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Figure 2: Tree-level Feynman diagram for εp → ωp via t-channel exchange.

Figure 3: Photon line with approximately 2 wiggles.

Figure 4: Gluon propagator.
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multi-gluons

vector meson

ρ, ω, ϕ, J/ψ, Υ, ⋯
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But only if the production mechanism is under control.
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gravitational form factor of the dipole parametrization
(see the curves in Fig. 1). The only heavy quarkonium
photoproduction data near the threshold is from
GlueX [11]. We determined the dipole parameter to be
ms ¼ 1.23" 0.19 GeV, and the proton mass radius to beffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.55" 0.09 fm, from the fit to the J=ψ data.
In experiment there are already some data published on the
near-threshold photoproductions of light quarkonia. We
take the differential cross sections of near-threshold ϕ
photoproduction at different photon energies by LEPS
Collaboration [45]. The extracted dipole parameter and
the proton mass radii are listed in Table I, from the fits to
the ϕ data. The average mass radius of the three extracted
values is obtained to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.67" 0.10 fm.We take
the differential cross sections of near-threshold ω photo-
production at different photon energies by SAPHIR at
ELSA [46]. The extracted dipole parameter and the proton
mass radii are listed in Table II, from the fits to the ω data.

The average mass radius of the two extracted values is
obtained to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.68" 0.03 fm.
Figure 2 shows the extracted proton mass radius as a

function of the mass of the vector meson, which comes
from the color dipole interacting with the proton target. The
extracted values are consistent with each other within the
statistical uncertainties. The combined analysis of the data
of the three vector mesons gives the average proton mass
radius to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.67" 0.03 fm, with the average
dipole parameter to be ms ¼ 1.01" 0.04 GeV.
The validity of using Eq. (7) in describing the light vector

meson photoproduction off the proton is understandable.
Brodsky et al. suggest that the forward differential cross
section of any possible vector meson leptoproduction can
be factorized into the qq̄wave function of the vector meson
and the gluon distribution of the target, in the region of
small momentum transfer [47]. In the nonperturbative
approach, phenomenological Pomeron exchange gives a
good description of the diffractive vector meson production
under small t [48,49]. It is commonly agreed that the
Pomeron exchange is a good approximation of the
exchange of two gluons. The previous analysis finds that
the two-gluon form factor describes the ϕ photoproduction
well [44]. The ϕ and ω data used in this work are in the
small t range (∼0.4 GeV2), for which the two-gluon
exchange contribution is dominant. Therefore the formal-
ism in this analysis is approximately effective in describing
the photoproductions of light vector mesons.
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FIG. 1. The differential cross sections of the photoproductions
of J=ψ [11], ϕ [45], and ω [46] vector mesons near the thresholds.
The energies of the incident photons are labeled in the figure for
the corresponding experimental data. Some of the cross sections
are scaled with the factors, which are also indicated in the figure.

TABLE I. The extracted values of the dipole parameter and the
proton mass radii from the differential cross sections of ϕ
photoproduction near threshold at different photon energies.

Eγ (GeV) 1.62 1.72 1.82

ms (GeV) 0.82" 0.24 1.17" 0.30 0.96" 0.20ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

(fm) 0.83" 0.25 0.58" 0.15 0.71" 0.15

TABLE II. The extracted values of the dipole parameter and the
proton mass radii from the differential cross sections of ω
photoproduction near threshold at different photon energies.

Eγ (GeV) 1.1375 1.1625

ms (GeV) 1.06" 0.06 0.99" 0.04ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

(fm) 0.65" 0.04 0.69" 0.03
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FIG. 2. The proton mass radii from different meson production
channels. The dashed line shows the average value from the
least-square fit.
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proton mass radius from different meson production channels

R. Wang et al., PRD 103, L091501 (2021)
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gravitational form factor of the dipole parametrization
(see the curves in Fig. 1). The only heavy quarkonium
photoproduction data near the threshold is from
GlueX [11]. We determined the dipole parameter to be
ms ¼ 1.23" 0.19 GeV, and the proton mass radius to beffiffiffiffiffiffiffiffiffiffi
hR2
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¼ 0.55" 0.09 fm, from the fit to the J=ψ data.
In experiment there are already some data published on the
near-threshold photoproductions of light quarkonia. We
take the differential cross sections of near-threshold ϕ
photoproduction at different photon energies by LEPS
Collaboration [45]. The extracted dipole parameter and
the proton mass radii are listed in Table I, from the fits to
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values is obtained to be
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the differential cross sections of near-threshold ω photo-
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ELSA [46]. The extracted dipole parameter and the proton
mass radii are listed in Table II, from the fits to the ω data.

The average mass radius of the two extracted values is
obtained to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.68" 0.03 fm.
Figure 2 shows the extracted proton mass radius as a

function of the mass of the vector meson, which comes
from the color dipole interacting with the proton target. The
extracted values are consistent with each other within the
statistical uncertainties. The combined analysis of the data
of the three vector mesons gives the average proton mass
radius to be
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¼ 0.67" 0.03 fm, with the average
dipole parameter to be ms ¼ 1.01" 0.04 GeV.
The validity of using Eq. (7) in describing the light vector

meson photoproduction off the proton is understandable.
Brodsky et al. suggest that the forward differential cross
section of any possible vector meson leptoproduction can
be factorized into the qq̄wave function of the vector meson
and the gluon distribution of the target, in the region of
small momentum transfer [47]. In the nonperturbative
approach, phenomenological Pomeron exchange gives a
good description of the diffractive vector meson production
under small t [48,49]. It is commonly agreed that the
Pomeron exchange is a good approximation of the
exchange of two gluons. The previous analysis finds that
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well [44]. The ϕ and ω data used in this work are in the
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exchange contribution is dominant. Therefore the formal-
ism in this analysis is approximately effective in describing
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momentum distribution [4,15,16,19], and the pressure
distribution [17,18,20] inside the proton respectively.
AðtÞ, BðtÞ and DðtÞ are all renormalization scale invariant,
since here the GFFs are defined as the sum of quark and
gluon contributions. As a consequence of momentum
conservation, the constraint Að0Þ¼1 is given [15,16,18].
Recently the form factor of T00 is suggested to be the mass
form factor [5,6,21].
Theoretically, much progress has been made on the

GFFs, such as LQCD [22], holographic QCD [23], light-
cone QCD [24], MIT bag model [25], NJL model [26],
chiral perturbation theory [27–29], instanton model [30],
QCD sum rule [31] and the dispersion relation [32]. The
form factors of the proton are usually described with the
dipole form, which corresponds to an exponential distri-
bution of the concerned physical quantity of the proton. For
the dipole form parametrization AðtÞ ¼ Að0Þ=ð1 − t

m2
A
Þ2,

LQCD calculation gives mA ¼ 1.13$ 0.06 GeV [22] and
the soft-wall model of holographic QCD gives mA ¼
1.124 GeV [23]. The dipole gravitational form factor also
meets the asymptotic behavior of the GFF at large
momentum based on the perturbative QCD [33] and the
power counting analysis [34–36].
To access the mechanical properties of the proton, the

electromagnetic interaction can be used. In principle, the
GFFs of the proton can be extracted from the generalized
parton distributions (GPD) with the full t dependence and ξ
dependence [18,20]. Using the dispersion relation, the GFF
DðtÞ was indirectly extracted from the deeply virtual
Compton scattering data in a recent analysis [20]. The
peak repulsive pressure about 1035 pascals is deduced from
the analysis of DðtÞ. Moreover, the repulsive pressure and
the confining pressure are balanced around r ¼ 0.6 fm
[20]. For the pion, the mass radius has been reported to be
0.32–0.39 fm by Kumano et al., via the measurement of the
generalized distribution amplitude (GPA) of the pion [37].
The obtained mass radius of the pion is significantly
smaller than the charge radius of the pion, and it is
consistent with the Nambu-Jona-Lasinio (NJL) model [26].
It is interesting to search for new experimental methods

beside the measurements of GPDs and GPAs to acquire the
GFFs of the proton. In the framework of holographic QCD,
the diffractive photoproductions of heavy quarkonia on the
proton are connected to the GFFs of the proton [23,38–40].
The near-threshold J=ψ andϒ productions in e-p scattering
and p-A ultraperipheral collision are suggested to study the
proton mass problem [39,40]. Based on the holographic
QCD model, a recent calculation shows that the elastic
proton-proton scattering can be used to test the GFFs [41].
A more reliable way is to employ the van der Waals
interaction between the color dipole and the proton at low
energy suggested by Kharzeev, which is a famous vector-
meson-dominance (VMD) model [21,42]. The scalar
gravitational form factor of the trace of the EMT is
measured via the interaction between the dipole and the

proton. Following Kharzeev’s work and assuming a dipole
form GFF, we performed an analysis of the proton mass
radius from the differential cross section data of the near-
threshold vector meson photoproductions, including the
data of J=ψ , ϕ, and ω.
In the nonrelativistic limit, the mass distribution can be

deduced using the scalar gravitational form factor instead of
the form factor of T00 [21]. Explicitly, the definition of the
mass radius hR2

mi is given by

hR2
mi≡ 6

M
dGðtÞ
dt

!!!!
t¼0

; ð3Þ

with Gð0Þ ¼ M. The meaning of the definition of the
proton radius was recently discussed for the measuring
processes of both hydrogen spectroscopy and high-energy
elastic scattering [43]. The relativistically correct defini-
tions of the proton radius and charge density are introduced
under the perturbation theory of light-front dynamics in the
literature [43]. The scalar gravitational form factor is
defined as the matrix element of the trace of the EMT,
which is written as [5,6,21]

GðtÞ ¼ AðtÞM − BðtÞ t
4M

þDðtÞ 3t
M

: ð4Þ

The gravitational form factors are usually parametrized as
the dipole form. Therefore we have

GðtÞ ¼ M
ð1 − t=m2

s Þ2
; ð5Þ

in which ms is a free parameter to be determined exper-
imentally. According to the definition, the mass radius is
connected to the dipole parameter ms as

hR2
mi ¼

12

m2
s
: ð6Þ

The near-threshold cross section of quarkonium photo-
production is directly related to the matrix element of the
scalar gluon operator, hence the scalar gravitational form
factor can be accessed [21,42]. The differential cross
section of the photoproduction of the quarkonium can be
described with the GFFs, which is written as [21,23,38,44]

dσ
dt

∝ G2ðtÞ: ð7Þ

By studying the differential cross section of the vector
meson photoproduction off the proton, we can extract the
parameterms of the scalar form factor. Then we acquire the
radius information by using Eq. (6).
Figure 1 shows the differential cross sections of

the vector meson photoproductions as a function of t.
The differential cross sections are fitted with the scalar
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momentum distribution [4,15,16,19], and the pressure
distribution [17,18,20] inside the proton respectively.
AðtÞ, BðtÞ and DðtÞ are all renormalization scale invariant,
since here the GFFs are defined as the sum of quark and
gluon contributions. As a consequence of momentum
conservation, the constraint Að0Þ¼1 is given [15,16,18].
Recently the form factor of T00 is suggested to be the mass
form factor [5,6,21].
Theoretically, much progress has been made on the

GFFs, such as LQCD [22], holographic QCD [23], light-
cone QCD [24], MIT bag model [25], NJL model [26],
chiral perturbation theory [27–29], instanton model [30],
QCD sum rule [31] and the dispersion relation [32]. The
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dipole form, which corresponds to an exponential distri-
bution of the concerned physical quantity of the proton. For
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the soft-wall model of holographic QCD gives mA ¼
1.124 GeV [23]. The dipole gravitational form factor also
meets the asymptotic behavior of the GFF at large
momentum based on the perturbative QCD [33] and the
power counting analysis [34–36].
To access the mechanical properties of the proton, the
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dependence [18,20]. Using the dispersion relation, the GFF
DðtÞ was indirectly extracted from the deeply virtual
Compton scattering data in a recent analysis [20]. The
peak repulsive pressure about 1035 pascals is deduced from
the analysis of DðtÞ. Moreover, the repulsive pressure and
the confining pressure are balanced around r ¼ 0.6 fm
[20]. For the pion, the mass radius has been reported to be
0.32–0.39 fm by Kumano et al., via the measurement of the
generalized distribution amplitude (GPA) of the pion [37].
The obtained mass radius of the pion is significantly
smaller than the charge radius of the pion, and it is
consistent with the Nambu-Jona-Lasinio (NJL) model [26].
It is interesting to search for new experimental methods

beside the measurements of GPDs and GPAs to acquire the
GFFs of the proton. In the framework of holographic QCD,
the diffractive photoproductions of heavy quarkonia on the
proton are connected to the GFFs of the proton [23,38–40].
The near-threshold J=ψ andϒ productions in e-p scattering
and p-A ultraperipheral collision are suggested to study the
proton mass problem [39,40]. Based on the holographic
QCD model, a recent calculation shows that the elastic
proton-proton scattering can be used to test the GFFs [41].
A more reliable way is to employ the van der Waals
interaction between the color dipole and the proton at low
energy suggested by Kharzeev, which is a famous vector-
meson-dominance (VMD) model [21,42]. The scalar
gravitational form factor of the trace of the EMT is
measured via the interaction between the dipole and the

proton. Following Kharzeev’s work and assuming a dipole
form GFF, we performed an analysis of the proton mass
radius from the differential cross section data of the near-
threshold vector meson photoproductions, including the
data of J=ψ , ϕ, and ω.
In the nonrelativistic limit, the mass distribution can be

deduced using the scalar gravitational form factor instead of
the form factor of T00 [21]. Explicitly, the definition of the
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with Gð0Þ ¼ M. The meaning of the definition of the
proton radius was recently discussed for the measuring
processes of both hydrogen spectroscopy and high-energy
elastic scattering [43]. The relativistically correct defini-
tions of the proton radius and charge density are introduced
under the perturbation theory of light-front dynamics in the
literature [43]. The scalar gravitational form factor is
defined as the matrix element of the trace of the EMT,
which is written as [5,6,21]

