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In the present study, we extend our previous analysis of the proton electromagnetic form factors (FFs)
extracted from exclusive photon leptoproduction (EP) measurements in kinematic regions where the Bethe-
Heitler (BH) process dominates the cross section by including all currently available high-precision EP data
from CLAS and Hall A Collaborations. Using the same phenomenological framework, we investigate the
consistency among the different datasets, determine the proton electromagnetic FFs within several fitting
scenarios, and extract the corresponding charge and magnetic radii. A significant tension is found between
the CLAS 2018 measurements and the remaining EP data, with the low-jtj region playing a dominant role
in this tension. We systematically investigate this behavior through jtj-cut scans and assess its impact on the
extracted FFs and radii. For all analyses, the extracted proton charge radius is smaller than the Particle Data
Group average and most determinations based on elastic electron-proton scattering. However, the results
are consistent, within uncertainties, with the PRad measurement and muonic hydrogen spectroscopy. In
contrast, the magnetic radius is found to be compatible with the current world average. These results
demonstrate that BH-dominated EP measurements provide an independent and complementary approach to
determine the electromagnetic structure of the proton and offer additional support for the small-radius
solution of the proton charge-radius puzzle.
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I. INTRODUCTION

Electromagnetic form factors (FFs) provide direct insight
into the spatial distributions of charge and magnetization,
and hence, are fundamental quantities in studying the
internal structure of the nucleon [1–16]. In quantum
electrodynamics and hadronic physics, the Dirac and
Pauli FFs, F1ðtÞ and F2ðtÞ, where t is the squared four-
momentum transfer, parametrize the nucleon’s electromag-
netic current. They are usually expressed in terms of the
Sachs FFs, GEðtÞ and GMðtÞ, which are more directly

related to the electric and magnetic spatial distributions in
the Breit frame. The slopes of these FFs at t ¼ 0 are of
particular importance, because they are related to the
nucleon charge and magnetic radii. These electromagnetic
radii play a crucial role in our understanding of the nucleon
structure and have attracted great interest both experimen-
tally and theoretically, especially in the context of the long-
standing proton charge-radius puzzle [17–21] (see Ref. [22]
and references therein to get more information).
Traditionally, electromagnetic FFs have been extracted

from elastic electron-proton scattering experiments through
Rosenbluth separation and polarization transfer techniques
[14,23–36]. While Rosenbluth measurements provided the
separate determinations of of GE and GM, polarization-
based methods have significantly improved the precision
through the determination of their ratio. However, there are
some discrepancies at higher momentum transfers that
highlight the importance of two-photon exchange effects
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and other higher-order corrections. In parallel, the electro-
magnetic FFs have also been interesting quantities for
various theoretical and phenomenological approaches to
QCD, including holographic QCD [37], lattice calculations
[38], and phenomenological generalized parton distribution
(GPD) models [39].
In recent years, exclusive processes, such as exclusive

photon leptoproduction (EP), which includes deeply virtual
Compton scattering (DVCS) [40–45], have emerged as
powerful tools to probe the nucleon structure. These
processes are sensitive not only to GPDs [46–58], which
provide a multidimensional description of the nucleon as
well as novel information on its various properties [59–65],
but also to the electromagnetic FFs themselves, particularly
in kinematic regions dominated by the Bethe-Heitler (BH)
mechanism [66]. The BH process, in which the real photon
is emitted from the lepton line, has a well-known and
precisely calculable amplitude that depends explicitly on
F1ðtÞ and F2ðtÞ [43,67,68]. This sensitivity opens the
possibility of extracting electromagnetic FFs from EP
measurements in a manner complementary to traditional
elastic scattering experiments, as we showed in our
previous study [66]. Such alternative approaches are
especially valuable in kinematic regimes where conven-
tional measurements are limited. In particular, accessing
low-jtj regions with high precision is crucial for con-
straining the slopes of the FFs, and hence, getting new
information on the nucleon radii. Therefore, the study of
electromagnetic FFs through EP processes provides not
only an independent cross-check of existing results but also
provides a framework for comprehensive understanding of
the nucleon electromagnetic structure.
In the present study, we extend our previous analysis [66]

by incorporating a significantly larger set of EP measure-
ments. The earlier analysis was based solely on CLAS
Collaboration data obtained with a 5.75 GeVelectron beam
[69]. While the main idea, which is the extraction of
nucleon electromagnetic FFs from EP measurements as a
complementary approach to traditional elastic electron-
nucleon scattering experiments, remains unchanged, the
inclusion of a wider range of the experimental data provides
a more globally constrained determination of the FFs. Such

an extended analysis may also reveal modifications in the
extracted t dependence of the FFs compared with our
previous results.
The phenomenological framework employed in the

present work is identical to that used in Ref. [66]. In the
following sections, we first briefly introduce the exper-
imental data included in the analysis and summarize the
phenomenological framework. We then perform some
detailed χ2 analyses to extract the electromagnetic FFs
and compare the obtained results with those of our previous
study as well as with other available parametrizations and
analyses. Finally, we determine the corresponding charge
and magnetic radii of the proton and discuss their impli-
cations for our understanding of the nucleon electromag-
netic structure, especially in the context of the proton
charge-radius puzzle.

