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A R T I C L E I N F O A B S T R A C T 

Editor: A. Ringwald The proton-radius puzzle refers to the discrepancy observed in measurements of the proton’s charge radius when 
using different methods. This inconsistency has prompted extensive research and debate within the physics 
community, as it challenges the understanding of quantum electrodynamics and the fundamental properties of 
protons. In the present study, we determine the charge and magnetic radii of the proton and neutron through a 
global analysis of the generalized parton distributions (GPDs) at zero skewness. We emphasize the importance of a 
simultaneous analysis of all available experimental data related to nucleon radii, rather than relying on individual 
experiments, specific observables, or limited kinematic regions. This comprehensive approach ensures robust and 
consistent results, avoiding values that are either too small or too large. Our analysis yields the following results: 
𝑟𝑝𝐸 = 0.8558±0.0135 fm, 𝑟𝑝𝑀 = 0.8268±0.0533 fm, 

⟨
𝑟2
𝑛𝐸

⟩
= −0.1181±0.0270 fm2, and 𝑟𝑛𝑀 = 0.8367±0.0845 fm.

Introduction Understanding the internal structure of nucleons, en

compassing protons and neutrons, remains a fundamental pursuit in 
modern nuclear and particle physics. Central to this investigation are 
the charge and magnetic radii of the nucleons, critical parameters that 
reveal the spatial distribution of their electric charge and magnetic mo

ment [1]. These properties not only illuminate the dynamics within 
atomic nuclei but also serve as crucial benchmarks for testing theoreti

cal models, particularly quantum electrodynamics (QED) and quantum 
chromodynamics (QCD).

The charge radius of a nucleon defines the spatial extent over which 
its electric charge is distributed, while the magnetic radius characterizes 
the distribution of its magnetic moment. Precise measurements of these 
radii serve as stringent tests for theories such as chiral effective field 
theory [2] and lattice QCD calculations [3]. Electromagnetic scattering 
experiments [4,5], utilizing high-energy electron beams, have tradition

ally been employed to determine these radii by measuring the cross 
section of the elastic scattering of electrons off nucleons in terms of the 
negative of the square of the four-momentum transfer 𝑄2 = −𝑡. In fact, 
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1 Modern Multipurpose GPDs.

it is now well established that the scattering experiments access to the 
charge and magnetic radii of the nucleons through the slope of the elec

tromagnetic form factors (FFs) at 𝑄2 = 0. In parallel, spectroscopic tech

niques, such as hydrogen (H) or muonic hydrogen (𝜇H) spectroscopy, 
provide an alternative avenue for probing nucleon structure [6,7]. These 
methods involve studying the energy levels and transitions within exotic 
atoms, while scattering experiments offer direct access to the nucleon’s 
radii via electromagnetic interactions, spectroscopy provides a unique 
perspective through atomic energy level measurements.

In 2010, the CREMA collaboration performed a challenging muonic 
hydrogen spectroscopy experiment, an improvement of the hydrogen 
spectroscopy method wherein the electron is replaced by a muon, and 
reported a value of the proton charge radius (𝑟𝑝) which was in dis

agreement with previous determinations from both ordinary hydrogen 
spectroscopy and elastic scattering experiments [6]. This finding, which 
was referred to as the ``proton-radius puzzle'', has been a critical subject 
to investigate in both experimental and theoretical particle physics for 
more than a decade [8--13]. However, two recent measurements from 
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both hydrogen spectroscopy [14] and electron-proton (ep) elastic scat

tering from PRad experiment [15] at Jefferson Laboratory (JLab) are in 
agreement with the muonic hydrogen spectroscopy results which lead 
to smaller values for 𝑟𝑝 of about 0.83 fm. Note that the PRad result is 
the first measurement of 𝑟𝑝 obtained from elastic scattering experiments 
that is in agreement with the muonic hydrogen spectroscopy results. Ac

tually, the results from previous elastic scattering experiments are larger 
than the PRad result even up to 5 standard deviations. The reason has 
been attributed to the fact that the PRad experiment covers the measure

ments of the ep elastic scattering cross section (and hence the electric 
FF) at very small values of 𝑄2. Nevertheless, a recent study [16] shows 
that analyzing PRad data besides other data belonging to larger values 
of 𝑄2 leads to a larger value of 𝑟𝑝 which is again in disagreement with 
the muonic hydrogen spectroscopy results.