GðtÞ ¼ AðtÞM − BðtÞ t
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The gravitational form factors are usually parametrized as
the dipole form. Therefore we have

GðtÞ ¼ M
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in which ms is a free parameter to be determined exper-
imentally. According to the definition, the mass radius is
connected to the dipole parameter ms as
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The near-threshold cross section of quarkonium photo-
production is directly related to the matrix element of the
scalar gluon operator, hence the scalar gravitational form
factor can be accessed [21,42]. The differential cross
section of the photoproduction of the quarkonium can be
described with the GFFs, which is written as [21,23,38,44]

dσ
dt

∝ G2ðtÞ: ð7Þ

By studying the differential cross section of the vector
meson photoproduction off the proton, we can extract the
parameterms of the scalar form factor. Then we acquire the
radius information by using Eq. (6).
Figure 1 shows the differential cross sections of

the vector meson photoproductions as a function of t.
The differential cross sections are fitted with the scalar
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momentum distribution [4,15,16,19], and the pressure
distribution [17,18,20] inside the proton respectively.
AðtÞ, BðtÞ and DðtÞ are all renormalization scale invariant,
since here the GFFs are defined as the sum of quark and
gluon contributions. As a consequence of momentum
conservation, the constraint Að0Þ¼1 is given [15,16,18].
Recently the form factor of T00 is suggested to be the mass
form factor [5,6,21].
Theoretically, much progress has been made on the

GFFs, such as LQCD [22], holographic QCD [23], light-
cone QCD [24], MIT bag model [25], NJL model [26],
chiral perturbation theory [27–29], instanton model [30],
QCD sum rule [31] and the dispersion relation [32]. The
form factors of the proton are usually described with the
dipole form, which corresponds to an exponential distri-
bution of the concerned physical quantity of the proton. For
the dipole form parametrization AðtÞ ¼ Að0Þ=ð1 − t
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Þ2,

LQCD calculation gives mA ¼ 1.13$ 0.06 GeV [22] and
the soft-wall model of holographic QCD gives mA ¼
1.124 GeV [23]. The dipole gravitational form factor also
meets the asymptotic behavior of the GFF at large
momentum based on the perturbative QCD [33] and the
power counting analysis [34–36].
To access the mechanical properties of the proton, the

electromagnetic interaction can be used. In principle, the
GFFs of the proton can be extracted from the generalized
parton distributions (GPD) with the full t dependence and ξ
dependence [18,20]. Using the dispersion relation, the GFF
DðtÞ was indirectly extracted from the deeply virtual
Compton scattering data in a recent analysis [20]. The
peak repulsive pressure about 1035 pascals is deduced from
the analysis of DðtÞ. Moreover, the repulsive pressure and
the confining pressure are balanced around r ¼ 0.6 fm
[20]. For the pion, the mass radius has been reported to be
0.32–0.39 fm by Kumano et al., via the measurement of the
generalized distribution amplitude (GPA) of the pion [37].
The obtained mass radius of the pion is significantly
smaller than the charge radius of the pion, and it is
consistent with the Nambu-Jona-Lasinio (NJL) model [26].
It is interesting to search for new experimental methods

beside the measurements of GPDs and GPAs to acquire the
GFFs of the proton. In the framework of holographic QCD,
the diffractive photoproductions of heavy quarkonia on the
proton are connected to the GFFs of the proton [23,38–40].
The near-threshold J=ψ andϒ productions in e-p scattering
and p-A ultraperipheral collision are suggested to study the
proton mass problem [39,40]. Based on the holographic
QCD model, a recent calculation shows that the elastic
proton-proton scattering can be used to test the GFFs [41].
A more reliable way is to employ the van der Waals
interaction between the color dipole and the proton at low
energy suggested by Kharzeev, which is a famous vector-
meson-dominance (VMD) model [21,42]. The scalar
gravitational form factor of the trace of the EMT is
measured via the interaction between the dipole and the

proton. Following Kharzeev’s work and assuming a dipole
form GFF, we performed an analysis of the proton mass
radius from the differential cross section data of the near-
threshold vector meson photoproductions, including the
data of J=ψ , ϕ, and ω.
In the nonrelativistic limit, the mass distribution can be

deduced using the scalar gravitational form factor instead of
the form factor of T00 [21]. Explicitly, the definition of the
mass radius hR2

mi is given by

hR2
mi≡ 6

M
dGðtÞ
dt
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; ð3Þ

with Gð0Þ ¼ M. The meaning of the definition of the
proton radius was recently discussed for the measuring
processes of both hydrogen spectroscopy and high-energy
elastic scattering [43]. The relativistically correct defini-
tions of the proton radius and charge density are introduced
under the perturbation theory of light-front dynamics in the
literature [43]. The scalar gravitational form factor is
defined as the matrix element of the trace of the EMT,
which is written as [5,6,21]

GðtÞ ¼ AðtÞM − BðtÞ t
4M

þDðtÞ 3t
M

: ð4Þ

The gravitational form factors are usually parametrized as
the dipole form. Therefore we have

GðtÞ ¼ M
ð1 − t=m2
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in which ms is a free parameter to be determined exper-
imentally. According to the definition, the mass radius is
connected to the dipole parameter ms as

hR2
mi ¼

12

m2
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: ð6Þ

The near-threshold cross section of quarkonium photo-
production is directly related to the matrix element of the
scalar gluon operator, hence the scalar gravitational form
factor can be accessed [21,42]. The differential cross
section of the photoproduction of the quarkonium can be
described with the GFFs, which is written as [21,23,38,44]

dσ
dt

∝ G2ðtÞ: ð7Þ

By studying the differential cross section of the vector
meson photoproduction off the proton, we can extract the
parameterms of the scalar form factor. Then we acquire the
radius information by using Eq. (6).
Figure 1 shows the differential cross sections of

the vector meson photoproductions as a function of t.
The differential cross sections are fitted with the scalar
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dipole-type scaler gravitational form factor
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FIG. 1. The measured differential cross sections of the coherent
φ-meson photoproduction off the 4He nucleus near the threshold,
compared with various models for the nuclear GFF. The experimen-
tal data are taken from LEPS Collaboration’s publication [32]. The
magenta dotted curves show the fitting results of the monopole GFF
from Yukawa-type mass distribution. The blue dash-dotted curves
show the fitting results of the dipole GFF from exponential mass
distribution. The red dashed curves show the fitting results of the
exponential GFF from Gaussian mass distribution. The black solid
curves show the fitting results of the Bessel GFF from uniform mass
distribution.

should be different from those of the proton and the heavy
nucleus.

In this work, our goal is to determine the RMS mass radius
of the 4He nucleus from the coherent and diffractive scattering
off the target. Thus the density distribution discussed above
is specifically the mass distribution, and the form factor is
the scalar GFF. To see which model of mass distribution and
scalar GFF describes well the 4He nucleus, the experimental
data of the near-threshold φ-meson photoproduction off 4He
are fitted with various function forms of the scalar GFF.

Data analysis and results. Figure 1 shows the measured
differential cross sections of the near-threshold φ-meson pho-
toproductions as a function of t at different energies from
LEPS Collaboration [32]. For the momentum transfer t̃ in the
LEPS data, |t |min is subtracted. In this analysis, we remove
the correction on the momentum transfer by calculating the
|t |min’s of the reaction γ 4He → φ 4He at different photon
energies. The differential cross sections are fitted with the
models of various function forms for the scalar GFF. We
investigated four different models: the monopole model, the
dipole model, the Gaussian mass distribution model, and the
uniform mass distribution model. In the data fitting with each
model, the scalar GFF is the same for all the experimental
data at different photon energies, and only the normalizations
are different at different energies. One sees that all the mod-
els reproduce the experimental data in the narrow |t | range.

TABLE II. The determined model parameters, the extracted mass
radii, and the fitting qualities χ 2/Ndof with various models for the
mass distribution.

Model $ (GeV)
√

〈r2〉 (fm) χ 2/Ndof

Yukawa-type 0.045 ± 0.051 10.72 ± 12 93.80/32
Exponential 0.220 ± 0.063 3.10 ± 0.89 40.98/32
Gaussian 0.142 ± 0.011 1.70 ± 0.14 34.09/32

R (GeV−1)
Uniform 8.97 ± 0.47 1.37 ± 0.08 37.50/32

Nevertheless, the scalar GFF from Gaussian mass distribution
most agree with the differential cross sections. More and
precise experimental data in a large region of kinematic |t |
are needed to differentiate the models more clearly.

To quantify the quality of fit, the reduced χ2 are calculated
for different models, which are listed in Table II. One finds
that the Gaussian mass distribution model describes the exper-
imental data the best with the smallest χ2/Ndof quite close to
1.0. For describing a compact and small nucleus, the Gaussian
distribution of the mass is a rather good choice. The uniform
distribution of the mass also fits well the experimental data
with χ2/Ndof < 1.2. But the uniform mass distribution is just
an overideal distribution for a heavy nucleus with the perfect
nuclear saturation property.

The final results of the model fittings are summarized in
Table II, including the extracted slope parameter $ or R in the
modeled GFFs, and the related mass radii. In the least-squares
fit of each model, the slope parameter $ (or R) of the GFF
is the same for all the cross-section data at different photon
energies. It is clearly shown that the extracted mass radii
under different model assumptions vary significantly. There is
a strong model dependence of the extracted mass radius. The
first reason is that the |t | range covered by the experimental
data is narrow, about 0.15 GeV2. The second reason is that
the effective extrapolation of the slope to t = 0 GeV2 requires
more experimental data at small |t | close to zero. On the other
side, the model dependence is very natural in extraction of
mass radius, since any model assumption definitely introduces
the model uncertainty. Nonetheless, based on the current lim-
ited data, the exponential GFF of Gaussian mass distribution
is the most effective model tested.

In the model fittings, the normalizations at different ener-
gies are set as free parameters, for we can not precisely or
accurately compute them under the fundamental theory so far.
Thus, including the parameter for modeling the scalar GFF,
there are seven free parameters. As all the free parameters
are important and have definite physical meanings, the mul-
tiparameter confidence region is considered in the analysis.
Therefore we apply %χ2 = 8.38 for the error estimations in
multidimensional parameter space at the confidence level of
70%, suggested by the MINUIT manual.

Discussions and summary. From the analysis, we find that
the differential cross section of near-threshold φ-meson pho-
toproduction off the 4He target can be described well at small
|t | with the exponential GFF of Gaussian mass distribution.
The 4He is a light nucleus, thus the uniform distribution
is an inappropriate approximation for its mass distribution.
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Meanwhile the 4He is a compact nucleus, its density in the
center should not change fast with the radial distance increas-
ing. This is probably why the Gaussian distribution model is
most consistent with the measured differential cross sections.

For a heavy nucleus, the density is fairly a constant in the
central region due the saturation property of nuclear force,
and the density distribution can be approximately modeled
with a uniform distribution, or the Fermi model with a radius
parameter and a surface thickness [33,34]. For 12C, the best fit
of the electron elastic scattering data was found lying between
a Gaussian model and a uniform model [33]. The latter studies
found that the charge distributions of 12C and 16O can be de-
scribed well with the harmonic-shell charge distributions [34].
For the charge distribution of the very light 4He, it was found
that the Gaussian model is the best in the low momentum
transfer region (<6.2 fm−2) [33–35]. The momentum transfer
|t | is below 6.2 fm−2 for the LEPS data used in this analysis.
The pure Gaussian shape of charge distribution of 4He is also
provided by the shell model [34]. In this work, we find that the
Gaussian distribution is also the best model in explaining the
mass distribution of 4He. The shapes of the mass and charge
distributions are just alike for the nucleus.