II. DATA SELECTION

The present analysis is based on a comprehensive
collection of exclusive EP cross section measurements
from CLAS and Hall A Collaborations at Jefferson Lab.
Compared with our previous study [66], which relied only
on the CLAS measurements obtained with a 5.75 GeV
electron beam [69], the current work contains additional
high-precision EP data, which cover a wider kinematic
region. The complete set of measurements included in the
analysis is summarized in Table I. The inclusion of these
additional data allows for a more accurate determination of
the proton electromagnetic FFs. It should also be noted that
we use the open database provided by Burkert et al. [70] to
include these datasets in the analysis.
Since the aim of this work is to extract the proton

electromagnetic FFs through the BH contribution to the EP
cross section and then calculate the corresponding nucleon
radii, special care must be taken to restrict the analysis to
kinematic regions where the BH mechanism dominates. As
discussed in Ref. [66], the experimentally measured EP
cross section contains contributions from the BH process,
the DVCS process, and their interference. Consequently,
the measured cross sections cannot be directly separated
into these individual components.

TABLE I. Experimental EP datasets included in the present analysis. The kinematic coverage is given in terms of Bjorken variable xB,
momentum transfer −t, photon virtuality Q2, azimuthal angle ϕ, electron beam energy E, and the number of fitted data points Npts. The
symbol � indicates that data are included for both positive and negative values of ϕ.

Experiment xB −t (GeV2) Q2 (GeV2) ϕ (deg) E (GeV) Npts

CLAS 2015 [69] [0.126, 0.475] [0.110, 0.450] [1.110, 3.770] � ½37.40; 97.37� 5.75 516
Hall A 2015 [71] [0.336, 0.401] [0.171, 0.372] [1.820, 2.375] � ½7.50; 37.50� 5.76 72
Hall A 2017 [72] [0.360, 0.360] [0.180, 0.300] [1.490, 1.500] � ½15.00; 45.00� 3.355 8
Hall A 2017 [72] [0.356, 0.361] [0.181, 0.364] [1.740, 2.000] � ½7.50; 52.50� 4.455 42
Hall A 2017 [72] [0.356, 0.361] [0.182, 0.363] [1.520, 1.990] � ½7.50; 37.50� 5.55 32
CLAS 2018 [73] [0.125, 0.500] [0.108, 0.909] [1.129, 3.982] � ½7.30; 97.30� 5.88 579
Total [0.125, 0.500] [0.108, 0.909] [1.110, 3.982] � ½7.30; 97.37� [3.355, 5.880] 1249
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To identify the kinematic regions in which the BH
approximation provides a reliable description of the
data, we employ the same selection procedure developed
in Ref. [66]. For each experimental data point, the
relative difference between the pure BH prediction and
the full EP cross section is evaluated using the Gepard
framework [74–77],

Δσ
σ

¼ jσEP − σBHj
σEP

: ð1Þ

Only those measurements satisfying Δσ=σ ≤ 5% are con-
sidered in the present analysis. In our previous analysis,
several increasingly restrictive criteria (1%, 2%, 3%, 4%,
and 5%) were investigated and found to yield mutually
consistent determinations of the electromagnetic FFs
within uncertainties. The 5% criterion was, therefore,
adopted as the optimal compromise between BH purity
and statistical precision. This provides the largest number
of usable data points while maintaining the validity of the
BH-dominated approximation. It should be noted that, as in
our previous study [66], an additional uncorrelated sys-
tematic uncertainty of 5% is taken into account for all
included data points to incorporate the uncertainties asso-
ciated with this selection procedure, though our investiga-
tions indicate that this source of uncertainty does not
significantly affect the final extracted F1ðtÞ and F2ðtÞ.
In the present study, the analyzed datasets consist of the

CLAS measurements reported in Refs. [69,73] and the Hall
A measurements reported in Refs. [71,72]. They have been
listed in Table I, together with their kinematic coverage and
the corresponding numbers of data points after applying the
aforementioned selection procedure. The resulting dataset
provides the broadest EP database considered so far for the
extraction of proton electromagnetic FFs from BH-domi-
nated EP measurements. The CLAS measurements provide
the largest kinematic coverage in both xB andQ2, while the
Hall A data offer high-precision measurements in more
localized regions of phase space. These two types of
measurements, therefore, play complementary roles in
constraining the form factors: the CLAS data largely
determine the global behavior of the fit, whereas the
Hall A measurements provide important local constraints
due to their superior precision. The total number of data
points included in the analysis is 1249. These data span the
ranges 0.125 ≤ xB ≤ 0.5, 0.108 ≤ −t ≤ 0.909 GeV2, and
1.11 ≤ Q2 ≤ 3.982 GeV2, where xB and Q2 represent the
Bjorken variable and photon virtuality, respectively, with
beam energies (E) ranging from 3.355 to 5.88 GeV. The
azimuthal angle between the leptonic and hadronic scatter-
ing planes, ϕ, covers the interval �½7.30; 97.37�, where
symbol � indicates that data are included for both positive
and negative values of ϕ. Relative to the dataset employed
in Ref. [66], the present compilation significantly enlarges
both the statistical sample and the kinematic coverage. This

allows a more accurate determination of the proton electro-
magnetic FFs. It should also be noted that the number of
data points from the CLAS 2018 experiment [73] included
in our final analysis (and hence the total number of data
points) is less than 1249. This reduction arises because we
apply kinematic cuts to the CLAS 2018 dataset due to
observed tensions with other measurements, as discussed
in Sec. IV.