The precise measurements of the nucleon’s charge and magnetic radii 
are also important for the global analysis of the generalized parton dis

tributions (GPDs) at zero longitudinal momentum transfer 𝜉, known as 
skewness, since they can provide crucial constraints on GPDs at very 
small 𝑄2 [17--19]. Representing correlations between the longitudi

nal momentum and the transverse position and of partons inside the 
nucleon, GPDs are nonperturbative entities which can provide a 3D de

scription of nucleons [20--29]. So, in this context, they have a significant 
advantage compared with ordinary parton distribution functions (PDFs) 
that describe only the longitudinal momentum distribution of partons 
inside hadrons. This is why the GPDs topic has received a lot of at

tention in recent years [30--49]. Note that this list is not exhaustive, 
as it is nearly impossible to provide a fully comprehensive compila

tion of all relevant GPD-related studies within the scope of this paper. 
At zero skewness, GPDs can be determined from a simultaneous anal

ysis of the experimental data from different kinds of elastic scattering 
processes including the elastic lepton-nucleon scattering [19], elastic 
(anti)neutrino-nucleon scattering [34], and wide-angle Compton scat

tering (WACS) [18]. An important property of GPDs is that their first 
moments are related to different types of nucleon FFs and hence the 
nucleon’s radii. Therefore, it is of significant interest to see how GPDs 
determined from a simultaneous analysis of the electromagnetic FFs (or 
elastic scattering cross sections) predict the charge and magnetic radii of 
the nucleons. Are the obtained values for radii in agreement with PRad 
and muonic hydrogen spectroscopy results?

It is worth noting that the determination of GPDs at zero skewness 
through the analysis of electromagnetic FFs and their impact on nucleon 
radii has been performed before, for example, in Refs. [31,32]. How

ever, such analyses are based on fewer experimental data points, lim

ited to elastic electron-nucleon scattering, and employed simpler ansatz. 
The present study utilizes a wide range of experimental data, including 
both elastic electron-nucleon scattering and quasielastic antineutrino

nucleon scattering. Our analysis is based on a comprehensive data 
set from the more recent YAHL18 analysis [50] and incorporates new 
GMp12 data from JLab [51] as well as neutrino data from the PRad 
experiment [15].

In the present study, we first perform a standard 𝜒2 analysis of 
a wide range of the elastic electron-nucleon scattering as well as the 
antineutrino-nucleon scattering experimental data and determine simul

taneously the unpolarized valence GPDs 𝐻𝑞
𝑣 and 𝐸𝑞

𝑣 with their uncer

tainties. Then, using the extracted GPDs, we calculate the charge and 
magnetic radii of both proton and neutron and compare them with the 
corresponding ones obtained from various elastic scattering experiments 
and hydrogen spectroscopy.

Formalism As mentioned before, the charge and magnetic radii of the 
nucleons are directly related to the electric and magnetic FFs, 𝐺𝑗

𝐸
(𝑄2)

and 𝐺𝑗

𝑀
(𝑄2), which encode the internal charge and magnetization dis

tributions. Here 𝑗 = 𝑝, 𝑛 where 𝑝 and 𝑛 denote the proton and neutron, 
respectively. To be more precise, the mean squared of the charge and 
magnetic radii of the nucleons, 𝑟𝑗𝐸 and 𝑟𝑗𝑀 , can be obtained from the 
slope of the electromagnetic FFs at 𝑡 = 0 as follows [17]

⟨
𝑟2
𝑗𝐸

⟩
= 6

d𝐺𝑗

𝐸

d𝑡 

||||||𝑡=0
, 

⟨
𝑟2
𝑗𝑀

⟩
= 6 

𝜇𝑗

d𝐺𝑗

𝑀

d𝑡 

||||||𝑡=0
, (1)

where 𝜇𝑗 is the magnetic moment of the nucleon. The electromagnetic 
FFs 𝐺𝐸 and 𝐺𝑀 which are commonly called Sachs FFs are expressed in 
terms of the Dirac and Pauli FFs of the nucleon, 𝐹1 and 𝐹2,

𝐺𝑀 (𝑡) = 𝐹1(𝑡) + 𝐹2(𝑡) ,

𝐺𝐸 (𝑡) = 𝐹1(𝑡) +
𝑡 

4𝑚2 𝐹2(𝑡) , (2)

where 𝑚 is the nucleon’s mass.

Experimentally, the Sachs FFs can be extracted from the measure

ments of the cross section of the elastic electron-nucleon scattering [50] 
that is often presented as the reduced cross section

𝜎𝑅 = 𝜖𝐺2
𝐸
(𝑡) + 𝜏𝐺2

𝑀
(𝑡) ,

=𝐺2
𝑀
(𝑡)[𝜏 + 𝜖RS(𝑡)∕𝜇2

𝑗
] , (3)

where 𝜖 and 𝜏 are the dimensionless kinematic variables and RS =
(𝜇𝐺𝐸∕𝐺𝑀 )2 is the normalized Rosenbluth slope [51]. The method that 
provides the separate determination of 𝐺𝐸 and 𝐺𝑀 is called the Rosen

bluth separation in which the unpolarized elastic electron-nucleon scat

tering is considered. However, there is another method in which one 
can use the correlation between the polarizations of the electron and 
nucleon to extract Sachs FFs. Although such a method has the advan

tage that it is less sensitive to two-photon exchange (TPE) corrections, 
one can only access the ratio of Sachs FFs in this method.