The mass radius is obtained to be 1.70 ± 0.14 fm based
on the Gaussian mass distribution model. The mass radius of
the helium nucleus is nearly the same as its charge radius.
This conclusion is quite surprising, as it violates what has
been found for the proton [14,15,25], the deuteron [26], and
the pion [27,28]. Why the mass radius of the proton is much
smaller than its charge radius is a complicated and unan-
swered question. Why the mass radius of 4He is almost the
same of its charge radius is another astounding puzzle, which
should be further investigated in the future experiments. One
may simply assume the underlying confinement mechanisms
for the proton and the nuclei are different, which should be
carefully studied with the nonperturbative QCD theory in the
future.

Figure 2 shows the differences and ratios between mass
radius and charge radius, for some hadrons and nuclei exam-
ined recently. Based on the current analyses, the differences
between mass and charge radii are similar for the pion and
the proton, approximately 0.2 fm. Nonetheless, the difference
in the mass and charge radii appears to vanish in 4He. As
the target size increases, the ratio of mass radius to charge
radius goes up approaching one. In a picture of nucleonic
degrees of freedom, the compatibility of the mass and charge
radii of 4He supports the regular tetrahedronlike structure of
4He. Nuclear mass radius is related to both the proton and the
neutron distributions inside a nucleus, whereas nuclear charge
radius primarily connect to the proton distribution. Therefore,
the radii of the proton distribution and the neutron distribution
in 4He are closely similar.

We argue that it is a pioneering and pivotal approach to
scrutinize the nuclear structure via the examination of the
difference between the charge and mass radii of a nucleus. For
9Be of the dumbbell-like structure with a neutron at the center,
its charge radius should obviously surpass its mass radius. For
208Pb with the neutron skin on the crust, its charge radius
is anticipated to be smaller than its mass radius. Extensive
and systematical investigations on the mass and charge radii
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FIG. 2. The determined mass radii of the pion, the proton, the
deuteron, and the 4He nucleus, from various groups. The pion re-
sult is taken from Ref. [27]. The proton results are taken from
Refs. [14,15,25]. The two values by JLab Hall C Collaboration
are from the holographic QCD approach and the GPD approach.
The two values by Wang et al. are from the analysis of only
φ-photoproduction data and the combined analysis of the photopro-
ductions of ω, φ, and J/ψ mesons. The deuteron result is taken from
Ref. [26]. The helium result is from this work with the Gaussian mass
distribution model.

of nuclei from different probes are highly promoted, which
are essentially beneficial for solving the puzzles on the mass
radius of 4He and the complex structures of nuclei.

Lastly, our analysis reveals that different models produce
very different extrapolation results on the mass radius, as
shown by the disparate slopes approaching t = 0 GeV2 in
Fig. 1. To differentiate between the various forms of GFF for
the light nucleus, we recommend experimental measurements
across a wide kinematic range of |t |. In Fig. 3, we show the
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FIG. 3. The predictions of the differential cross section of φ-
meson photoproduction near threshold in a broad t range with
different models for the scalar GFF. The magenta dotted curve shows
the prediction of monopole GFF. The blue dash-dotted curve shows
the prediction of dipole GFF. The red dashed curve shows the predic-
tion of exponential GFF. The black solid curve shows the prediction
of Bessel-type GFF.
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The same strategy can be extended to coherent production on nuclei. 
-dep. → nuclear GFF → nuclear mass radius


- How does the mass distribution evolve from a nucleon to a nucleus? 
- How does the mass radius compare with the charge radius?

- Is the nuclear gravitational structure simply inherited from nucleons?

γA → VA t

R. Wang et al., PRC 109, L012201 (2024)
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Figure 2: Tree-level Feynman diagram for εp → ωp via t-channel exchange.

Figure 3: Photon line with approximately 2 wiggles.

Figure 4: Gluon propagator.
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multi-gluons

vector meson

ρ, ω, ϕ, J/ψ, Υ, ⋯
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Does this mechanism really dominate near threshold?

The interpretation of vector-meson photoproduction in terms of GFFs 
relies on assumptions about the production mechanism. Near threshold, 
other contributions may not be negligible.

How can we test the production mechanism experimentally?
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FIG. 16. The forward (t = 0) differential cross section as a func-
tion of final particle center-of-mass momentum from this work (filled
red points) and SLAC [45] measurements (open black points).

The fits in Fig. 15 also directly give an extrapolation of
the cross sections to t = 0, dσ/dt (0), Table II. These results
are plotted in Fig. 16 as a function of the final proton (or
J/ψ) c.m. momentum, q, together with the SLAC measure-
ments of dσ/dt at t = tmin also extrapolated to t = 0 using
their measured exponential slope of 2.9 GeV−2 [45]. Such
a plot allows extrapolation of dσ/dt (0) to the threshold,
dσ/dt (0)|thr., that corresponds to q = 0. Reference [42] uses
the VMD model and dispersion relations to parametrize the
forward J/ψ-p scattering amplitude, T ψ p, and to fit all ex-
isting J/ψ photoproduction data including those data taken
at large center-of-mass energies. The parametrization is then
used to fit the forward differential cross sections and estimate
dσ/dt (0)|thr.—see Fig. 3 in Ref. [42], which is an analog
to our Fig. 16. Alternatively, the extrapolation to threshold
can be done by expanding T ψ p in partial waves, with the
S wave being dominant near threshold. Initial extrapolations
were previously reported along with the preliminary GlueX
results [46], but will not be discussed further in this paper. It is
of importance that the GlueX measurements are much closer
to the threshold than the SLAC measurements [45] (the latter
used in Ref. [42]), at the same time constraining dσ/dt (0)|thr.
to lower values than the SLAC results and Ref. [42]. For the
purpose of providing a quantitative estimate, let us assume
dσ/dt (0)|thr. is close in value and uncertainty to the lowest-q
data point in Fig. 16, 2.86 ± 2.03 nb/GeV2, where we have
included the overall scale uncertainty. This value corresponds
to a very small J/ψ-p scattering length, αJ/ψ p, which is given
by [7]

|αJ/ψ p| =

√
dσ

dt
(0)

∣∣
thr.

γ 2
ψ

απ

k2
γ p

π
, (6)

where kγ p is the c.m. momenta of the initial particles and γψ is
the photon-J/ψ coupling constant obtained from the J/ψ →
e+e− decay width. We find |αJ/ψ p| = (21.3 ± 8.2) × 10−3

fm, which, compared to the size of the proton of ∼1 fm scale,
indicates a very weak J/ψ-p interaction. However, note that
the VMD model is used in Eq. (6) to extract this value.

8 9 10 20
210

110

1

10[n
b]

E  [GeV]

SLAC
Cornell
GPD (Ivanov, Sznajder, Szymanowski, and Wagner)
GPD and LQCD (Guo, Ji, and Liu) 

FIG. 17. Comparison of the J/ψ total cross sections from this
work (GlueX) to the SLAC [45] and Cornell [47] data and two QCD
theoretical calculations in the two-gluon exchange factorization
model (in LO) from Ref. [48] and from Ref. [10]. The latter calcu-
lation uses gravitational form factors from lattice calculations [44].
The SLAC total cross sections are estimated from their dσ/dt |t=tmin

measurements [45] assuming a dipole t dependence from the fit of
our differential cross section at the highest energy, Fig. 15. The error
bars shown for the GlueX data are the statistical and systematic errors
summed in quadrature.

We can use the mass scale ms from the fits in Fig. 15
(Table II) to estimate the proton mass radius as prescribed in
Ref. [11],

√〈
r2

m

〉
=

√
6

mp

dG(t )
dt

∣∣∣∣
t=0

=
√

12
m2

s
, (7)

where the scalar gravitational form factor, G(t ), is related to
the measured t distributions through the VMD model. Equa-
tion (7) gives

√
⟨r2

m⟩ = 0.619 ± 0.094 fm, 0.464 ± 0.024 fm,
and 0.521 ± 0.020 fm for Eγ = 8.93, 9.86, and 10.82 GeV, re-
spectively. More sophisticated estimations of the proton mass
radius require knowledge of the A(t ) and C(t ) gravitational
form factors separately [10,41].

In Fig. 17 we compare our total cross section results to
models that assume factorization of the J/ψ photoproduction
into a hard quark-gluon interaction and the GPDs describing
the partonic distributions of the proton. This factorization in
exclusive heavy-meson photoproduction in terms of GPDs
was studied in the kinematic region of low |t | and high beam
energies [8]. The factorization was explicitly demonstrated by
direct leading order (LO) and next-to-leading order (NLO)
calculations. In Ref. [10], it was shown that in the limit of high
meson masses and at LO, the factorization in terms of gluon
GPDs is still valid down to the threshold. Calculations in
this framework were performed for the J/ψ photoproduction
cross section using parametrizations of the gravitational form
factors obtained from the lattice results of Ref. [44]. These
calculations for the total cross section are compared to our
measurements in Fig. 17. While they agree better with the
SLAC data at higher energies, they underestimate our near-
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Possible structure (2.6σ)

PRC108, 025201 (2023)

„ Photoproduction near Threshold
• For Pomeron exchanges, the photoproduction cross

section can be written in the form
d‡

dt
(“p æ „p) =

1d‡

dt

2

t=tmin
exp(≠b„|t ≠ tmin|)

„ æ K+K≠ „ æ KLKS

• Di�erential cross sections for „ photoproduction in the reaction “p æ p„ followed by
„ æ K+K≠a and KSKL

b show some enhancement in the photon beam energy range near 2.1
GeV.

aK. Mizutani et al. (LEPS Collab), PRC 96, 062201(R)(2017); B. Dey et al. (CLAS Collab), PRC 89, 055208(2014)
bH. Seraydaryan et al. (CLAS Collab), PRC 89, 055206(2014).

Sun Young Ryu syryu@rcnp.osaka-u.ac.jp Hadron physics with LEPS and LEPS2 13/1
13/30

PRC96, 062201(R) (2017)
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d�

dt
=

✓
d�

dt

◆

t=tmin

exp (�B|t� tmin|)

γp → ϕp γp → J/ψp

The threshold region may contain dynamics beyond a simple smooth multi-gluon-exchange picture.
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FIG. 13. The measured differential cross sections with both sta-
tistical (inner bars) and total (outer bars) uncertainties shown for the
three energy regions, from Eq. (5). The points are fitted with a sum
of two exponential functions. The second exponential contribution is
most significant in the lowest energy bin, where the slope changes
sign.

We then fit the weighted M(e+e−) distribution to obtain a
luminosity-weighted number of J/ψ events in each bin of Eγ

and t , which we denote NJ/ψ
wt (Eγ , t ). The energy resolution as

measured by the experimental setup is better than the 45 MeV
bin size used in this procedure.

The cross sections are reported at the mean t and Eγ

values within each bin (red points in Fig. 12). Note that for
a given energy region, the mean Eγ values depend on the t
bin. Still, we attribute a common mean energy within each
energy region and treat the corresponding deviations of the
cross section due to the energy correction as a systematic
error. In addition, generally, the cross section averaged over
the bin deviates from the cross section at the mean Eγ and t
where it is reported, especially for the bins that are wide and
have nonrectangular shapes. This deviation will also be treated
as a systematic error.

To calculate the differential cross section, we divide the
luminosity-weighted number of J/ψ events in each bin by the
area of the bin, a(Eγ , t ), and correct for the reconstruction
efficiency ε(Eγ , t ):

dσ

dt
(Eγ , t ) = NJ/ψ

wt (Eγ , t ) [GeV · nb]
a(Eγ , t ) [GeV · GeV2]

1
ε(Eγ , t )

. (5)

Thus, the differential cross section will be in units of
[nb/GeV2]. The area of each bin is calculated with MC by
generating a uniform distribution over the whole rectangular
(Eγ , t) plane in Fig. 12.

We apply the same procedure for the extraction of the
J/ψ yields as explained in Sec. III for the total cross sec-
tion. The efficiencies calculated from MC, εMC(Eγ , t ), are
corrected by the overall normalization correction as obtained
in Sec. III, using the BH process. Thus, in Eq. (5) we use
ε(Eγ , t ) = εMC(Eγ , t ) × (0.847 ± 0.019). Now we have all
the ingredients in Eq. (5) to calculate the differential cross
sections, and the results are given in Fig. 13. To parametrize

them, they are fitted with a sum of two exponential functions.
To check the consistency of the differential cross sections,
we integrate the fitted function over the corresponding range
tmin(Eγ i ) − tmax(Eγ i ), where Eγ i is the mean energy for the
corresponding energy region, and compare these integrals
with the total cross section results. We find a good agreement,
shown in Fig. 11.