III. PHENOMENOLOGICAL FRAMEWORK

The present analysis is based on the same phenomeno-
logical framework developed in Ref. [66]. Since the
formalism has already been discussed in detail there, only
the essential ingredients relevant to the present work are
briefly summarized below.
The fourfold differential cross section for exclusive

photon leptoproduction, eþ p → e0 þ p0 þ γ, can be writ-
ten as [43,44,78]

d4σ
dQ2dxBdtdϕ

¼ α3QEDxBy
2

8πe6Q4
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ ϵ2

p ðjT BHj2þjT DVCSj2þIÞ;

ð2Þ

where T BH and T DVCS denote the BH and DVCS ampli-
tudes, respectively, and I represents their interference
contribution. Denoting the four-momenta of the incoming
electron, virtual photon, initial proton, recoiling proton, and
final real photon by k, q, p, p0, and q0, respectively, the
standard kinematic variables are defined as

Q2 ¼ −q2; xB ¼ Q2

2p · q
; t ¼ Δ2; ð3Þ

with

Δ ¼ p0 − p ¼ q − q0: ð4Þ

Furthermore,

ϵ ¼ 2xBM
Q

; y ¼ p · q
p · k

; ð5Þ

where M denotes the proton mass and y corresponds to the
fractional energy loss of the lepton in the target rest frame.
According to Eq. (2), the cross section of the EP process

contains contributions from the pure BH and DVCS
processes as well as the BH-DVCS interference term.
One can neglect the DVCS and BH-DVCS interference
contributions to a good approximation in the kinematic
regions for which the BH contribution is dominant in the
cross section and, therefore, the other ones become suffi-
ciently small. Under these conditions, the EP measure-
ments become essentially sensitive to the electromagnetic
FFs entering the BH amplitude. In our previous study [66],
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we demonstrated that it is possible to find the kinematic
regions in xB and ϕ for which the BH contribution almost
entirely dominates the EP cross section, e.g., at
Q2 ¼ 1 GeV2, t ¼ −0.1 GeV2, and E ¼ 6 GeV.
Consequently, by selecting data points corresponding to

BH-dominated kinematics, as discussed in the previous
section, and adopting suitable parametrizations for the
electromagnetic FFs, it becomes possible to determine
them through a fit to the experimental cross section data.
Once the FFs are extracted, the corresponding charge and
magnetic radii of the proton, rE and rM, can be obtained
from the slopes of the Sachs electric and magnetic FFs at
t ¼ 0 according to

hr2Ei ¼ 6
dGE

dt

����
t¼0

;

hr2Mi ¼
6

μp

dGM

dt

����
t¼0

; ð6Þ

where μp denotes the proton magnetic moment. Note
also that the Sachs FFs are related to the Dirac and
Pauli FFs as GEðtÞ ¼ F1ðtÞ − τF2ðtÞ and GMðtÞ ¼ F1ðtÞþ
F2ðtÞ, where τ ¼ −t=ð4M2Þ.
As in our previous study, we examine both dipole and

P-pole parametrization forms for the Dirac (F1) and Pauli
(F2) FFs,

FiðtÞ ¼
�
1 −

t
aj

�
−2
; ð7Þ

FiðtÞ ¼
�
1 −

t
aj

�
−Pj

; ð8Þ

where i ¼ 1, 2, and j ¼ E, M denotes the electric (j ¼ E
for i ¼ 1) and magnetic (j ¼ M for i ¼ 2) parameters,
respectively. For the Pauli form factor F2ðtÞ, the normali-
zation condition F2ð0Þ ¼ κ is imposed by multiplying the
above expression by the anomalous magnetic moment of
the proton, κ ¼ 1.793. The parameters aj and Pj are treated
as free fit parameters and are determined from the exper-
imental data. Furthermore, motivated by the findings of
Ref. [66], which showed that the available EP data provide
only limited sensitivity to F2ðtÞ, we also perform alter-
native fits in which F2ðtÞ is fixed to the Kelly para-
metrization [23]. In this way, only F1ðtÞ is allowed to
vary. These fits enable us to assess the impact of the poorly
constrained F2ðtÞ contribution on the extracted FFs and the
corresponding nucleon radii.
The determination of the free parameters is performed

through a standard χ2 minimization using the Python
interface to the CERN MINUIT package [79], iminuit
[80]. The fit is carried out simultaneously for all datasets
listed in Table I. Parameter uncertainties are obtained from
the covariance matrix returned by the minimization

procedure using the Hessian method. The corresponding
uncertainties on the extracted form factors and derived
quantities are evaluated through standard error propagation
with Δχ2 ¼ 1, which corresponds to a 68% confi-
dence level.

