiments of
earlier generations.

9. Conclusions

Although the hydrogen atom is well studied and the simplest
atomic system, it still involves a number of unresolved
problems that can perplex researchers. Two allegedly abso-
lutely independent methodsÐelastic scattering of electrons
on protons and the spectroscopy of hydrogenÐprovided
reliable coincidence of the results, which could not raise
doubts among scientists. It was only a significant increase in
experimental accuracy due to the use of muonic systems that
resulted in rethinking all earlier results that had been collected
for more than 50 years.

Figure 8 shows the values of the proton charge radius
obtained in different years. One can see in the figure that
before 1980 the only source of information about the proton
radius was experiments on elastic scattering of electrons on
protons. The declared accuracy was at that early time not
high, and the results were not in disagreement with those for

muonic hydrogen. The situation changed later when high-
precision methods of hydrogen atom spectroscopy emerged
and, before 2014, the rp value recommended by CODATA
was closer to 0.88 fm.

On the other hand, in the StandardModel, the electron in
no way differs from the muon except in mass, and the same
QED formalism can be applied to both particles. Conse-
quently, the value rp � 0:84 fm obtained in 2010 in experi-
ments with muonic hydrogen was kind of a shock in atomic
physics. More than a decade was needed to clarify the issue,
and it can be asserted today that the Standard Model passed
the test. Figure 8 shows that, beginning in 2010, data are
separated into two groups that disagree with each other.
CODATA had to make a difficult decision in favor of one of
the groups in 2018 [95]. Taking into account the independent
character and variety of methods, CODATA gave preference
to muonic experiments and recommended the following
values:

rp � 0:8414�19� fm ; �28�

R1c � 3:2898419602508�64� � 1015 Hz : �29�

The relative error in determining the proton charge radius
significantly reduced, to 2:2� 10ÿ3. An important conse-
quence was also a significant, almost threefold, decrease in
the relative error (in comparison to that in 2010) in the
Rydberg constant, to 1:9� 10ÿ12.

It appears that the proton charge radius puzzle has not
only scientific but also psychological origins related to
processing data and selecting the methods that provide
`synchronization' with the allegedly generally accepted value
and concurrently with the desire to show the best result. This
may include the underestimation of errors, exclusion of
allegedly `poor quality' experimental points, incomplete or
insufficiently unbiased analysis of systematic effects, and the
selection of an appropriate model for processing data.
Moreover, the data obtained by one group of researchers or

2020
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0.80 0.85 0.90 0.95

Proton charge radius rp, fm

Figure 8. (Color online.) Retrospective representation of proton charge

radius using various measuring techniques. Black squares show results of

experiments on elastic e±p-scattering; green dots, RFmeasurements of the

Lamb shift in hydrogen; red stars, results of muonic hydrogen spectro-

scopy; and violet dots, value of the proton radius recommended by

CODATA. Values are taken from review [96]. Violet band shows how

the generally accepted value of the proton radius changed and the error in

determining its value decreased. Yellow dot highlights the group of

experiments whose results led to a shift of the recommended proton

charge radius to smaller values.
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at one experimental facility using similar methods should be
critically reviewed from the perspective of possible correla-
tions, including those that are related to unidentified
systematic errors. Straightforward averaging methods may
prove to be inapplicable. The proton charge radius puzzle was
a good lesson and at the same time a perfect driver for
progress in experimental and theoretical studies of simple
atomic systems.
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