We consider three sources in the systematic uncertainties of
the individual differential data points: (i) the uncertainty in the
fitting procedure, (ii) the correction due to the alignment of the
results to a common mean energy, and (iii) the bin-averaging
effect. To estimate the last two effects, we create a two-
dimensional cross section model based on our measurements.
For that we use the fits of the differential cross sections in
Fig. 13. The total cross section is also fitted with a polynomial.
We note that these cross section parametrizations were used
in the J/ψ generator for all the MC results presented in this
paper. The main contribution to the systematic uncertainties
for the individual data points comes from the J/ψ fitting pro-
cedure where we compare the yields extracted from a fit with
either fixed widths (based on MC) or as a free parameter, in
the same way as was done for the estimation of the systematic
uncertainties in the total cross section.

The overall normalization uncertainty of the differential
cross sections is the same as for the total cross section; see
Table I.

The numerical results for the differential cross section,
along with statistical and systematic errors, are given in Ta-
bles IV, V, and VI of the Appendix. Note that in all the plots
in the next section, the error bars of the GlueX data points
include both the statistical and systematic errors added in
quadrature.

VI. DISCUSSION

In our cross section measurements, we observe two appar-
ent deviations from the expectations: (i) of a smooth variation
of the total cross section as a function of beam energy, and (ii)
of an exponentially decreasing t dependence in the differential
cross sections. We previously mentioned the structure in the
8.8–9.4 GeV region (Fig. 11) in Sec. IV. If we treat the
two points there as a potential dip, then the probability that
they are not a statistical fluctuation from a smooth fit to the
observed cross sections corresponds to a significance of 2.6σ .
However, if we consider the probability for any two adjacent
points in the whole energy interval (8.2–11.44 GeV) to have
a deviation of at least this size, then the significance reduces
to 1.4σ . Another feature that we observe is the enhancement
of the differential cross section for the lowest energy region
towards |t |max (Fig. 13), which can be interpreted as an s-
or u-channel contribution. We estimate a 2.3σ significance
of such a deviation when compared to a dipole fit of the
differential cross section. All the above significance estimates
include both statistical and systematic errors. The relevance
of these features to the reaction mechanism will be discussed
below.

Recently the J/ψ-007 experiment located in Hall C at
Jefferson Lab published results on J/ψ photoproduction [41].
They reported dσ/dt in 10 fine energy bins with similar total
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Fig. 4.2: d�/dt vs t � tmin. The green dashed curves are the fitting results with the free B
parameters. The red solid curves are the fitting results with the fixed B (B = 3.57 GeV�2).
The hatched histograms represent systematic errors.

The obtained differential cross sections are fitted by Eq. (1.20) to extract the t-slope factor B
and (d�/dt)t=tmin (the green dashed curves in Fig. 4.2). Figure 4.3 shows the energy dependence
of the t-slope factor B1. The results are consistent with LEPS 2005 results [10] within statistical
uncertainties in the overlapping region.

1We do not use the lowest energy bin 1.67 < E� < 1.87 GeV, since we have only two data points as shown in
Fig. 4.2.
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Comparison of the Λ(1520) peak 

Previous New 

Peak 
position(MeV) 

1517.6±1.6 1517.8±1.0 

Peak width (MeV) 18.5±2.2 16.8±1.6 

Peak height 53.0±5.2 128.3±8.2 

S/N ratio 1.74±0.22 1.55±0.15 

MMn(γ,K-)X>1.6GeV/c2  
to keep the condition of the blind analysis. 

Previous data New data 

γp →K+Λ(1520) →K+K-p 

K-⇔K+ 

n ⇔ p 

γn →K-Θ+→K+K-n 

・Λ(1520) peak was found to be consistent for two data sets. 

・Is there any problems on new data? 
・Is it possible to add two data sets? 

γp → ϕp γp → J/ψp

Near threshold, the data indicate contributions

beyond a simple forward -channel production mechanism.t

A forward -channel picture works reasonably well.t
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𝜔 photoproduction on the proton at E𝜔 = 1.5→ 2.9 GeV
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Fig. 1.9: Decay patterns for t-channel natural- and unnatural-parity exchanges. Note that these
schematics represent the case when the 𝜔 meson is emitted at zero degrees. The blue plane is
determined by the photon beam axis and the polarization vector of the incoming photon. If the
natural-parity exchange process is dominant, the probability of the decay plane (green) being
parallel to the blue plane becomes highest. On the other hand, if the unnatural-parity exchange
process is dominant, the probability of the decay plane (orange) being perpendicular to the blue
plane becomes highest.

1.3 Experimental Status of 𝜔 Photoproduction

Here, we review the previous measurements. To pin down the amplitudes near threshold,
deuteron and 4He data provide valuable information in addition to the proton data.

1.3.1 Photoproduction on the proton

At forward angles, the following processes have been considered to be dominant (Fig. 1.10).

Fig. 1.10: Possible t-channel processes with different exchanged particles.

To first order, the Pomeron exchange process, which is the natural-parity exchange process, is
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With linearly polarized photons, the vector-meson decay angular distribution is sensitive to the 
naturality of the exchanged amplitude.
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The decay angular distributions in the Gottfried-Jackson
frame were obtained at forward angles (! 0:2< t"
jtjmin # 0 GeV2) in two different energy regions:
(i) around the local maximum of the cross section (!E1:
1:97<E! < 2:17 GeV) and (ii) above the local maximum
(!E2: 2:17<E! < 2:37 GeV), where there are enough
statistics and the acceptance is fairly flat over all angular
variables.

Figure 4(a) shows the angular distribution W$cos"%. In
both energy regions, W$cos"% behaves as &$3=4%sin2",
indicating the dominance of helicity-conserving processes.
A contribution from tensor-meson exchange, such as
f02-meson exchange, must be small, since a contribution
of this term would result in a deviation from the sin2" form
[15]. Note that this result is different from the measurement
in a wider t range [12], which shows strong violation from
sin2" form. This may be understood by the production
mechanism discussed in Ref. [20].

Figure 4(b) shows the distributionW$#!"%. We found
#$1

1!1 ' 0:197( 0:030$stat% ( 0:022$syst% in !E1 and
0:189( 0:024$stat% ( 0:006$syst% in !E2. The positive
value for #$1

1!1 indicates that the contributions from
natural-parity exchange are bigger than those for
unnatural-parity exchange (%;&-meson exchange). The
#$1

1!1 is the same in the two energy regions within errors.
This implies that the relative contribution of natural-parity
exchange and unnatural-parity exchange remains constant
in the two energy regions. Therefore, it is difficult to
attribute the origin of the local maximum in the cross
section to different strengths of the unnatural-parity ex-
change processes in the two energy regions.

Other one-dimensional angular distributions W$#%,
W$#""%, and W$"% are depicted in Fig. 4(c). No strong

oscillation was found, except that the distribution W$#%
at !E1 bin showed an oscillation [$0

1!1 ' 0:120(
0:027$stat% ( 0:011$syst%]. $0

1!1 reflects the double spin-
flip transition from the incident photon to the outgoing #
meson [18]. The spin-flip amplitudes are exactly zero in
the case of pure scalar meson-exchange and pseudoscalar
meson-exchange processes. The oscillation in the W$#%
distribution might be understood in the framework of a
modified Donnachie-Landshoff Pomeron model motivated
by the nonperturbative two-gluon-exchange dynamics
[15]. However, this model fails to reproduce the nonmono-
tonic energy dependence (see the solid curve in Fig. 3).

An alternative explanation might be the manifestation of
a daughter Pomeron trajectory. In this case, the decay
angular distributions may be similar to those for the
Pomeron trajectory as observed, since contributions from
both trajectories involve exchanges of natural-parity parti-
cles. While the decay angular distributions are useful to
discriminate natural-parity exchange from unnatural-parity
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can be understood by the contribution from double helicity-flip
transitions from the incident photon to the outgoing φ meson
[35]. In fact, a rather large oscillation of W (#) was observed
in the E1 region [Fig. 2(e)], giving the spin-density matrix
element of Reρ0

1−1 ∼ 0.11. This means that the interference
of helicity-nonflip and double helicity-flip amplitudes has a
nonzero value [36]. A nonzero Reρ0

1−1 was also observed in
the γp [15,19,24] and γ d reactions [24]. In particular, the
Reρ0

1−1 obtained here exhibits an energy dependence similar
to that in Ref. [15]. Note that the deviation of ρ1

1−1 is not due
to contamination from the incoherent events with ρ1

1−1 ≈ 0.25
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FIG. 3. Differential cross section dσ/dt̃ for the γ 4He reaction.
The smaller error bars on the vertical axis represent the statistical
error, whereas the larger bars represent the sum of the statistical and
systematic errors in quadrature. Dashed curves show the fit results by
an exponential function with the common slope b = 23.81 GeV−2.

[37] because such a deviation does not disappear when a tight
mass cut, MM(K+K−) < 3.72 GeV/c2, is applied.

IV. DIFFERENTIAL CROSS SECTION

The differential cross sections as a function of the mo-
mentum transfer t̃(≡|t | − |t |min), dσ/dt̃ , were measured in
the energy range Eγ = 1.685–2.385 GeV (Fig. 3). A strong
forward-peaking behavior of dσ/dt̃ predominantly comes
from the helium-4 form factor. To extract the slope of
dσ/dt̃ , the fit was performed with an exponential function,
(dσ/dt)γ

4He
0 exp(−bt̃), where (dσ/dt)γ

4He
0 is dσ/dt̃ at t =

−|t |min and b the slope parameter. No strong energy de-
pendence of the slope b was found, and the common slope
b was determined to be 23.81 ± 0.95(stat)+5.16

−0.00(sys) GeV−2.
The slope b is consistent with a simple estimate from a
single-scattering assumption [26], in which the slope b is
approximately expressed as b ≈ b0 + bF , where b0 is the slope
of the elementary γp reaction (3.38 ± 0.23 GeV−2 [15]) and
bF the slope of the squared charge form factor of helium-4
nuclei (≈22 GeV−2 [38]). The slope b is also quite reasonable
compared with that for other elastic scattering of a hadron
off helium-4 in the diffractive regime [39,40]. Note that the
systematic error of the slope b comes solely from the

TABLE I. Extracted spin density matrix elements for the E1 and E2 regions. The first uncertainties are statistical; the second, systematic.

Eγ range (GeV) ρ0
00 Reρ0

1−1 ρ1
1−1 (1−1 2ρ1

11 + ρ1
00

E1 1.985–2.185 −0.015 ± 0.016 +0.000
−0.002 0.116 ± 0.030+0.000

−0.006 0.454 ± 0.024+0.014
−0.000 −0.111 ± 0.033+0.006

−0.000 0.132 ± 0.066+0.000
−0.033

E2 2.185–2.385 0.015 ± 0.012 +0.002
−0.000 0.054 ± 0.020+0.000

−0.004 0.436 ± 0.014+0.004
−0.000 −0.034 ± 0.017+0.009

−0.000 0.074 ± 0.041+0.011
−0.000

035208-4

γp → ϕp γ4He → ϕ4He

70% natural-parity exch.

30% unnatural-parity exch.

~100% natural-parity exch.




 cannot couple to He-4.

4He : J = I = 0

π, η

This is the experimental evidence that helium-4 acts as a spin/parity filter.
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IV. DIFFERENTIAL CROSS SECTION

The differential cross sections as a function of the mo-
mentum transfer t̃(≡|t | − |t |min), dσ/dt̃ , were measured in
the energy range Eγ = 1.685–2.385 GeV (Fig. 3). A strong
forward-peaking behavior of dσ/dt̃ predominantly comes
from the helium-4 form factor. To extract the slope of
dσ/dt̃ , the fit was performed with an exponential function,
(dσ/dt)γ

4He
0 exp(−bt̃), where (dσ/dt)γ

4He
0 is dσ/dt̃ at t =

−|t |min and b the slope parameter. No strong energy de-
pendence of the slope b was found, and the common slope
b was determined to be 23.81 ± 0.95(stat)+5.16

−0.00(sys) GeV−2.
The slope b is consistent with a simple estimate from a
single-scattering assumption [26], in which the slope b is
approximately expressed as b ≈ b0 + bF , where b0 is the slope
of the elementary γp reaction (3.38 ± 0.23 GeV−2 [15]) and
bF the slope of the squared charge form factor of helium-4
nuclei (≈22 GeV−2 [38]). The slope b is also quite reasonable
compared with that for other elastic scattering of a hadron
off helium-4 in the diffractive regime [39,40]. Note that the
systematic error of the slope b comes solely from the

TABLE I. Extracted spin density matrix elements for the E1 and E2 regions. The first uncertainties are statistical; the second, systematic.