IV. ANALYSIS RESULTS

After introducing the experimental datasets included in
the present study and the theoretical and phenomenological
framework we adopted, it is time to present the results
obtained for the FFs and radii from the χ2 analysis of the
data. We begin with the simplest fitting scenario, in which
both the Dirac and Pauli FFs, F1ðtÞ and F2ðtÞ, are described
by the dipole parametrization of Eq. (7). In this case, the fit
contains only two free parameters, aE and aM.
A simultaneous fit to all datasets listed in Table I results

in a value of χ2=d:o:f: ¼ 2.26, which indicates a relatively
poor overall description of the data. To investigate the
origin of this relatively large χ2, we examined the con-
tributions from the individual experiments and found a
significant tension between the CLAS 2018 dataset [73]
and the other datasets. In addition to the unsatisfying
quality of the fit, the inclusion of the CLAS 2018 data
leads to a substantial modification of the extracted Dirac
and Pauli FFs, and hence Sachs FFs GEðtÞ and GMðtÞ,
when compared with established parametrizations, such
as that of Kelly [23] and Ye et al. (YAHL18) [32].
As a consequence, the extracted proton charge and
magnetic radii become rE ¼ 0.716� 0.002 fm and
rM ¼ 1.182� 0.020 fm, which are far from the current
determinations from elastic electron-proton scattering [22]
and the Particle Data Group (PDG) average [81].
Motivated by these observations, we perform an addi-

tional fit in which the CLAS 2018 data are excluded from
the analysis. This allows us to assess the impact of this
dataset on the extracted FFs and derived observables.
In the following, the two analyses are referred to as the
“CLAS18inc” and the “CLAS18exc,” respectively. Table II
summarizes the corresponding values of χ2 together with
the individual contributions from each experimental dataset
and the number of fitted data points. When all available
data are included (CLAS18inc), the dominant contribution
to the total χ2 originates from the CLAS 2018 measure-
ments, which alone contribute χ2 ¼ 1935.3 for 579 data
points, corresponding to χ2=Npts ¼ 3.34. After exclud-
ing the CLAS 2018 data (CLAS18exc), the overall fit
quality improves dramatically, yielding χ2=d:o:f: ¼ 1.02.
Moreover, substantial improvements are observed for
several Hall A datasets. For example, the Hall A 2017
measurements at beam energies of 4.455 and 5.550 GeV
improve from χ2=Npts ¼ 1.99 and 4.10 to 0.95 and 1.48,
respectively. A similar, but lesser, improvement is observed
for the Hall A 2015 data. If one calculates the proton charge
and magnetic radii using the extracted FFs of fit
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CLAS18exc, more resalable values are obtained, rE ¼
0.819� 0.011 fm and rM ¼ 0.823� 0.018 fm.
To further investigate the tension between the CLAS

2018 data and the remaining EP measurements, we perform
a series of additional fits in which parts of the low-jtj CLAS
2018 data are excluded progressively (we exclude data
points with the same value of jtj in each step). To be more
precise, for a given value of jtjcut, all CLAS 2018 data
points satisfying jtj < jtjcut are removed from the fit, while
all other datasets remain unchanged. The resulting values of
χ2=d:o:f: are shown in Fig. 1 as a function of jtjcut.
As can be seen, the fit quality improves steadily as the

low-jtj CLAS 2018 measurements are excluded. In par-
ticular, χ2=d:o:f: decreases from 2.26 for the fit including
the full CLAS 2018 dataset to values approaching unity for
sufficiently large values of jtjcut. This behavior indicates
that the low-jtj region of the CLAS 2018 measurements
plays an important role in the observed tension within
the present phenomenological framework. Based on the

results of the scan, we select two representative values,
jtjcut ¼ 0.265 GeV2 and jtjcut ¼ 0.343 GeV2, which
lead to χ2=d:o:f: ¼ 1.59 and 1.24, respectively, and
call the corresponding analyses “CLAS18inc_tcut1” and
“CLAS18inc_tcut2.” These choices provide a useful com-
promise between improving the fit quality and retaining a
fraction of the CLAS 2018 data. The number of CLAS
2018 data points retained in the fit is 193 for jtjcut ¼
0.265 GeV2 and 142 for jtjcut ¼ 0.343 GeV2. Table III
summarizes the optimal values obtained for aE and aM
parameters together with their uncertainties for the four
fitting scenarios. The quoted uncertainties correspond to
the 68% confidence level and are determined using the
Hessian method.
To further clarify the origin of the tension observed

between CLAS 2018 and other datasets, we examine how
the fit quality of each individual experimental dataset
changes as the low-jtj CLAS 2018 points are gradually
excluded. The corresponding values of χ2=Npts for the
individual datasets are shown in Fig. 2. Note that, in
principle, an improvement of the total χ2=d:o:f: could
simply be due to removing data points that have large
individual contributions to χ2. Therefore, Fig. 2 provides a
more detailed diagnostic of the jtjcut scan presented
in Fig. 1.
As shown in Fig. 2, the improvement of the global fit is

not simply due to reducing the number of CLAS 2018 data
points. While the χ2=Npts of the remaining CLAS 2018 data
changes as the cut is increased, substantial changes are also
observed in the χ2=Npts values of several independent Hall

TABLE II. Contributions of the individual experimental datasets to the total χ2 for the dipole fit. Results are shown for fits performed
with and without the CLAS 2018 dataset [73], namely, “CLAS18inc” and “CLAS18exc,” respectively.

CLAS18inc CLAS18exc

Experiment Npts χ2 χ2=Npts χ2 χ2=Npts

CLAS 2015 [69] 516 464.26 0.900 434.20 0.841
Hall A 2015 [71] 72 196.07 2.723 153.20 2.128
Hall A 2017 (E ¼ 3.355 GeV) [72] 8 4.09 0.511 6.09 0.762
Hall A 2017 (E ¼ 4.455 GeV) [72] 42 83.66 1.992 39.75 0.946
Hall A 2017 (E ¼ 5.550 GeV) [72] 32 131.16 4.099 47.26 1.477
CLAS 2018 [73] 579 1935.28 3.342 — —
Total 1249 2814.52 χ2=d:o:f: ¼ 2.26 680.50 χ2=d:o:f: ¼ 1.02

FIG. 1. The value of total χ2=d:o:f: obtained from the simulta-
neous dipole fit of the experimental datasets listed in Table I as a
function of the lower momentum-transfer cut, jtjcut, applied to the
CLAS 2018 dataset [73]. For each value of jtjcut, all CLAS 2018
data points with jtj < jtjcut are excluded from the fit, while the
remaining experimental datasets are kept unchanged.