Theoretically, the Dirac and Pauli FFs can be obtained from the un

polarized valence GPDs 𝐻𝑞
𝑣 and 𝐸𝑞

𝑣 at zero skewness (𝜉 = 0). Here 𝑞
denotes the up, down, and strange quarks, though we can neglect the 
strange contribution. Considering the proton case, we have the follow

ing sum rules [31,32]

𝐹
𝑝

1 (𝑡) =
∑
𝑞

𝑒𝑞𝐹
𝑞

1 (𝑡) =
∑
𝑞

𝑒𝑞

1 

∫
0 

𝑑𝑥 𝐻𝑞
𝑣
(𝑥,𝜇2, 𝑡) ,

𝐹
𝑝

2 (𝑡) =
∑
𝑞

𝑒𝑞𝐹
𝑞

2 (𝑡) =
∑
𝑞

𝑒𝑞

1 

∫
0 

𝑑𝑥 𝐸𝑞
𝑣
(𝑥,𝜇2, 𝑡) , (4)

where 𝑥 represents the longitudinal momentum fraction of the nucleon 
carried by quark 𝑞 with electric charge 𝑒𝑞 , and 𝜇2 stands for the fac

torization scale at which the quarks are resolved. Note that the related 
formulas for the neutron FFs 𝐹𝑛

1 and 𝐹𝑛
2 can be obtained by assuming 

the isospin symmetry, i.e., 𝑢𝑝 = 𝑑𝑛, 𝑑𝑝 = 𝑢𝑛.

According to the above equations, by measuring the reduced cross 
section 𝜎𝑅 or equivalently the electromagnetic FFs 𝐺𝐸 and 𝐺𝑀 , one can 
determine the unpolarized valence GPDs 𝐻𝑞

𝑣 and 𝐸𝑞
𝑣 at zero skewness 

by performing a standard 𝜒2 analysis and considering suitable parame

terizations for GPDs [17--19]. On the other hand, one can calculate the 
nucleon’s charge and magnetic radii using Eq. (1) and extracted GPDs. 
This approach to calculate the nucleon’s radii is really of interest because 
GPDs are determined from a simultaneous analysis of a wide range of ex

perimental data from the elastic electron scattering off both proton and 
neutron. While the experimental measurements of the nucleon’s radii 
from elastic scattering experiments are usually based on the fit to cer

tain data (with limited kinematic coverage) and to one kind of FFs solely. 
For example, in the PRad experiment [15], the valued of 𝑟𝑝 = 0.831 fm 
has been obtained by analyzing just the electric FF data in the 𝑡 range of 
0.0002 ≲ −𝑡 ≲ 0.06 GeV2. So, the values of the radii of the nucleons de

termined from the global analysis of GPDs can be crucial in the context 
of the proton-radius puzzle.

The first step to extract GPDs from the 𝜒2 analysis of the related 
experimental data is to choose a suitable parametrization for them. It 
is now well established that the following ansatz which relates GPDs to 
ordinary PDFs works well [17--19,32]



Physics Letters B 864 (2025) 139423

3

The MMGPDs Collaboration 

𝐻𝑞
𝑣
(𝑥,𝜇2, 𝑡) = 𝑞𝑣(𝑥,𝜇2) exp

[
𝑡𝑓 𝑞

𝑣
(𝑥)

]
,

𝐸𝑞
𝑣
(𝑥,𝜇2, 𝑡) = 𝑒𝑞

𝑣
(𝑥,𝜇2) exp

[
𝑡𝑔𝑞

𝑣
(𝑥)

]
, (5)

where 𝑞𝑣(𝑥,𝜇2) represents the unpolarized valence PDF for quark flavor 
𝑞. As in our previous analysis [19], utilizing the LHAPDF package [52], 
we take PDFs from the NNPDF analysis [53] at the next-to-leading order 
(NLO) and scale 𝜇 = 2 GeV. Note that the above ansatz satisfies the 
requirement that GPDs are reduced to PDFs at the so-called forward limit 
(𝑡 = 0 and 𝜉 = 0). Since 𝑒𝑞𝑣(𝑥,𝜇2) is not available from the analysis of the 
high-energy experimental data, we have to determine it from the fit to 
data too. To this aim, we consider the following parametrization [17--

19,32]

𝑒𝑞
𝑣
(𝑥,𝜇2) = 𝜅𝑞𝑁𝑞𝑥

−𝛼𝑞 (1 − 𝑥)𝛽𝑞 (1 + 𝛾𝑞

√
𝑥) , (6)

where 𝜅𝑢 = 1.67 and 𝜅𝑑 = −2.03 are the magnetic moments of the up and 
down quarks, respectively, in the units of nuclear magneton. They have 
been extracted from the corresponding values of the magnetic moments 
of proton and neutron taken from [54]. The profile functions 𝑓𝑞

𝑣 (𝑥) and 
𝑔
𝑞
𝑣(𝑥) in Eq. (5) describe the damping of GPDs with respect to PDFs as 

the value of 𝑡 increases. We use the following form to parameterize them 
as suggested in [32]