Eγ range (GeV) ρ0
00 Reρ0

1−1 ρ1
1−1 (1−1 2ρ1

11 + ρ1
00

E1 1.985–2.185 −0.015 ± 0.016 +0.000
−0.002 0.116 ± 0.030+0.000

−0.006 0.454 ± 0.024+0.014
−0.000 −0.111 ± 0.033+0.006

−0.000 0.132 ± 0.066+0.000
−0.033

E2 2.185–2.385 0.015 ± 0.012 +0.002
−0.000 0.054 ± 0.020+0.000

−0.004 0.436 ± 0.014+0.004
−0.000 −0.034 ± 0.017+0.009

−0.000 0.074 ± 0.041+0.011
−0.000
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FIG. 4. (a) Energy dependence of (dσ/dt)γ
4He

0 with the common
slope b = 23.81 GeV−2. The meanings of the error bars are the
same as in Fig. 3. Solid, dashed, and dash-dotted curves are the
best fits for models 1, 2, and 3 (explained in the text), respectively.
(b) Contribution from natural-parity exchanges to the forward cross
section (θ = 0◦) for the γp reaction with model 1 (solid curve),
model 2 (dashed curve), and 3 (dash-dotted curve). Experimental data
for the γp reaction are represented by filled squares [15] and open
circles [19].

assumption of the additional processes [Eq. (1)] in the
MM(K+K−) fits.

Figure 4(a) shows the energy dependence of (dσ/dt)γ
4He

0
with the common slope b = 23.81 GeV−2. The differences
between the intercepts (dσ/dt)γ

4He
0 with the fixed (common)

and variable (energy-dependent) slopes were found to be
within the statistical errors. Also, the systematic errors of
(dσ/dt)γ

4He
0 due to the assumption of the additional processes

[Eq. (1)] in the MM(K+K−) fits were found to be small
(1.5%–6.5%) compared with the statistical ones, though these
are reflected in the final results.

As we shall see, it is difficult to discuss the precise
energy dependence of the forward cross section (θ = 0◦)
for the γp reaction arising from natural-parity exchanges
[≡(dσ/dt)γp;NP

0 , where NP denotes the contribution from
natural-parity exchanges] directly from the γ 4He data due to
the helium-4 form factor. To evaluate the contribution from
natural-parity exchanges to the γp reaction, we constructed
three models for the energy dependence of (dσ/dt)γp;NP

0 , where
their overall strengths are unknown and to be determined.
The first one (model 1) is simple; that is, (dσ/dt)γp;NP

0
increases with the energy as (kφ/kγ )2 [41], where kφ (kγ ) is
the 3-momentum of φ mesons (photons) in the center-of-mass
frame. The second one (model 2) is a conventional Pomeron
exchange model as in Ref. [26]. The third one (model 3)

describes a threshold enhancement in the energy dependence
of (dσ/dt)γp;NP

0 . This could be realized by modifying the
conventional Pomeron exchange model and/or a manifestation
of additional natural-parity exchanges near threshold. For
model 3, we used the Pomeron and daughter Pomeron
exchange model in Ref. [10]. The relative contribution from
the daughter Pomeron exchange was adjusted so as to fit the
available low-energy γp data [15,18,19].

A theoretical calculation for the coherent γ d reaction
has been done by Titov et al. [26], in which they describe
the forward cross section by using the amplitudes for the
elementary γp reaction and the deuteron form factor. Similarly,
(dσ/dt)γ

4He
0 is described by using the charge form factor for

helium-4 (|FC |2) [38] as
(

dσ

dt

)γ 4He

0
= 16|FC |2

(
dσ

dt

)γp;NP

0
. (4)

Here, |FC|2 is evaluated at t = −|t |min. To fix the overall
strengths for the above models, we used this relation in the fit to
the γ 4He data with the overall strengths as free parameters. The
best fits for models 1, 2, and 3 are depicted in Fig. 4(a) as solid,
dashed, and dash-dotted curves, respectively. The χ2/ndf’s are
48.8/5, 39.8/5, and 10.2/5 for models 1, 2, and 3, respectively.

Figure 4(b) shows the contribution from natural-parity
exchanges to the forward cross section (θ = 0◦) for the γp
reaction with each model, together with the experimental data
from LEPS [15,19]. Models 1 and 2 gave similar results, and
we found both curves to be slightly above the data points for
Eγ > 2.4 GeV. On the other hand, the experimental data on
the decay asymmetry ρ1

1−1 [19] show a sizable, 20%–30%,
contribution from unnatural-parity exchanges to the forward
cross section for 2.4 < Eγ < 2.9 GeV. This suggests that
destructive interference between natural-parity and unnatural-
parity exchanges is needed to explain the measurements of
both the forward cross section and the decay asymmetry. In
contrast to models 1 and 2, model 3 describes the experimental
data fairly well. For Eγ > 1.9 GeV, we found the curve to be
below the data by ∼20%, except for a few data points. This
can be compensated by the observed 20%–40% contribution
from unnatural-parity exchanges [15,19,24]. In this case,
large interference effects between natural-parity and unnatural-
parity exchanges are not needed, which is compatible with
our current understanding that the interference effect between
Pomeron and π exchanges would be small [2,10]. Note that
destructive interference between natural-parity and unnatural-
parity exchanges is also needed for Eγ < 1.9 GeV because
simply adding the unnatural-parity contribution (∼30%) over-
estimates the experimental data.

V. CONCLUSION

In conclusion, we have presented the first measurement of
the differential cross sections and decay angular distributions
for coherent φ-meson photoproduction from helium-4 at
forward angles with linearly polarized photons in the energy
range Eγ = 1.685–2.385 GeV. With the elimination of
unnatural-parity exchanges, this reaction provides a unique
and clean way of investigating natural-parity exchanges in
φ-meson photoproduction at low energies. The measurement
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assumption of the additional processes [Eq. (1)] in the
MM(K+K−) fits.

Figure 4(a) shows the energy dependence of (dσ/dt)γ
4He

0
with the common slope b = 23.81 GeV−2. The differences
between the intercepts (dσ/dt)γ

4He
0 with the fixed (common)

and variable (energy-dependent) slopes were found to be
within the statistical errors. Also, the systematic errors of
(dσ/dt)γ

4He
0 due to the assumption of the additional processes

[Eq. (1)] in the MM(K+K−) fits were found to be small
(1.5%–6.5%) compared with the statistical ones, though these
are reflected in the final results.

As we shall see, it is difficult to discuss the precise
energy dependence of the forward cross section (θ = 0◦)
for the γp reaction arising from natural-parity exchanges
[≡(dσ/dt)γp;NP

0 , where NP denotes the contribution from
natural-parity exchanges] directly from the γ 4He data due to
the helium-4 form factor. To evaluate the contribution from
natural-parity exchanges to the γp reaction, we constructed
three models for the energy dependence of (dσ/dt)γp;NP

0 , where
their overall strengths are unknown and to be determined.
The first one (model 1) is simple; that is, (dσ/dt)γp;NP

0
increases with the energy as (kφ/kγ )2 [41], where kφ (kγ ) is
the 3-momentum of φ mesons (photons) in the center-of-mass
frame. The second one (model 2) is a conventional Pomeron
exchange model as in Ref. [26]. The third one (model 3)

describes a threshold enhancement in the energy dependence
of (dσ/dt)γp;NP

0 . This could be realized by modifying the
conventional Pomeron exchange model and/or a manifestation
of additional natural-parity exchanges near threshold. For
model 3, we used the Pomeron and daughter Pomeron
exchange model in Ref. [10]. The relative contribution from
the daughter Pomeron exchange was adjusted so as to fit the
available low-energy γp data [15,18,19].

A theoretical calculation for the coherent γ d reaction
has been done by Titov et al. [26], in which they describe
the forward cross section by using the amplitudes for the
elementary γp reaction and the deuteron form factor. Similarly,
(dσ/dt)γ

4He
0 is described by using the charge form factor for

helium-4 (|FC |2) [38] as
(

dσ

dt

)γ 4He

0
= 16|FC |2

(
dσ

dt

)γp;NP

0
. (4)

Here, |FC|2 is evaluated at t = −|t |min. To fix the overall
strengths for the above models, we used this relation in the fit to
the γ 4He data with the overall strengths as free parameters. The
best fits for models 1, 2, and 3 are depicted in Fig. 4(a) as solid,
dashed, and dash-dotted curves, respectively. The χ2/ndf’s are
48.8/5, 39.8/5, and 10.2/5 for models 1, 2, and 3, respectively.

Figure 4(b) shows the contribution from natural-parity
exchanges to the forward cross section (θ = 0◦) for the γp
reaction with each model, together with the experimental data
from LEPS [15,19]. Models 1 and 2 gave similar results, and
we found both curves to be slightly above the data points for
Eγ > 2.4 GeV. On the other hand, the experimental data on
the decay asymmetry ρ1

1−1 [19] show a sizable, 20%–30%,
contribution from unnatural-parity exchanges to the forward
cross section for 2.4 < Eγ < 2.9 GeV. This suggests that
destructive interference between natural-parity and unnatural-
parity exchanges is needed to explain the measurements of
both the forward cross section and the decay asymmetry. In
contrast to models 1 and 2, model 3 describes the experimental
data fairly well. For Eγ > 1.9 GeV, we found the curve to be
below the data by ∼20%, except for a few data points. This
can be compensated by the observed 20%–40% contribution
from unnatural-parity exchanges [15,19,24]. In this case,
large interference effects between natural-parity and unnatural-
parity exchanges are not needed, which is compatible with
our current understanding that the interference effect between
Pomeron and π exchanges would be small [2,10]. Note that
destructive interference between natural-parity and unnatural-
parity exchanges is also needed for Eγ < 1.9 GeV because
simply adding the unnatural-parity contribution (∼30%) over-
estimates the experimental data.

V. CONCLUSION

In conclusion, we have presented the first measurement of
the differential cross sections and decay angular distributions
for coherent φ-meson photoproduction from helium-4 at
forward angles with linearly polarized photons in the energy
range Eγ = 1.685–2.385 GeV. With the elimination of
unnatural-parity exchanges, this reaction provides a unique
and clean way of investigating natural-parity exchanges in
φ-meson photoproduction at low energies. The measurement
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assumption of the additional processes [Eq. (1)] in the
MM(K+K−) fits.

Figure 4(a) shows the energy dependence of (dσ/dt)γ
4He
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with the common slope b = 23.81 GeV−2. The differences
between the intercepts (dσ/dt)γ
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0 with the fixed (common)

and variable (energy-dependent) slopes were found to be
within the statistical errors. Also, the systematic errors of
(dσ/dt)γ
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0 due to the assumption of the additional processes

[Eq. (1)] in the MM(K+K−) fits were found to be small
(1.5%–6.5%) compared with the statistical ones, though these
are reflected in the final results.

As we shall see, it is difficult to discuss the precise
energy dependence of the forward cross section (θ = 0◦)
for the γp reaction arising from natural-parity exchanges
[≡(dσ/dt)γp;NP

0 , where NP denotes the contribution from
natural-parity exchanges] directly from the γ 4He data due to
the helium-4 form factor. To evaluate the contribution from
natural-parity exchanges to the γp reaction, we constructed
three models for the energy dependence of (dσ/dt)γp;NP

0 , where
their overall strengths are unknown and to be determined.
The first one (model 1) is simple; that is, (dσ/dt)γp;NP

0
increases with the energy as (kφ/kγ )2 [41], where kφ (kγ ) is
the 3-momentum of φ mesons (photons) in the center-of-mass
frame. The second one (model 2) is a conventional Pomeron
exchange model as in Ref. [26]. The third one (model 3)

describes a threshold enhancement in the energy dependence
of (dσ/dt)γp;NP

0 . This could be realized by modifying the
conventional Pomeron exchange model and/or a manifestation
of additional natural-parity exchanges near threshold. For
model 3, we used the Pomeron and daughter Pomeron
exchange model in Ref. [10]. The relative contribution from
the daughter Pomeron exchange was adjusted so as to fit the
available low-energy γp data [15,18,19].