TABLE III. Best-fit values of the dipole parameters aE and aM
appearing in Eq. (7) obtained from different fitting scenarios,
corresponding to different treatments of the CLAS 2018 dataset.

Fit aE (GeV2) aM (GeV2)

CLAS18inc 1.188� 0.010 0.239� 0.009
CLAS18exc 0.846� 0.029 0.625� 0.048
CLAS18inc_tcut1 0.921� 0.042 0.569� 0.058
CLAS18inc_tcut2 0.851� 0.029 0.663� 0.044
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A measurements. For example, for the full CLAS 2018
dataset, the Hall A 2017 measurements at E ¼ 4.455 and
5.550 GeV give χ2=Npts ¼ 1.99 and 4.10, respectively,
according to Table II. When the low-jtj CLAS 2018 data
below jtjcut ¼ 0.343 GeV2 are excluded, these values
decrease to 1.14 and 1.99, respectively. A similar improve-
ment is observed for the Hall A 2015 data, while the CLAS
2015 contribution remains close to unity throughout the
scan. Note also that the χ2=Npts for the CLAS 2018 dataset
itself does not have a descending manner, as jtjcut increases
and fluctuates around 3. Thus, the reduction of the total
χ2=d:o:f: cannot be attributed solely to the removal of
CLAS 2018 points with large residuals. Rather, the results
indicate that the low-jtj CLAS 2018 measurements pull the
common fit parameters toward a region that is less
compatible with several of the other independent EP
measurements.
This observation provides evidence for a dataset tension

within the present phenomenological framework, but it
does not identify its physical origin. Actually, the origin of
the tension may involve experimental systematics,
differences between the datasets, or limitations of the
phenomenological framework adopted here. Resolving this
issue would require a dedicated study beyond the scope of
the present work. For this reason, the fits with the jtjcut
values specified above are used primarily as diagnostic
studies. They allow us to quantify the sensitivity of
the extracted electromagnetic FFs and proton radii to the
observed dataset tension while retaining part of the CLAS
2018 measurements. Therefore, the results obtained from
the CLAS 2018-excluded analysis (CLAS18exc)
and the two jtjcut scenarios are presented and compared

throughout the remainder of this work, rather than treating
any one of these scenarios as uniquely preferred by the
present analysis.
Figure 3 shows the results for the Sachs FFs GEðtÞ and

GMðtÞ obtained from the four analyses discussed above,
compared with the parametrization of YAHL18 [32]
extracted from elastic electron-proton scattering data. To
emphasize the differences, the results are plotted in terms of
ratios with respect to the YAHL18 parametrization. As can
be seen, the extracted electric form factor GEðtÞ is
systematically larger than the corresponding YAHL18
results in all fitting scenarios. The deviation increases with
increasing jtj, which indicates that the EP measurements
are more consistent with milder suppression of GEðtÞ in the
higher momentum-transfer region. The comparison is
shown in the range 0 ≤ jtj ≤ 1.0 GeV2, which is consistent
with the kinematic coverage of the datasets listed in Table I.
In the case of the magnetic form factor GMðtÞ, the

agreement with YAHL18 is generally better for most fits,
with the exception of the CLAS18inc analysis. In this case,
noticeable deviations are observed over the full jtj range.
The remaining fit scenarios (CLAS18exc and the two jtjcut
cases) show only mild differences from YAHL18. These
observations are consistent with the behavior discussed
earlier: the inclusion of the full CLAS 2018 dataset without
applying a low-jtj cut leads to a significant modification of
the extracted FFs, which in turn affects the determination of
the proton charge and magnetic radii. Overall, CLAS 2018
data lead to a significant decrease in the uncertainties. This
can be observed from Fig. 3 and Table III.
We next consider the more flexible P-pole parametriza-

tion for F1ðtÞ and F2ðtÞ defined in Eq. (8). In principle, this

FIG. 2. The values of χ2=Npts for the individual experimental datasets included in the analysis (see Table I) as functions of jtjcut applied
to the CLAS 2018 dataset [73]. For each value of jtjcut, the CLAS 2018 data points satisfying jtj < jtjcut are excluded, while all other
datasets are kept unchanged.
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parametrization introduces four free parameters, aE, aM,
PE, and PM. However, considering the limited sensitivity of
the available EP data to the Pauli form factor F2ðtÞ, as
discussed in Ref. [66], a simultaneous determination of all
four parameters is not feasible. To overcome this limitation,
we consider two alternative fitting scenarios. In the first, we
impose the constraint aE ¼ aM ≡ a, while allowing PE and
PM to vary independently. In the second, we assume
PE ¼ PM ≡ P, leaving aE and aM as free parameters.
For each scenario, we perform the CLAS18exc,
CLAS18inc_tcut1, and CLAS18inc_tcut2 analyses and
label them with “a” and “P,” e.g., CLAS18exc_a. The
CLAS18inc analysis is not considered, since, as discussed
above, the inclusion of the full CLAS 2018 dataset leads to
unreliable results.
The resulting values of χ2=d:o:f: for the three fits with