 (𝑥) = 𝛼′(1 − 𝑥)3 log 1 
𝑥
+𝐵(1 − 𝑥)3 +𝐴𝑥(1 − 𝑥)2. (7)

In this way, for each quark flavor, the unknown free parameters that 
must be determined from the 𝜒2 analysis of the experimental data are 𝛼, 
𝛽, 𝛾 , 𝛼′, 𝐴, and 𝐵. Note that the experimental error associated with each 
measured data point that is used in the calculation of the 𝜒2 function 
is obtained by adding the systematic and statistical errors in quadra

ture. As in Refs. [17--19], the CERN program library MINUIT [55] is 
used for performing the minimization procedure and determining the 
optimum values of the unknown parameters. Also, the standard Hes

sian approach [56] with Δ𝜒2 = 1 is used to calculate uncertainties. 
Another point that should be mentioned is that we impose the condition 
𝑔
𝑞
𝑣(𝑥) < 𝑓

𝑞
𝑣 (𝑥) in the main body of the fit program to satisfy the positiv

ity property of GPDs in a wide range of the 𝑥 values. Moreover, in order 
to determine the optimum values of the unknown parameters, we adopt 
the parametrization scan procedure in which the final parametrization 
of each distribution is obtained systematically. See Refs. [17--19] to get 
more information about our phenomenological framework.

Now it is time to discuss the experimental data sets that we use in our 
analysis of GPDs. The main body of the experimental data that we con

sider in the present study is as our recent analysis [19] where we have in

vestigated the impact of JLab data at high values of 𝑄2 on the extracted 
GPDs at zero skewness. These data include the world 𝑅𝑝 = 𝜇𝑝𝐺

𝑝

𝐸
∕𝐺𝑝

𝑀

polarization, 𝐺𝑛
𝐸

, and 𝐺𝑛
𝑀
∕𝜇𝑛𝐺𝐷 measurements from the YAHL18 anal

ysis [50], the data of 𝐺𝑝

𝐸
from AMT07 [57] and Mainz [58] and the mea

surements of the reduced cross-section 𝜎𝑅 from JLab experiment [51], 
namely GMp12. Overall, these data cover the −𝑡 range from 0.007 to 
15.76 GeV2. As mentioned before, in the present study we also add the 
PRad data [15] which cover the −𝑡 range from 0.00022 to 0.05819 GeV2

(note that we use both 1.1 GeV and 2.2 GeV data). The total number of 
data with and without PRad data is 348 and 277, respectively.

Analysis and Results In the following, we first determine the unpo

larized valence GPDs 𝐻𝑞
𝑣 and 𝐸𝑞

𝑣 at zero skewness by performing three 
analyses. In the first analysis, we consider all data sets described be

fore except PRad data which leads to a set of GPDs without any from 
PRad data. We call this analysis ``Base Fit''. The second analysis is per

formed by including also the PRad data in the analysis. In this way we 
can investigate the impact of these data on the final results separately. 
We call this analysis ``PRad''. In the third analysis, we repeat the second 
analysis by removing the Mainz data considering the fact that there is a 
significant tension between them and AMT07 world data [18,50]. This 
analysis is called ``PRad_NoMainz''.

Table 1 presents the values of 𝜒2 for the three analyses described 
above. In the first column, we have listed the data sets with their cor

Table 1
The values of 𝜒2 per number of data points obtained from the Base 
Fit, PRad, and PRad_NoMainz analyses. The values of total 𝜒2 di

vided by the number of degrees of freedom have been presented in 
the last row. See text for more details.

Observable 𝜒2/𝑁pts.

Base Fit PRad PRad_NoMainz 
Mainz 𝐺𝑝

𝐸
[58] 275.1∕77 281.6∕77 −

AMT07 𝐺𝑝

𝐸
∕𝐺𝐷 [57] 37.2∕47 37.1∕47 40.3∕47

AMT07 𝑅𝑝 [50] 115.6∕69 115.7∕69 111.7∕69
AMT07 𝐺𝑛

𝐸
[50] 30.1∕38 27.1∕38 25.2∕38

AMT07 𝐺𝑛
𝑀
∕𝜇𝑛𝐺𝐷 [50] 32.5∕33 34.4∕33 33.8∕33

GMp12 𝜎𝑅 [51] 16.2∕13 18.4∕13 13.7∕13
PRad 𝜎𝑅 [15] 1.1 GeV − 10.5∕33 10.2∕33
PRad 𝜎𝑅 [15] 2.2 GeV − 45.1∕38 44.2∕38

Total 𝜒2∕d.o.f . 506.7∕262 569.9∕333 279.1∕256

Table 2
The optimum values of the parameters of the profile functions (7), and distribu

tions 𝑒𝑞𝑣(𝑥) of Eq. (6) obtained from three analyses described in the text.