A theoretical calculation for the coherent γ d reaction
has been done by Titov et al. [26], in which they describe
the forward cross section by using the amplitudes for the
elementary γp reaction and the deuteron form factor. Similarly,
(dσ/dt)γ

4He
0 is described by using the charge form factor for

helium-4 (|FC |2) [38] as
(
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)γ 4He

0
= 16|FC |2

(
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dt

)γp;NP

0
. (4)

Here, |FC|2 is evaluated at t = −|t |min. To fix the overall
strengths for the above models, we used this relation in the fit to
the γ 4He data with the overall strengths as free parameters. The
best fits for models 1, 2, and 3 are depicted in Fig. 4(a) as solid,
dashed, and dash-dotted curves, respectively. The χ2/ndf’s are
48.8/5, 39.8/5, and 10.2/5 for models 1, 2, and 3, respectively.

Figure 4(b) shows the contribution from natural-parity
exchanges to the forward cross section (θ = 0◦) for the γp
reaction with each model, together with the experimental data
from LEPS [15,19]. Models 1 and 2 gave similar results, and
we found both curves to be slightly above the data points for
Eγ > 2.4 GeV. On the other hand, the experimental data on
the decay asymmetry ρ1

1−1 [19] show a sizable, 20%–30%,
contribution from unnatural-parity exchanges to the forward
cross section for 2.4 < Eγ < 2.9 GeV. This suggests that
destructive interference between natural-parity and unnatural-
parity exchanges is needed to explain the measurements of
both the forward cross section and the decay asymmetry. In
contrast to models 1 and 2, model 3 describes the experimental
data fairly well. For Eγ > 1.9 GeV, we found the curve to be
below the data by ∼20%, except for a few data points. This
can be compensated by the observed 20%–40% contribution
from unnatural-parity exchanges [15,19,24]. In this case,
large interference effects between natural-parity and unnatural-
parity exchanges are not needed, which is compatible with
our current understanding that the interference effect between
Pomeron and π exchanges would be small [2,10]. Note that
destructive interference between natural-parity and unnatural-
parity exchanges is also needed for Eγ < 1.9 GeV because
simply adding the unnatural-parity contribution (∼30%) over-
estimates the experimental data.

V. CONCLUSION

In conclusion, we have presented the first measurement of
the differential cross sections and decay angular distributions
for coherent φ-meson photoproduction from helium-4 at
forward angles with linearly polarized photons in the energy
range Eγ = 1.685–2.385 GeV. With the elimination of
unnatural-parity exchanges, this reaction provides a unique
and clean way of investigating natural-parity exchanges in
φ-meson photoproduction at low energies. The measurement
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Simple in terms of production mechanisms:

• Few contributing mechanisms

• Few diagrams

• Minimal resonance contributions


→  (or ) is one of the “simplest” hadron production reactions.γ4He → ϕ4He γ4 He → V 4He



  as a Benchmark for Mass-Radius Extraction4He 11

Among these systems, the  extraction is particularly well controlled 
from the reaction-mechanism point of view.

4He

RONG WANG, CHENGDONG HAN, AND XURONG CHEN PHYSICAL REVIEW C 109, L012201 (2024)

Meanwhile the 4He is a compact nucleus, its density in the
center should not change fast with the radial distance increas-
ing. This is probably why the Gaussian distribution model is
most consistent with the measured differential cross sections.

For a heavy nucleus, the density is fairly a constant in the
central region due the saturation property of nuclear force,
and the density distribution can be approximately modeled
with a uniform distribution, or the Fermi model with a radius
parameter and a surface thickness [33,34]. For 12C, the best fit
of the electron elastic scattering data was found lying between
a Gaussian model and a uniform model [33]. The latter studies
found that the charge distributions of 12C and 16O can be de-
scribed well with the harmonic-shell charge distributions [34].
For the charge distribution of the very light 4He, it was found
that the Gaussian model is the best in the low momentum
transfer region (<6.2 fm−2) [33–35]. The momentum transfer
|t | is below 6.2 fm−2 for the LEPS data used in this analysis.
The pure Gaussian shape of charge distribution of 4He is also
provided by the shell model [34]. In this work, we find that the
Gaussian distribution is also the best model in explaining the
mass distribution of 4He. The shapes of the mass and charge
distributions are just alike for the nucleus.

The mass radius is obtained to be 1.70 ± 0.14 fm based
on the Gaussian mass distribution model. The mass radius of
the helium nucleus is nearly the same as its charge radius.
This conclusion is quite surprising, as it violates what has
been found for the proton [14,15,25], the deuteron [26], and
the pion [27,28]. Why the mass radius of the proton is much
smaller than its charge radius is a complicated and unan-
swered question. Why the mass radius of 4He is almost the
same of its charge radius is another astounding puzzle, which
should be further investigated in the future experiments. One
may simply assume the underlying confinement mechanisms
for the proton and the nuclei are different, which should be
carefully studied with the nonperturbative QCD theory in the
future.

Figure 2 shows the differences and ratios between mass
radius and charge radius, for some hadrons and nuclei exam-
ined recently. Based on the current analyses, the differences
between mass and charge radii are similar for the pion and
the proton, approximately 0.2 fm. Nonetheless, the difference
in the mass and charge radii appears to vanish in 4He. As
the target size increases, the ratio of mass radius to charge
radius goes up approaching one. In a picture of nucleonic
degrees of freedom, the compatibility of the mass and charge
radii of 4He supports the regular tetrahedronlike structure of
4He. Nuclear mass radius is related to both the proton and the
neutron distributions inside a nucleus, whereas nuclear charge
radius primarily connect to the proton distribution. Therefore,
the radii of the proton distribution and the neutron distribution
in 4He are closely similar.

We argue that it is a pioneering and pivotal approach to
scrutinize the nuclear structure via the examination of the
difference between the charge and mass radii of a nucleus. For
9Be of the dumbbell-like structure with a neutron at the center,
its charge radius should obviously surpass its mass radius. For
208Pb with the neutron skin on the crust, its charge radius
is anticipated to be smaller than its mass radius. Extensive
and systematical investigations on the mass and charge radii
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FIG. 2. The determined mass radii of the pion, the proton, the
deuteron, and the 4He nucleus, from various groups. The pion re-
sult is taken from Ref. [27]. The proton results are taken from
Refs. [14,15,25]. The two values by JLab Hall C Collaboration
are from the holographic QCD approach and the GPD approach.
The two values by Wang et al. are from the analysis of only
φ-photoproduction data and the combined analysis of the photopro-
ductions of ω, φ, and J/ψ mesons. The deuteron result is taken from
Ref. [26]. The helium result is from this work with the Gaussian mass
distribution model.

of nuclei from different probes are highly promoted, which
are essentially beneficial for solving the puzzles on the mass
radius of 4He and the complex structures of nuclei.

Lastly, our analysis reveals that different models produce
very different extrapolation results on the mass radius, as
shown by the disparate slopes approaching t = 0 GeV2 in
Fig. 1. To differentiate between the various forms of GFF for
the light nucleus, we recommend experimental measurements
across a wide kinematic range of |t |. In Fig. 3, we show the
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FIG. 3. The predictions of the differential cross section of φ-
meson photoproduction near threshold in a broad t range with
different models for the scalar GFF. The magenta dotted curve shows
the prediction of monopole GFF. The blue dash-dotted curve shows
the prediction of dipole GFF. The red dashed curve shows the predic-
tion of exponential GFF. The black solid curve shows the prediction
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- More statistics are still needed.


- The present fit does not explicitly include the vector-meson size.


- Measurements with different vector mesons are therefore particularly important.

 can be accessed at LEPS and RARiS.γ4He → ω4He
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This filters out meson-exchange contributions

→ Purified production mechanism & Access to Nuclear GFFs

(Li-6, Be, Boron targets)

dσN

dt
=

1 + Pσ

2
dσ
dt

dσU

dt
=

1 − Pσ

2
dσ
dt

Pσ = 2ρ1
1−1 − ρ1

00

gravitational form factor of the dipole parametrization
(see the curves in Fig. 1). The only heavy quarkonium
photoproduction data near the threshold is from
GlueX [11]. We determined the dipole parameter to be
ms ¼ 1.23" 0.19 GeV, and the proton mass radius to beffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.55" 0.09 fm, from the fit to the J=ψ data.
In experiment there are already some data published on the
near-threshold photoproductions of light quarkonia. We
take the differential cross sections of near-threshold ϕ
photoproduction at different photon energies by LEPS
Collaboration [45]. The extracted dipole parameter and
the proton mass radii are listed in Table I, from the fits to
the ϕ data. The average mass radius of the three extracted
values is obtained to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.67" 0.10 fm.We take
the differential cross sections of near-threshold ω photo-
production at different photon energies by SAPHIR at
ELSA [46]. The extracted dipole parameter and the proton
mass radii are listed in Table II, from the fits to the ω data.

The average mass radius of the two extracted values is
obtained to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.68" 0.03 fm.
Figure 2 shows the extracted proton mass radius as a

function of the mass of the vector meson, which comes
from the color dipole interacting with the proton target. The
extracted values are consistent with each other within the
statistical uncertainties. The combined analysis of the data
of the three vector mesons gives the average proton mass
radius to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.67" 0.03 fm, with the average
dipole parameter to be ms ¼ 1.01" 0.04 GeV.
The validity of using Eq. (7) in describing the light vector

meson photoproduction off the proton is understandable.
Brodsky et al. suggest that the forward differential cross
section of any possible vector meson leptoproduction can
be factorized into the qq̄wave function of the vector meson
and the gluon distribution of the target, in the region of
small momentum transfer [47]. In the nonperturbative
approach, phenomenological Pomeron exchange gives a
good description of the diffractive vector meson production
under small t [48,49]. It is commonly agreed that the
Pomeron exchange is a good approximation of the
exchange of two gluons. The previous analysis finds that
the two-gluon form factor describes the ϕ photoproduction
well [44]. The ϕ and ω data used in this work are in the
small t range (∼0.4 GeV2), for which the two-gluon
exchange contribution is dominant. Therefore the formal-
ism in this analysis is approximately effective in describing
the photoproductions of light vector mesons.
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FIG. 1. The differential cross sections of the photoproductions
of J=ψ [11], ϕ [45], and ω [46] vector mesons near the thresholds.
The energies of the incident photons are labeled in the figure for
the corresponding experimental data. Some of the cross sections
are scaled with the factors, which are also indicated in the figure.

TABLE I. The extracted values of the dipole parameter and the
proton mass radii from the differential cross sections of ϕ
photoproduction near threshold at different photon energies.

Eγ (GeV) 1.62 1.72 1.82

ms (GeV) 0.82" 0.24 1.17" 0.30 0.96" 0.20ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

(fm) 0.83" 0.25 0.58" 0.15 0.71" 0.15

TABLE II. The extracted values of the dipole parameter and the
proton mass radii from the differential cross sections of ω
photoproduction near threshold at different photon energies.

Eγ (GeV) 1.1375 1.1625

ms (GeV) 1.06" 0.06 0.99" 0.04ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

(fm) 0.65" 0.04 0.69" 0.03
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FIG. 2. The proton mass radii from different meson production
channels. The dashed line shows the average value from the
least-square fit.
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For nuclei where both natural- and unnatural-parity exchange contribute:

• Decay asymmetries (SDMEs) allow us to separate the two components.

• The  dependence of the natural-parity component can then be studied independently.t

dσ
dt

➕

Ongoing: Application of this N/U separation to existing LEPS data.
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1. Simple coherent systems 

   e.g. 


   → use the target itself as a reaction filter


2. Polarization / decay-asymmetry measurements 

   → separate natural- and unnatural-parity components


   → study 


3. Different vector mesons 

      → test probe dependence


   → check the robustness of the extracted GFF / mass radius

4He

dσN /dt

ω, ϕ, J/ψ

Experiment + reaction theory → constrain the production mechanism



 Summary 14
• Near-threshold vector-meson photoproduction is a promising probe of hadron and nuclear 

structure, including gravitational form factors.


• Near threshold, the energy and  dependences indicate that a simple production picture is not 
always sufficient.


• Coherent production on simple nuclei such as He-4 can strongly filter the reaction mechanism.


• Decay asymmetries provide information beyond dσ/dt and allow natural- and unnatural-parity 
contributions to be separated.