the constraint aE ¼ aM are 1.01, 1.55, and 1.19, respec-
tively. Identical values are obtained for the fits with the
constraint PE ¼ PM. These values are slightly lower than
those obtained with the dipole parametrization (1.02, 1.59,
and 1.24, respectively), which reflects the additional
flexibility of the P-pole form. The corresponding best-fit
parameters and their uncertainties are summarized in
Table IV. As can be seen, the inclusion of the CLAS
2018 dataset leads to a considerable reduction in the
uncertainties of the model parameters in each scenario.
However, compared to the dipole case, the model

uncertainties are larger due to the increased number
of free parameters and the resulting correlations among
them.
Figure 4 compares the Sachs FFs obtained from the

six analyses based on the P-pole parametrization. Three
of these analyses correspond to the scenario in which
the parameter a is fixed (aE ¼ aM ≡ a), using the
CLAS18exc, CLAS18inc_tcut1 (jtjcut ¼ 0.265 GeV2),

FIG. 3. Comparison of the Sachs electric and magnetic FFs, GEðtÞ (upper panel) and GMðtÞ (lower panel), obtained using the dipole
parametrization of Eq. (7) for different fitting scenarios, corresponding to different treatments of the CLAS 2018 dataset, with the
YAHL18 parametrization of Ref. [32]. The results are presented as ratios to the YAHL18 parametrization in order to emphasize the
differences between the various determinations.

TABLE IV. Best-fit values of the parameters of the P-pole
parametrization in Eq. (8) for the two fitting scenarios considered
in this work: (i) aE ¼ aM ≡ a with free PE and PM, and
(ii) PE ¼ PM ≡ P with free aE and aM . Results are shown for
the CLAS18exc, CLAS18inc_tcut1, and CLAS18inc_tcut2
analyses.

Scenario I:
aE ¼ aM ≡ a

Scenario II:
PE ¼ PM ≡ P

Fit Parameter Value Parameter Value

CLAS18exc a 0.555� 0.056 aE 0.619� 0.062
PE 1.388� 0.126 aM 0.433� 0.056
PM 1.841� 0.171 P 1.516� 0.126

CLAS18inc_tcut1 a 0.591� 0.026 aE 0.716� 0.033
PE 1.378� 0.054 aM 0.411� 0.030
PM 2.103� 0.102 P 1.603� 0.055

CLAS18inc_tcut2 a 0.579� 0.026 aE 0.693� 0.031
PE 1.373� 0.057 aM 0.413� 0.032
PM 2.040� 0.097 P 1.583� 0.055
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and CLAS18inc_tcut2 (jtjcut ¼ 0.343 GeV2) datasets.
The remaining three analyses correspond to the
scenario in which the exponent is fixed (PE ¼ PM ≡ P).
As in Fig. 3, the results are presented as ratios
to the YAHL18 parametrization [32] to facilitate the
comparison.
The electric form factor GEðtÞ exhibits a behavior very

similar to that obtained with the dipole parametrization in
Fig. 3. The six analyses are in excellent agreement with
each other over the entire jtj range. However, they all
predict systematically larger values than the YAHL18
parametrization so that the deviation increases as jtj
increases. The situation is somewhat different for the
magnetic form factor GMðtÞ. Although all six analyses
remain in reasonable agreement with the YAHL18 para-
metrization, with deviations generally less than 7%, they
are more different from each other and have larger
uncertainties than those of GEðtÞ. This behavior indicates
the limited sensitivity of the present EP data to the Pauli
form factor F2ðtÞ, and hence poor constraints on GMðtÞ.
Nevertheless, the additional flexibility provided by the
P-pole parametrization leads to a modest improvement in
the quality of the fit, as indicated by the reduced values
of χ2=d:o:f:.
As discussed above, the EP measurements included

in the present analysis cannot provide sufficient sensitivity
to constrain the Pauli form factor F2ðtÞ. Therefore,

following the strategy adopted in our previous study
[66], we also perform the CLAS18exc, CLAS18inc_
tcut1 (jtjcut ¼ 0.265 GeV2), and CLAS18inc_tcut2
(jtjcut ¼ 0.343 GeV2) analyses by fixing F2ðtÞ to the
Kelly parametrization [23] and fitting only F1ðtÞ using
the P-pole parametrization. The resulting values of
χ2=d:o:f: are 1.01, 1.55, and 1.19 for the CLAS18exc,
CLAS18inc_tcut1, and CLAS18inc_tcut2 analyses,
respectively. The corresponding best-fit parameters are
aE¼0.580�0.085 and PE ¼ 1.440� 0.176, aE¼0.600�
0.039 and PE ¼ 1.450� 0.075, and aE ¼ 0.580� 0.038
and PE ¼ 1.427� 0.073. As can be seen, the values of
χ2=d:o:f: are identical to those obtained from the P-pole
fits. However, the best-fit values of the parameters and their
uncertainties exhibit some modest changes, especially
for PE.
Figure 5 compares the Sachs form factors obtained from

the CLAS18exc, CLAS18inc_tcut1 (jtjcut ¼ 0.265 GeV2),
and CLAS18inc_tcut2 (jtjcut ¼ 0.343 GeV2) analyses, in
which F2ðtÞ is fixed to the Kelly parametrization [23] and
only F1ðtÞ is described by the P-pole parametrization. As
in the previous figures, the results are presented as ratios to
the YAHL18 parametrization [32] to show the differences
better. The electric form factor GEðtÞ shows essentially
the same behavior as in the previous analyses so that all
three fits are lying systematically above the YAHL18
parametrization and remain in excellent agreement with