Distribution Parameter Base Fit PRad PRad_NoMainz 
𝑓𝑢
𝑣
(𝑥) 𝛼′ 0.745 ± 0.016 0.728 ± 0.015 0.704 ± 0.019

𝐴 1.017 ± 0.053 0.992 ± 0.050 0.939 ± 0.049
𝐵 0.772 ± 0.049 0.819 ± 0.046 0.884 ± 0.051

𝑓𝑑
𝑣
(𝑥) 𝛼′ 0.405 ± 0.051 0.380 ± 0.045 0.350 ± 0.053

𝐴 1.273 ± 0.402 1.561 ± 0.394 1.559 ± 0.490
𝐵 1.590 ± 0.211 1.627 ± 0.190 1.683 ± 0.226

𝑔𝑢
𝑣
(𝑥) 𝛼′ 𝛼′

𝑓𝑢
𝑣

𝛼′
𝑓𝑢
𝑣

𝛼′
𝑓𝑢
𝑣

𝐴 0.163 ± 0.140 0.318 ± 0.153 0.318 ± 0.143
𝐵 0.000 0.000 0.000

𝑔𝑑
𝑣
(𝑥) 𝛼′ 0.606 ± 0.258 0.617 ± 0.158 0.682 ± 0.274

𝐴 1.429 ± 1.514 1.718 ± 0.980 1.722 ± 1.135
𝐵 0.000 0.000 0.000

𝑒𝑢
𝑣
(𝑥) 𝛼 0.699 ± 0.047 0.702 ± 0.054 0.679 ± 0.033

𝛽 8.178 ± 0.484 7.422 ± 0.600 7.530 ± 0.587
𝛾 6.555 ± 3.107 4.371 ± 3.418 2.868 ± 1.515

𝑒𝑑
𝑣
(𝑥) 𝛼 0.837 ± 0.059 0.816 ± 0.040 0.813 ± 0.062

𝛽 7.189 ± 5.065 6.840 ± 2.975 6.389 ± 3.336
𝛾 15.626 ± 9.326 12.531 ± 5.959 15.856 ± 11.205

responding observables and references. For each dataset, we have pre

sented the values of 𝜒2 per number of data points, 𝜒2/𝑁pts., obtained 
from the Base Fit, PRad, and PRad_NoMainz analyses in the second, 
third, and fourth columns, respectively. In the last row of the table, 
we have presented the values of total 𝜒2 divided by the number of de

grees of freedom, 𝜒2∕d.o.f ., for each analysis. As can be seen, the PRad 
data are in good consistency with other elastic scattering measurements 
so that including them in the analysis does not change significantly the 
𝜒2 of the other data sets. Moreover, removing the Mainz data from the 
analysis leads to a significant decrease in the value of total 𝜒2 and hence 
𝜒2∕d.o.f .

Following the parametrization scan procedure outlined in [17,18, 
34], we identify a set of GPDs characterized by 𝛼′

𝑔𝑢𝑣
= 𝛼′

𝑓𝑢𝑣
, 𝐵𝑔𝑢𝑣

= 0, and 
𝐵
𝑔𝑑𝑣

= 0. Notably, releasing these parameters does not result in a re

duction of the 𝜒2 value or any improvement in the quality of the fit. 
The remaining parameters are determined through a standard fit to the 
data. Table 2 presents the optimal values of these parameters obtained 
from the three analyses described above. As evident from the results, 
the inclusion of the PRad data in the analysis considerably reduces the 
uncertainties of the parameters, particularly of GPD 𝐸𝑑

𝑣
. Additionally, 

the central values of some parameters exhibit notable changes. On the 
other hand, removing the Mainz data from the analysis does not sub

stantially alter the final results, particularly for the GPDs 𝐻𝑞
𝑣 . However, 
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Fig. 1. A comparison between the results obtained for the proton charge radius 𝑟𝑝𝐸 from three analyses performed in this study and the corresponding values obtained 
from various experiments. See text to get more information.

Table 3
The results obtained for the proton and neutron charge and magnetic 
radii from three GPD analyses performed in the present study.

Observable Base Fit PRad PRad_NoMainz 
𝑟𝑝𝐸 0.8564 ± 0.0136 0.8558 ± 0.0135 0.8542 ± 0.0137
𝑟𝑝𝑀 0.8242 ± 0.0596 0.8268 ± 0.0533 0.8243 ± 0.0605
< 𝑟2

𝑛𝐸
> −0.1132 ± 0.0272 −0.1181 ± 0.0270 −0.1244 ± 0.0274

𝑟𝑛𝑀 0.8330 ± 0.1136 0.8367 ± 0.0845 0.8426 ± 0.1230

some variations are observed in the forward limits 𝑒𝑞𝑣(𝑥) of the GPDs 
𝐸
𝑞
𝑣 . 

After determining the unpolarized valence GPDs 𝐻𝑞
𝑣 and 𝐸𝑞

𝑣 at zero 
skewness, now we can calculate the corresponding electromagnetic FFs 
and hence the charge and magnetic radii of the nucleons using Eq. (1). 
The results obtained for the proton and neutron charge and magnetic 
radii from three GPD analyses performed in the present study have been 
summarized in Table 3. Note that the uncertainties have been calculated 
by considering also the uncertainties from the NNPDF PDFs (in fact, they 
have significant contributions). 