• Measurements with different vector mesons provide an important consistency check of the 
extracted GFF / mass radius.

t

Cross sections + decay asymmetries + target dependence 
→ constrain the production mechanism 
→ more reliable structure extraction

The same reaction-mechanism control is also essential for exotic-hadron searches.
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We present an analysis of the proton mass radius by studying the t dependence of the differential cross
sections of the vector meson photoproductions near the thresholds. At low energy, the photoproduction of a
quarkonium off the proton is connected to the scalar gravitational form factor of the proton, which is
sensitive to the proton mass distribution from the quantum chromodynamics trace anomaly. Under an
assumption of the scalar form factor of dipole form, the proton mass radius is extracted via the near-
threshold photoproduction data of J=ψ , ϕ, and ω vector mesons. The average value of the proton mass

radius is estimated to be
ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.67" 0.03 fm, with the dipole cutoff ms ¼ 1.01" 0.04 GeV.
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In modern physics the proton is viewed as a confined
system of quarks and gluons with energy and pressure
inside, governed by the strong interaction. The underlying
theory of strong interaction is quantum chromodynamics
(QCD). Understanding the color confinement and the mass
generation of the proton in QCD theory is one of the
deepest questions in particle and nuclear physics. As a
composite particle, various distributions are often used to
describe the form of the proton, such as the charge
distribution, the current distribution and the mass distribu-
tion. Currently, the charge radius and the magnetic radius of
the proton are precisely measured, with RC ¼ 0.8409"
0.0004 fm and Rmag ¼ 0.851" 0.026 fm [1]. However, in
experiment the mass radius of the proton is still unknown.
In theory, the basic mechanical properties of the proton

are well encoded in the energy-momentum tensor Tμν
(EMT) [2–4]. By investigating the trace of EMT, Ji
suggests a decomposition of the proton mass including
the quantum anomalous energy of QCD has been suggested
[5–9]. This mass decomposition is further studied with the
lattice QCD (LQCD) calculation [10] and the preliminary
analysis of J=ψ photoproduction data [11,12]. Recently the

renormalization of EMT and the scheme dependence of
proton mass decompositions have been carefully studied
and discussed [13,14]. Although further studies are needed
to determine a final decomposition of the proton mass, the
origin of the proton mass can be understood using QCD
theory.
The proton matrix element of EMT contains three

gravitational form factors (GFFs) [AðtÞ, BðtÞ, DðtÞ]
[3,4,15–18], which is written as

hp0jTμνjpi ¼ ū0
"
AðtÞ

γfμPνg

2
þ BðtÞ

iPfμσνgρΔρ

4m

þDðtÞ
ΔμΔν − gμνΔ2

4m
þmc̄ðtÞgμν

#
ueiðp

0−pÞx;

ð1Þ

where the kinematic variables are P¼ 1
2ðp

0þpÞ,Δ¼p0−p,
t ¼ Δ2, and the covariant normalization is expressed as
hp0jpi ¼ 2p0ð2πÞ3δð3Þðp0 − pÞ. Using the Gordon identity
2mū0γαu ¼ ū0ð2Pα þ iσακΔκÞu an alternative decomposi-
tion is given by [18]

hp0jTμνjpi ¼ ū0
"
AðtÞ

PμPν

m
þ JðtÞ

iPfμσνgρΔρ

2m

þDðtÞ
ΔμΔν − gμνΔ2

4m
þmc̄ðtÞgμν

#
ueiðp

0−pÞx:

ð2Þ

The Fourier transforms of the GFFs AðtÞ, JðtÞ, and DðtÞ
provide the mass distribution [3,4,7,8,18], the angular
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the quantum anomalous energy of QCD has been suggested
[5–9]. This mass decomposition is further studied with the
lattice QCD (LQCD) calculation [10] and the preliminary
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renormalization of EMT and the scheme dependence of
proton mass decompositions have been carefully studied
and discussed [13,14]. Although further studies are needed
to determine a final decomposition of the proton mass, the
origin of the proton mass can be understood using QCD
theory.
The proton matrix element of EMT contains three

gravitational form factors (GFFs) [AðtÞ, BðtÞ, DðtÞ]
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momentum distribution [4,15,16,19], and the pressure
distribution [17,18,20] inside the proton respectively.
AðtÞ, BðtÞ and DðtÞ are all renormalization scale invariant,
since here the GFFs are defined as the sum of quark and
gluon contributions. As a consequence of momentum
conservation, the constraint Að0Þ¼1 is given [15,16,18].
Recently the form factor of T00 is suggested to be the mass
form factor [5,6,21].
Theoretically, much progress has been made on the

GFFs, such as LQCD [22], holographic QCD [23], light-
cone QCD [24], MIT bag model [25], NJL model [26],
chiral perturbation theory [27–29], instanton model [30],
QCD sum rule [31] and the dispersion relation [32]. The
form factors of the proton are usually described with the
dipole form, which corresponds to an exponential distri-
bution of the concerned physical quantity of the proton. For
the dipole form parametrization AðtÞ ¼ Að0Þ=ð1 − t

m2
A
Þ2,

LQCD calculation gives mA ¼ 1.13$ 0.06 GeV [22] and
the soft-wall model of holographic QCD gives mA ¼
1.124 GeV [23]. The dipole gravitational form factor also
meets the asymptotic behavior of the GFF at large
momentum based on the perturbative QCD [33] and the
power counting analysis [34–36].
To access the mechanical properties of the proton, the

electromagnetic interaction can be used. In principle, the
GFFs of the proton can be extracted from the generalized
parton distributions (GPD) with the full t dependence and ξ
dependence [18,20]. Using the dispersion relation, the GFF
DðtÞ was indirectly extracted from the deeply virtual
Compton scattering data in a recent analysis [20]. The
peak repulsive pressure about 1035 pascals is deduced from
the analysis of DðtÞ. Moreover, the repulsive pressure and
the confining pressure are balanced around r ¼ 0.6 fm
[20]. For the pion, the mass radius has been reported to be
0.32–0.39 fm by Kumano et al., via the measurement of the
generalized distribution amplitude (GPA) of the pion [37].
The obtained mass radius of the pion is significantly
smaller than the charge radius of the pion, and it is
consistent with the Nambu-Jona-Lasinio (NJL) model [26].
It is interesting to search for new experimental methods

beside the measurements of GPDs and GPAs to acquire the
GFFs of the proton. In the framework of holographic QCD,
the diffractive photoproductions of heavy quarkonia on the
proton are connected to the GFFs of the proton [23,38–40].
The near-threshold J=ψ andϒ productions in e-p scattering
and p-A ultraperipheral collision are suggested to study the
proton mass problem [39,40]. Based on the holographic
QCD model, a recent calculation shows that the elastic
proton-proton scattering can be used to test the GFFs [41].
A more reliable way is to employ the van der Waals
interaction between the color dipole and the proton at low
energy suggested by Kharzeev, which is a famous vector-
meson-dominance (VMD) model [21,42]. The scalar
gravitational form factor of the trace of the EMT is
measured via the interaction between the dipole and the

proton. Following Kharzeev’s work and assuming a dipole
form GFF, we performed an analysis of the proton mass
radius from the differential cross section data of the near-
threshold vector meson photoproductions, including the
data of J=ψ , ϕ, and ω.
In the nonrelativistic limit, the mass distribution can be

deduced using the scalar gravitational form factor instead of
the form factor of T00 [21]. Explicitly, the definition of the
mass radius hR2

mi is given by

hR2
mi≡ 6

M
dGðtÞ
dt

!!!!
t¼0

; ð3Þ

with Gð0Þ ¼ M. The meaning of the definition of the
proton radius was recently discussed for the measuring
processes of both hydrogen spectroscopy and high-energy
elastic scattering [43]. The relativistically correct defini-
tions of the proton radius and charge density are introduced
under the perturbation theory of light-front dynamics in the
literature [43]. The scalar gravitational form factor is
defined as the matrix element of the trace of the EMT,
which is written as [5,6,21]

GðtÞ ¼ AðtÞM − BðtÞ t
4M

þDðtÞ 3t
M

: ð4Þ

The gravitational form factors are usually parametrized as
the dipole form. Therefore we have

GðtÞ ¼ M
ð1 − t=m2

s Þ2
; ð5Þ

in which ms is a free parameter to be determined exper-
imentally. According to the definition, the mass radius is
connected to the dipole parameter ms as

hR2
mi ¼

12

m2
s
: ð6Þ

The near-threshold cross section of quarkonium photo-
production is directly related to the matrix element of the
scalar gluon operator, hence the scalar gravitational form
factor can be accessed [21,42]. The differential cross
section of the photoproduction of the quarkonium can be
described with the GFFs, which is written as [21,23,38,44]

dσ
dt

∝ G2ðtÞ: ð7Þ

By studying the differential cross section of the vector
meson photoproduction off the proton, we can extract the
parameterms of the scalar form factor. Then we acquire the
radius information by using Eq. (6).
Figure 1 shows the differential cross sections of

the vector meson photoproductions as a function of t.
The differential cross sections are fitted with the scalar
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� photoproduction on the proton at E� = 1.5� 2.9 GeV
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Fig. 2.3: Left: Differential cross section for the BCS process. Right: Linear polarization of
the BCS photons as a function of E� , assuming that the degree of the laser polarization Plaser is
100%.

2.1.2 Laser injection system

Figure 2.4 shows the schematic view of the laser injection system.

Fig. 2.4: Schematic view of the laser injection system.

Properties of the DUV lasers are summarized in Table 2.1. DUV laser photons are produced
using a frequency conversion technique. A seed green laser is sent to a nonlinear optical crystal
to double its frequency. This is called the intracavity frequency-doubling technique or second-
harmonic generation (SHG) [58, 59]. In the lasers in Table 2.1, the �-BaB2O4 (BBO) crystal
is used as the nonlinear optical crystal for SHG. The output laser is almost 100% linearly
polarized.

32 Chapter 2. Experiment
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FIG. 6. Spin-density matrix elements for φ(1020) mesons produced by a linearly polarized photon beam for (top row) unnatural-parity
exchange and (bottom row) natural-parity exchange. The symbols are the same as those described in Fig. 5.

terms of the parity asymmetry Pσ [2],

Pσ = σ N − σU

σ N + σU
= 2ρ1

1−1 − ρ1
00, (7)

where σ N and σU are the photoproduction cross sections for
natural- and unnatural-parity exchanges, respectively. The
parity asymmetry is a quantity normalized between −1 and
1 which quantifies the asymmetry of natural- and unnatural-
parity exchanges. A parity asymmetry close to 1 indicates that
natural-parity exchange dominates.

The measured parity asymmetry shown in Fig. 7 is in-
dependent of t and consistent with natural-parity exchange,
although systematically less than +1 across the analyzed t
range. These measurements can be compared to the measure-
ment at SLAC of 0.80 ± 0.32 at Eγ = 9.3 GeV [13] and to
that by the Omega Photon Collaboration of Pσ = 0.94 ± 0.34
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FIG. 7. Parity asymmetry for photoproduced φ(1020). The sym-
bols are the same as those described in Fig. 5.

at Eγ = 20–40 GeV [14], indicating the dominance of natural-
parity exchange over a large range of photon energies.

Our measurement of the parity asymmetry is consistent
with the JPAC model for −t ! 0.7 GeV2 where Pomeron
exchange is dominant. The −t dependence of the parity
asymmetry in the JPAC model occurs because the strength
of the natural-parity Pomeron exchange is suppressed as −t
increases, and therefore, the contributions of the π and η
exchanges become more important, though they are poorly
constrained by previous measurements. The small systematic
deviations of Pσ from pure natural-parity exchange suggest
either a small, nearly constant contribution from unnatu-
ral exchanges or a small background component underneath
the φ(1020) meson. We note that including an isotropic
background in our fits results in decreases of Pσ of ≈0.02–
0.04, which are smaller than the statistical uncertainties of
these measurements but are suggestive of the background
hypothesis.