FIG. 4. Comparison of the Sachs electric and magnetic form factors, GEðtÞ (upper panel) and GMðtÞ (lower panel), obtained using the
P-pole parametrization of Eq. (8) for different fitting scenarios, corresponding to different treatments of the CLAS 2018 dataset, with the
YAHL18 parametrization of Ref. [32] extracted from a global analysis of elastic electron-proton scattering data. Three of the fits are
performed under the constraint aE ¼ aM ≡ a, while the remaining three assume PE ¼ PM ≡ P.
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one another over the whole jtj range. For the magnetic form
factor GMðtÞ, the differences between the three fits are
reduced compared with the previous P-pole analyses. This
is expected since F2ðtÞ is fixed to the same Kelly para-
metrization in all three fits. The remaining differences in
GMðtÞ originate from the fitted Dirac form factor F1ðtÞ,
considering GMðtÞ ¼ F1ðtÞ þ F2ðtÞ.
As shown in Eq. (6), the electromagnetic radii of the

proton are determined from the slopes of the Sachs FFs
GEðtÞ and GMðtÞ at t ¼ 0. Therefore, they are highly
sensitive to the behavior of these FFs at small jtj.
Considering the differences observed between the various
analyses performed in this section, we investigate in the
next section how these differences affect the extracted
charge and magnetic radii of the proton.

V. THE CHARGE AND MAGNETIC RADII

For years, the charge and magnetic radii of the nucleon,
which give us unique information about its spatial distri-
bution of the electric charge and magnetization, have been
interesting subjects experimentally [17,21,82–91], theoreti-
cally [5,10,37,38,92–118], and phenomenologically
[39,119–138], especially in the context of the proton radius
puzzle [18–20,139–153], which is attributed to the dis-
crepancies observed between measurements obtained from
electron scattering and laser spectroscopy of hydrogen

atoms. For a recent review, see Ref. [22] and references
therein.
Having determined the proton electromagnetic FFs

within the different fitting scenarios considered in this
work, we now extract the corresponding charge and
magnetic radii. As discussed in Sec. III, the proton charge
radius, rE, and magnetic radius, rM, can be calculated from
the slopes of the Sachs FFs at t ¼ 0 according to Eq. (6).
Since the fitted parametrizations provide analytic expres-
sions for GEðtÞ and GMðtÞ, the radii can be evaluated
directly from the corresponding derivatives at the origin.
The determination of the proton radii provides an important
consistency check of the extracted FFs and allows a direct
comparison with previous determinations based on elastic
electron-proton scattering, muonic hydrogen spectroscopy,
recent global analyses, and theoretical calculations. More
importantly, it enables us to assess how the extraction of
electromagnetic FFs from BH-dominated EP measure-
ments contributes to the ongoing discussion of the proton
charge-radius puzzle.
Figure 6 compares the values of the proton charge radius,

rE, extracted from the electric form factor GEðtÞ for the
various fitting scenarios considered in this work. For
comparison, we also includes the PRad measurement
[33], shown by the square symbol, together with the
PDG average [81] and the CODATA recommended value
[154], represented by the narrow and wide vertical bands,

FIG. 5. Comparison of the Sachs electric and magnetic form factors, GEðtÞ (upper panel) and GMðtÞ (lower panel), obtained from the
CLAS18exc, CLAS18inc_tcut1, and CLAS18inc_tcut2 analyses in which the Pauli form factor F2ðtÞ is fixed to the Kelly parametrization
[23], while the Dirac form factor F1ðtÞ is described by the P-pole parametrization of Eq. (8). The results are presented as ratios to the
YAHL18 parametrization of Ref. [32], extracted from a global analysis of elastic electron-proton scattering data.
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respectively. The results obtained using the dipole, P-pole,
and fixed-F2 parametrizations are denoted by circles,
crosses, and diamonds, respectively. As can be seen, all
fitting scenarios lead to values of rE that are systematically
smaller than the PDG and CODATA values. Furthermore,
including the full CLAS 2018 dataset in the analysis leads
to an even smaller charge radius, though it reduces the final
uncertainties.
Overall, the results obtained here indicate that the BH-

dominated EP measurements favor a relatively small proton
charge radius. The extracted values are generally smaller
than most determinations based on elastic electron-proton
scattering [28,30,85], while remaining compatible, within
uncertainties, with the PRad measurement [33], muonic
hydrogen spectroscopy [17,155], recent lattice QCD cal-
culations [107,118,156], and holographic QCD predictions
[37,111,157]. By contrast, most phenomenological analy-
ses based on elastic scattering data tend to predict larger
values of rE. For reference, the average values obtained
from lattice QCD, theoretical studies, and phenomenologi-
cal analyses are 0.815� 0.016 fm, 0.827� 0.013 fm, and
0.857� 0.002 fm, respectively [22].
Figure 7 compares the proton magnetic radius, rM,