According to the results obtained, either including the PRad data or 
removing the Mainz data, which both cover the small −𝑡 region, does 
not lead to a significant change in the values of 𝑟𝑝𝐸 and 𝑟𝑝𝑀 . This clearly 
shows that the global analysis of GPDs including a wide range of exper

imental data (covering a wide range of −𝑡) leads to averaged values for 
the radii of the nucleons comparing with the case where just the data 
from a certain experiment or a specific observable are analyzed. For ex

ample, analyzing the PRad data solely (covering very small −𝑡 region) 
results in a small value for 𝑟𝑝𝐸 [15], while analyzing them besides other 
data (whether with small or large values of −𝑡) leads to different val

ues (larger) for 𝑟𝑝𝐸 [16]. That’s exactly why including the PRad data or 
removing the Mainz data leads to a considerable change in the values 
of < 𝑟2

𝑛𝐸
> and 𝑟𝑛𝑀 . In fact, since in the case of neutron we have fewer 

data, adding or removing some data points can affect the final results. 
As can be seen, both < 𝑟2

𝑛𝐸
> and 𝑟𝑛𝑀 have increased (in magnitude) by 

adding the PRad data to the analysis. They have even increased more by 
removing the Mainz data from the analysis. In a quantitative view, e.g., 
the central value of < 𝑟2

𝑛𝐸
> has changed about 10 percent from the Base 

fit analysis to the PRad_NoMainz analysis or the magnitude of the uncer

tainty of 𝑟𝑛𝑀 has decreased about 34 percent from the Base fit analysis 
to the PRad analysis. Another point that should be noted is that the large 
uncertainties of 𝑟𝑛𝑀 come from the large uncertainties of GPDs 𝐸𝑞

𝑣 of 
the neutron which have greater contributions in 𝐺𝑛

𝑀
rather than 𝐺𝑛

𝐸
due 

to the greater contribution of 𝐹2 in 𝐺𝑛
𝑀

, especially at small values of −𝑡. 
Overall, a significant part of uncertainties comes from the PDF uncer

tainties. For example, by excluding the PDF uncertainties, the error of 

𝑟𝑝𝐸 is decreased from 0.0135 to 0.0031 (the reductions are more signifi

cant for the charge radii compared to the magnetic radii). Note also that 
the PRad data leads to a significant reduction in the uncertainty of 𝑟𝑛𝑀
and its uncertainty becomes again very large after removing the Mainz 
data of 𝐺𝑝

𝐸
. Therefore, one should pay special attention to the fact that 

how adding or removing the data belonging to the proton can affect the 
results obtained for the neutron (both in value and uncertainty). So, it 
seems that analyzing all experimental data related to the radii of the 
nucleons simultaneously would be preferable.

Fig. 1 shows a comparison between the results obtained for the pro

ton charge radius 𝑟𝑝𝐸 from three analyses performed here and the cor

responding values obtained from various experiments. The right band 
and the left wider band belong to the CODATA 2014 [59] and CODATA 
2018 [60], respectively, while the left narrow band has been taken from 
PDG 2024 [54]. For the scattering experiments, we have presented the 
results of Refs. [15,61--63]. The ordinary hydrogen spectroscopy results 
have been taken from Refs. [7,14,64--66], while for the muonic hydro

gen spectroscopy we have used the results of Refs. [6,67]. As can be 
seen, there is a large gap between some experiments referred to as the 
proton-radius puzzle. Except for the PRad experiment, other scattering 
experiments resulted in a large value for 𝑟𝑝𝐸 (note that, as discussed be

fore, if PRad data are analyzed besides other scattering data, 𝑟𝑝𝐸 would 
not be as small as the PRad result). Although the older hydrogen spec

troscopy results comprise both small and large 𝑟𝑝𝐸 regions, two recent 
measurements [7,66] lie inside the gap. In contrast, the muonic hydro

gen spectroscopy leads just to small values of 𝑟𝑝𝐸 . An interesting thing 
is that our results which have been obtained from the global analyses of 
GPDs are placed in the middle of the gap. As if the simultaneous analy

sis of all data leads to an average value for 𝑟𝑝𝐸 . Anyway, our results are 
in better consistency with recent hydrogen spectroscopy results.