extracted from the various fitting scenarios considered in
this work with the corresponding value reported by PDG,
represented by the vertical band. In contrast to the charge
radius, all extracted values of rM are almost consistent
within uncertainties and are also compatible with the PDG
average, rM ¼ 0.851� 0.026 fm [81]. Unlike the case of

the charge radius, no clear systematic effect is observed
from the inclusion of the CLAS 2018 dataset. Depending
on the fitting scenario, the inclusion of these data may
either increase or decrease the central value of rM. As
expected, the fixed-F2 analysis leads to the smallest
uncertainties, which reflects the fact that the magnetic
form factor is much better constrained once the Pauli form
factor is fixed to the Kelly parametrization.
Overall, our results demonstrate that, in kinematic

regions where the BH process dominates the cross section,
the EP measurements provide a viable and complementary
approach for studying the proton electromagnetic structure.
Particularly, they have potential to show accurate con-
straints on the electromagnetic FFs, especially the Dirac
form factor. Such measurements, especially at smaller
values of t, can also shed light on the long-standing
charge-radius puzzle. According to the results obtained
in this section, one can conclude that he extracted electro-
magnetic FFs consistently favor a relatively small proton
charge radius.

VI. SUMMARY AND CONCLUSION

In this work, we extended our previous study on the
proton electromagnetic FFs’ extraction from EP measure-
ments in the kinematic region where the BH contribution is
dominant in the cross section [66]. Unlike our earlier study,
which included just the CLAS 2015 data [69], the present
analysis includes essentially all available high-precision
EP cross section measurements from CLAS and Hall A
Collaborations. This enlarged dataset allows us to perform

FIG. 6. Comparison of the proton charge radius rE extracted
from the various fitting scenarios considered in the present work.
The results obtained using the dipole, P-pole, and fixed-F2

parametrizations are represented by circles, crosses, and dia-
monds, respectively. The square symbol denotes the value
measured by the PRad experiment [33]. The narrow and wide
vertical bands indicate the PDG average [81] and the CODATA
recommended value [154], respectively.

FIG. 7. Comparison of the proton magnetic radius rM extracted
from the various fitting scenarios considered in the present work.
The results obtained using the dipole, P-pole, and fixed-F2

parametrizations are represented by circles, crosses, and diamonds,
respectively. The vertical band denotes the PDG average [81].
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the first global analysis of BH-dominated EP measurements
to extract the proton Sachs FFs and their corresponding
charge and magnetic radii.
To this aim, we adopted the same phenomenological

framework developed in Ref. [66], where the BH contribu-
tion provides direct sensitivity to the proton Dirac and Pauli
FFs, F1ðtÞ and F2ðtÞ. We examined both dipole and P-pole
parametrizations of the FFs and considered several fitting
strategies, including analyses in which the Pauli form factor
was fixed to the Kelly parametrization [23], considering the
fact that the EP measurements provide strong constraints on
F1ðtÞ, whereas the sensitivity toF2ðtÞ is limited. As a result,
we found that the EP measurements lead to larger values of
the electric form factor GEðtÞ compared with the YAHL18
parametrization [32], which is based on a global analysis of
elastic electron-proton scattering data. The differences
become more and more as jtj increases. In contrast, the
magnetic form factorGMðtÞ is affected much less so that the
deviations generally do not exceed about 7%.
A detailed comparison of the individual datasets reveals

a significant tension between the CLAS 2018 measure-
ments [73] and the remaining EP data within the present
phenomenological framework. When all datasets are
included simultaneously, the fit yields a relatively large
χ2=d:o:f:, and the extracted FFs lead to unusual values of
charge and large magnetic radii. By excluding the CLAS
2018 dataset or applying suitable low-jtj cuts, we obtained
stable fits with χ2=d:o:f: close to unity and FFs that exhibit
good agreement among the different parametrizations. By
further investigation, we showed that the improvement is
not simply due to a reduction of the χ2 contribution from
the CLAS 2018 data themselves, rather, the individual χ2

contributions of several of the other datasets also decrease
as the low-jtj CLAS 2018 points are excluded.
Using the extracted Sachs FFs, we determined the proton

charge and magnetic radii for all fitting scenarios. For all

analyses, the charge radius, rE, obtained is smaller than the
values reported by PDG [81] and most determinations
based on elastic electron-proton scattering. On the other
hand, it is compatible, within uncertainties, with the PRad
measurement [33], muonic hydrogen spectroscopy, and
several recent theoretical calculations, including lattice
QCD. In contrast, we found that the extracted magnetic
radius, rM, is consistent with the PDG average for all fitting
scenarios considered in this work.
The present results demonstrate that BH-dominated EP

measurements provide an independent and complemen-
tary probe of the proton electromagnetic structure.
Although the current data cannot provide sufficient
sensitivity to determine the Pauli form factor with high
precision, they already offer meaningful constraints on the
Dirac form factor. The main result of the present study is
that the EP measurements favor a relatively small proton
charge radius. This suggests that exclusive photon lep-
toproduction processes can provide valuable input to
ongoing investigations of the proton charge-radius puzzle.
The approach developed in the present study will be
strengthened by the future high-precision EP measure-
ments, particularly at lower values of jtj, where the proton
radii are most sensitive to the form factor slopes.
Moreover, the present work opens the possibility of
performing combined analyses of EP and elastic elec-
tron-proton scattering data within a unified framework,
which may provide the most reliable determination of the
proton electromagnetic FFs and, consequently, of the
charge and magnetic radii.
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