In order to cross check the results obtained and the conclusion 
reached, we perform a new analysis by including only the PRad data 
in the analysis and removing other data sets. In this case, the total 
number of data points included in the analysis would be 71. Such an 
analysis should basically lead to the same result as PRad experiment 
for the proton charge radius 𝑟𝑝𝐸 . Since the PRad data cover only the 
very small −𝑡 region, there is no need to consider parameters 𝐴 and 
𝐵 in profile functions (they control the medium and large −𝑡 regions). 
On the other hand, since PRad data can not provide enough constraints 
on parameters 𝛼′, we consider them to be equal (note that releasing 
others does not lead to a significant decrease in the value of 𝜒2 and 
hence does not improve the quality of the fit). For the forward PDF 𝑒𝑞𝑣, 
we use the distributions obtained from the PRad analysis. The value of 
total 𝜒2 divided by the number of degrees of freedom, 𝜒2∕d.o.f ., ob

tained for this analysis is 0.35 which clearly indicates the good quality 
of the fit. By calculating the 𝑟𝑝𝐸 using the GPDs extracted, one ob
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Fig. 2. Same as Fig. 1 but for the proton magnetic radius 𝑟𝑝𝑀 . 

tains 𝑟𝑝𝐸 = 0.834 ± 0.008 fm. This value is in complete agreement with 
the PRad experiment 𝑟𝑝𝐸 = 0.831 ± 0.014 fm. This result clearly estab

lishes that considering the medium and large −𝑡 data points as well as 
other observables in a global analysis of GPDs really changes the ex

tracted value of the 𝑟𝑝𝐸 . As one includes more data in the analysis from 
various observables covering wider range of −𝑡, the extracted 𝑟𝑝𝐸 be

comes more process (or experiment) independent and closer to a unique 
value.

To be more precise, in our method to determine the nucleon’s radii, 
both large and small −𝑡 data are expected to affect the final results. 
Please note that the nucleon’s radii are also proportional to the profile 
functions through the derivation of GPDs. This means that even at 𝑡 = 0
limit, the 𝑥-dependence of the profile functions play a crucial role in 
the values obtained for radii. In other words, the parameters 𝐴 and 𝐵 in 
Eq. (7) which are controlled with the medium and large −𝑡 data would 
be also important. While data belonging to the small values of −𝑡 (such 
as PRad data) are associated with the parameters 𝛼′ (note also that the 
large −𝑡 region is corresponding to the large 𝑥 region and vice versa). 
This is exactly the reason for the importance of both small and large 
−𝑡 data when one determines the nucleus’s radii through the analysis 
of GPDs. Actually, since the forward limit 𝑒𝑞𝑣 and the profile functions 
𝑓
𝑞
𝑣 (𝑥) and 𝑔𝑞𝑣(𝑥) are obtained from whole −𝑡 regions, the medium and 

large −𝑡 regions are also important and can affect the value of radii. 
Mathematically, this means that one should first obtain the whole −𝑡
dependency of FFs and then calculate their derivations at 𝑡 = 0.

Fig. 2 shows the same comparison as Fig. 1 but for the proton mag

netic radius 𝑟𝑝𝑀 . In this case, there is less information from the ex

periment compared with the measurements of 𝑟𝑝𝐸 . We have presented 
three results from the scattering experiments [61,62,68] and only one 
result from the muonic hydrogen spectroscopy [67]. Note that the value 
presented by Epstein et al. has been extracted in a model indepen

dent way from the electron-proton scattering data in addition to the 
electron-neutron scattering and 𝜋𝜋 → 𝑁𝑁̄ data. The band shows the 
corresponding value taken from PDG 2024 [54]. As can be seen, in this 
case, the results of different experiments are in better consistency with 
each other compared with 𝑟𝑝𝐸 , especially considering the uncertainties. 
For example, in Fig. 1 there is a large gap between the results of Zhan 
2011 [62] and Antognini 2013 [67] for 𝑟𝑝𝐸 referring to the proton radius 
puzzle, while the corresponding values for 𝑟𝑝𝑀 from these two experi

ments are in complete agreement. An interesting thing is that our results 
are almost the average of other data like the case of 𝑟𝑝𝐸 . 

The results obtained for < 𝑟2
𝑛𝐸

> have been presented in Fig. 3

and compared with the available experimental measurements [69--72] 
(square symbols) and the corresponding values obtained from various 
analyses including the dispersion analysis of the nucleon electromag

netic FFs data [73], chiral effective field theory [74], and the extrac

Fig. 3. A comparison between the results obtained for < 𝑟2
𝑛𝐸

> from three analy

ses performed in this study and the corresponding values obtained from various 
experiments analyses. See text to get more information.

tion of the neutron electric FF from the nucleon-to-delta (𝑁 → Δ) 
quadrupole transitions [75]. As before, the band shows the value taken 
from PDG 2024. The experimental measurements mostly belong to the 
electron-neutron scattering experiments through the scattering off dif

ferent nuclei. However, there is a measurement [69] from an unusual 
method called Pendellösung interferometry where the momentum de

pendence of the structure factors enabled the researchers to measure 
the charge radius of the neutron. As can be seen, all results are in good 
consistency with each other. As mentioned before, the large uncertain

ties in our results come from our poor knowledge of the neutron GPDs 
due to the lack of data in this case (note that the uncertainties include 
also the PDFs uncertainties which are relatively large, especially in the 
case of NNPDF). Actually, it is vital to measure the neutron electromag

netic FFs precisely to put strong constraints on the forward limit of the 
down quark GPD 𝐸𝑑

𝑣
and its profile function to reduce the uncertainty 

of the charge and magnetic radii of the neutron. Note that the radii are 
related also to the profile functions through the derivation of the expo

nential in ansatz (5). 
Fig. 4 shows the same comparison as Fig. 3 but for the neutron 

magnetic radius 𝑟𝑛𝑀 . In this case, there is only one measurement by 
Epstein et al. from the scattering experiments. In addition to the re

sults of Belushkin 2007 [73] and Filin 2021 [74] described before, here 
we have also presented the results of two other analyses, namely, Bo

rah 2020 [76] and Lin 2022 [77]. The former has been obtained from 
a global fit to electron scattering data and precise charge radius mea

surements, while the latter has been obtained from a combined analysis 
of the electromagnetic FFs of the nucleon in the space- and timelike re

gions using dispersion theory. According to this figure, except for Borah 
2020, all results are in very good agreement with each other and also 
the corresponding value taken from PDG 2024 (the band). Note that 
among the results obtained from the present study, the analysis called 
PRad that contains all experimental data sets (including the PRad and 
Mainz data) has a smaller uncertainty. This clearly indicates that in

ducing more precise data, especially the neutron data, in the analysis of 
GPDs can significantly reduce the large uncertainties observed in Figs. 3
and 4. Therefore, ongoing and upcoming experiments such as the MUSE 
experiment at PSI, the COMPASS + + /AMBER experiment at CERN, the 
PRad-II experiment at JLab, and future electron scattering experiments 
at Mainz, and the UL𝑄2 experiment at Tohoku University can play a 
crucial role in this regard. See Refs. [1,4] to get more information. The 
proton charge radius can even be measured through dimuon photopro

duction off a proton target [78]. 
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Fig. 4. Same as Fig. 3 but for the neutron magnetic radius 𝑟𝑛𝑀 . 

Conclusions In this study, we determined the charge and magnetic 
radii of the proton and neutron through a global analysis of GPDs at 
zero skewness for the first time. To this aim, we first extracted the un

polarized valence GPDs 𝐻𝑞
𝑣 and 𝐸𝑞

𝑣 with their uncertainties from a 𝜒2

analysis of a wide range of the experimental data of the nucleons elec

tromagnetic FFs and the elastic electron-proton reduced cross section. 
Then, considering the fact that the nucleon’s radii are the slope of the 
electromagnetic FFs at 𝑄2 = 0, we calculated the proton and neutron 
charge and magnetic radii. The results related to the analysis that con

tains all experimental data sets, namely PRad, are as follows:

𝑟𝑝𝐸 =0.8558 ± 0.0135 fm ,

𝑟𝑝𝑀 =0.8268 ± 0.0533 fm ,⟨
𝑟2
𝑛𝐸

⟩
=− 0.1181 ± 0.0270 fm2 ,

𝑟𝑛𝑀 =0.8367 ± 0.0845 fm . (8)

It should be noted that the uncertainties include also the PDFs uncer

tainties which are relatively large. Overall, the neutron radii have larger 
uncertainties than the corresponding values for the proton due to the 
lack of information about the neutron. In this way, the ongoing and 
upcoming experiments [1,4] will play definitely a crucial role to shed 
light on this issue. For instance, it has been demonstrated now that the 
two-photon exclusive production of lepton pairs at the Electron-Ion Col

lider can provide a unique opportunity to measure the proton’s elastic 
electromagnetic FFs and, consequently, the nucleon’s radii [79].

In the context of the proton-radius puzzle, our results are placed 
in the middle of the gap between various experimental measurements 
obtained from the scattering experiments and hydrogen spectroscopy. 
This means that the simultaneous analysis of all data leads to an average 
value for 𝑟𝑝𝐸 and also 𝑟𝑝𝑀 extracted so far. In the case of 𝑟𝑝𝐸 , our results 
are in better consistency with recent ordinary hydrogen spectroscopy 
result [7,66]. For the neutron, the radii obtained from our analyses are 
in good consistency with the results of other experiments and analyses 
as well as the PDG 2024 [54].

As an important result, we showed that the global analysis of GPDs 
considering a wide range of the experimental data (covering a wide 
range of 𝑄2) ensures robust and consistent results for the radii of the 
nucleons, avoiding values that are either too small or too large, while 
analyzing the data from just a certain experiment or a specific observ

able leads to different results. We indicated that including or removing 
data belonging to the proton can affect the results obtained for the neu

tron (both in value and uncertainty). We emphasize the importance of 
a simultaneous analysis of all available experimental data related to 
nucleon radii, rather than relying on individual experiments, specific 
observables, or limited kinematic regions. Actually, this method has an 

advantage that it can take into account the possible correlations between 
the 𝐺𝐸 and 𝐺𝑀 data of the proton as well as those between the proton 
and neutron data.
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