B. Relation between SDMEs and helicity amplitudes

As shown in Ref. [7], neglecting helicity double-flip
photoproduction amplitudes that connect the photon and
vector-meson helicities which differ by 2 units leads to the
following relations:

ρ1
1−1 = −Im

(
ρ2

1−1

)
, (8)

Re
(
ρ1

10

)
= −Im

(
ρ2

10

)
, (9)

Re
(
ρ0

10

)
= ±Re

(
ρ1

10

)
. (10)

If these relations hold, i.e., if the difference between both
SDMEs is 0, helicity double-flip amplitudes are negligible.
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Fig. B.7. Spin-density matrix elements of Δ++(1232) in the helicity frame. They are shown as a function of the momentum transfer squared −𝐹 from the incoming 
photon to the 𝑀−. The vertical error bars consist of only the statistical uncertainties. Our data (blue circles) are compared to predictions of the JPAC pole model 
(solid black line) [5].

are eight independent amplitudes, four natural 𝛿𝐻 and four unnatural 
amplitudes 𝛼𝐻 . The index 𝐻 is given by 𝐻 = 𝑆𝛿 − 𝑆Δ where 𝑆𝛿 = ±1∕2
and 𝑆Δ = ±1∕2,±3∕2 are the helicities of the initial state proton and 
the Δ++. For the interpretation of the linear combinations of SDMEs 
(see Fig. 4), it is useful to give them in terms of the natural and unnat-
ural amplitudes in the following Eqs. (C.1)–(C.8) [17]:

𝐷𝛿11 =
2 
𝛿

(|𝛿0|2 + |𝛿1|2) (C.1)

𝐷𝛿33 =
2 
𝛿

(|𝛿−1|2 + |𝛿2|2) (C.2)

Re(𝐷𝛿31) =
2 
𝛿
𝑎𝑏(𝛿−1𝛿∗

0 −𝛿1𝛿∗
2 ) (C.3)

Re(𝐷𝛿3−1) =
2 
𝛿
𝑎𝑏(𝛿0𝛿∗

2 +𝛿1𝛿∗
−1) (C.4)

𝐷𝛼11 =
2 
𝛿

(|𝛼0|2 + |𝛼1|2) (C.5)

𝐷𝛼33 =
2 
𝛿

(|𝛼−1|2 + |𝛼2|2) (C.6)

Re(𝐷𝛼31) =
2 
𝛿
𝑎𝑏(𝛼−1𝛼∗

0 −𝛼1𝛼∗
2 ) (C.7)

Re(𝐷𝛼3−1) =
2 
𝛿
𝑎𝑏(𝛼0𝛼∗

2 −𝛼1𝛼∗
−1). (C.8)

The total strength of the natural-parity and unnatural-parity exchanges 
can be estimated by calculating the sums (𝐷𝛿11 + 𝐷𝛿33) and (𝐷𝛼11 + 𝐷𝛼33):

𝐷𝛿11 + 𝐷
𝛿
33 =

2 
𝛿

(|𝛿0|2 + |𝛿1|2 + |𝛿−1|2 + |𝛿2|2) (C.9)

Fig. C.8. The sums 𝐷𝛿11 + 𝐷𝛿33 (blue squares) and 𝐷𝛼11 + 𝐷𝛼33 (red points) show the 
total natural- and unnatural-parity exchange strength.

𝐷𝛼11 + 𝐷
𝛼
33 =

2 
𝛿

(|𝛼0|2 + |𝛼1|2 + |𝛼−1|2 + |𝛼2|2) (C.10)
with 𝛿 = 2(|𝛿0|2 + |𝛿1|2 + |𝛿−1|2 + |𝛿2|2

+ |𝛼0|2 + |𝛼1|2 + |𝛼−1|2 + |𝛼2|2) (C.11)
being the normalization. Fig. C.8 shows clearly that the unnatural-parity 
exchange dominates below −𝐹 = 0.45 GeV2 with a maximum of 80% 
at about −𝐹 = 0.25 GeV2, while the natural-parity exchange dominates 
above −𝐹 = 0.45 GeV2. 
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TABLE I. Systematic uncertainties of the cross sections for each t bin from low to high −t .

Source ε dσ ε/dt Relative Systematic Uncertainty [%]

Event Selections + 3.0 24.1 – 1.4 34.3
– 3.3 36.1 19.1 – 67.0

Beam Photon Polarization + 0.2 1.0 0.6 0.7 1.0
– 0.9 4.9 2.9 3.5 9.6

M(ηπ 0) Fit Range + 6.1 3.7 16.0 1.2 14.7
– 6.2 17.5 6.7 13.1 43.3

S0-Wave Parameterization + 0.4 6.8 26.0 3.0 6.0
– 35.8 5.9 37.3 32.9 3.3

Breit-Wigner Parameterization + 14.6 12.1 12.3 2.5 13.7
– 13.7 49.2 4.3 3.0 17.8

Statistical uncertainties are estimated using the bootstrap
approach [44,45]. Several sources of systematic uncertain-
ties are considered. The uncertainties that vary with t are
summarized for each t bin in Table I. Contributions to the
systematic uncertainty due to data selection criteria described
in Sec. III are estimated by varying the respective criteria. The
degree and angle of the beam-photon polarization are fixed in
the fit and their influence on the result is also evaluated by
varying these values within their uncertainties. Uncertainties
associated with the partial-wave analysis arise from the choice
of the fit range in M(ηπ0) and the fit model, including the
parameters to be optimized. The model-dependence of the S0
wave was studied by using second-order polynomials to de-
scribe the M(ηπ0) dependence of their intensities and phases.
We take the deviation between this and the nominal model as
an estimate of the systematic uncertainty due to the S0-wave
parametrization. The resonance parameters of the a2(1320)
are floating in the fit using Gaussian constraints. Larger and
smaller widths of the Gaussian constraint on the a2(1320)
parameters are used to estimate the corresponding uncertainty.
The mass and width of the a2(1700) are fixed in our nominal
fit, but are individually allowed to float in order to estimate the
systematic uncertainty due to this assumption.

(

et al.

)

(
)

FIG. 5. Differential cross section dσ/dt for the reaction γ p →
a2(1320)p for 8.2 < Eγ < 8.8 GeV (black points). The positive- and
negative-reflectivity components of the cross section are shown as
red and blue points, respectively. Shaded boxes indicate statistical
uncertainties as determined from bootstrapping the data sample,
while the error bars indicate the total uncertainties including system-
atics. The curves show the prediction from the TMD model from
Ref. [46] using the same color code.

We also take into account several systematic uncertainties
that are common to all t bins. These include a 5% uncertainty
on the beam-photon flux measurement and a 3% uncertainty
on the recoil-proton reconstruction efficiency. Finally, we esti-
mate the systematic uncertainty on the photon reconstruction
efficiency by studying the distribution of photons hitting the
forward and barrel calorimeter, respectively, and extracting
a weighted average of the detection systematic uncertainty
of 11%. The total relative systematic uncertainty in each t
bin is taken to be the quadrature sum of all the individual
contributions. The statistical and systematic uncertainties are
added in quadrature to obtain the total uncertainty.

Figure 5 shows the differential cross sections dσ±/dt for
positive and negative reflectivity together with their sum for
the five t bins. The points are located at the mean −t value for
each bin. The corresponding parity asymmetry

Pσ = dσ+/dt − dσ−/dt
dσ+/dt + dσ−/dt

(4)

exhibits no t dependence and is consistent with a constant
value of approximately +0.5, as shown in Fig. 6.

VI. DISCUSSION

Comparing our measurements for dσ/dt , summed over
both reflectivity states, to the differential cross section

et al.

FIG. 6. The parity asymmetry defined in Eq. (4) calculated from
the values shown in Fig. 5 (points with error bars). Values close to
+1/−1 would indicate a dominance of positive/negative-reflectivity
production. The curve shows the prediction from the TMD model
from Ref. [46].
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FIG. 7. The spin-density matrix elements for ρ(770) photoproduction for natural- (top row) and unnatural-parity exchange (bottom row).
See comments in Fig. 6 caption for details.

model is mainly driven by natural-parity exchange processes,
which supports an earlier observation [14].

To leading order, the asymmetry between natural- and
unnatural-exchange cross sections can be reduced to one
single observable, the parity asymmetry Pσ [6], which is
defined as

Pσ = σ N − σU

σ N + σU
= 2ρ1

1−1 − ρ1
00. (23)

In Fig. 8, we compare our measured Pσ values with
previous measurements and the Regge model. For −t below
0.2 GeV2/c2, the results are consistent with unity, which again
indicates pure natural-parity exchange. The deviation grows
towards larger values of −t and is predicted by Regge theory.

FIG. 8. Parity asymmetry Pσ for ρ(770) photoproduction. See
comments in Fig. 6 caption for details.

C. Relations between SDMEs

The spin-density matrix for vector mesons can be written
in the center-of-mass frame helicity representation [6] as

ρ(V )λV λ′
V

= 1
N

∑

λN ′λγ λN λ′
γ

TλV λN ′ ,λγ λN ρ(γ )λγ λ′
γ

T ∗
λ′

V λN ′ ,λ′
γ λN

,

(24)
where the λx represent the helicities of the incoming (N) and
outgoing (N ′) nucleons, the photon (γ ), and the vector meson
(V ), and T is the production amplitude. The term N is a
normalization factor given as

N = 1
2

∑

λV λN ′λγ λN

∣∣TλV λN ′ ,λγ λN

∣∣2
, (25)

which for a given center-of-mass momentum k of the in-
coming photon is related to the unpolarized differential cross
section as

dσ

d%
= 1

2

(
2π

k

)2

N . (26)

The ρα from Eq. (7) are related to the amplitudes T by

ρ0
λV λ′

V
(V ) = 1

2N
∑

λN ′λγ λN

TλV λN ′ ,λγ λN T ∗
λ′

V λN ′ ,λγ λN
, (27)

ρ1
λV λ′

V
(V ) = 1

2N
∑

λN ′λγ λN

TλV λN ′ ,−λγ λN T ∗
λ′

V λN ′ ,λγ λN
, (28)

ρ2
λV λ′

V
(V ) = i

2N
∑

λN ′λγ λN

λγ TλV λN ′ ,−λγ λN T ∗
λ′

V λN ′ ,λγ λN
. (29)

Thus, the SDMEs are formed from helicity amplitudes that
connect the vector-meson helicity λV to the photon helicity
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 Why measure J/ψ SDMEs? 19

• Threshold J/ψ photoproduction → properties of proton mass?

• High Eγ region is well explained by Pomeron model.

• Understanding of production mechanism near threshold is desired.

1053 Page 2 of 6 Eur. Phys. J. C (2020) 80 :1053

Fig. 1 Vector-meson dominance model mechanism for the near-
threshold J/ψ photoproduction

phenomenological models, effective field theories and lattice
QCD. In the last two decades, tens of states beyond the con-
ventional quark model were found, many of them by different
experiments in different reactions. However, their structure
still needs to be resolved. For recent reviews on both the-
oretical and experimental aspects of exotics in the heavy
quark sector see, for example, Refs. [8–16]. An intriguing
recent discovery was a set of hidden-charm pentaquark can-
didates, observed in the Λb decays by the LHCb Collabora-
tion [17,18] and called Pc states, which triggered a flood of
theoretical investigations. However, a subsequent search of
the Pc states in the GlueX experiment using the photoproduc-
tion process γ p → J/ψp did not reveal any signal [19]. The
analyses in Refs. [20,21] which conclude that the branching
fraction of the Pc → J/ψp should be at most a few per cent
are also based on the VMD model: The photon is assumed
to convert to a J/ψ which rescatters then with the proton
target to form Pc states. In fact, VMD is generally assumed
in estimating the cross sections for the photoproduction of
hidden-charm and hidden-bottom pentaquark states [22–33].

The rich physical implications related to the photoproduc-
tion of the J/ψ off the proton provide a strong motivation
to revise the assumptions underlying the VMD approach,
and identify its possible caveats. Specifically, (i) the J/ψ
attached to the photon is highly off-shell while the J/ψp scat-
tering length is defined for the on-shell scattering amplitude;
(ii) the Λ+

c D̄
0 threshold is only 116 MeV above the J/ψp

threshold, rendering the contribution from the Λc D̄ channel
potentially sizeable and thus making the relation between the
photoproduction cross section and the trace anomaly contri-
bution to the nucleon mass even more obscure. In this paper,
we investigate the implications of the latter observation.

We propose a new coupled-channel (CC) mechanism
for the near-threshold J/ψ photoproduction which is not
directly related to the nucleon matrix element of the gluonic
operator since the J/ψp final state is produced through the
nearby open-charm channels Λc D̄ and Λc D̄∗, see Fig. 2. In
particular, we demonstrate that the data recently measured
at GlueX can be quantitatively understood using this mecha-
nism with reasonable parameters. With this mechanism, the

Fig. 2 Mechanism for the near-threshold J/ψ photoproduction
through Λc D̄(∗) which then rescatter into J/ψp

Fig. 3 Feynman diagram for the proposed CC mechanism. The dashed
blue line pinpoints the open-charm intermediate state

direct relation between the trace anomaly contribution to the
nucleon mass and the J/ψ near-threshold photoproduction,
that is present in the VMD model, is obscured. We discuss
the implications of this mechanism, and suggest experimen-
tal observables which should allow one to test the picture
outlined here.

2 Coupled-channel mechanism

The cross section for the inclusive production of a charm and
anti-charm quark pair, γ p → cc̄X with X denoting every-
thing that is not detected, is about two orders of magnitude
higher than that for the exclusive production of the J/ψ ,
γ p → J/ψp (for a compilation of the data and a VMD
model fit see Ref. [34]). This might indicate that the cross
sections for the pairs of open-charm mesons and baryons are
sizeable, which was also expected in Ref. [35]. Then, open-
charm channels close to the J/ψp threshold could potentially
contribute significantly to the J/ψp production. While there
are no data for the photoproduction of open-charm chan-
nels in the pertinent energy region yet, it should be noted
that the cross sections for the analogous reactions in the
strangeness sector, γ p → K+Λ/K+Σ0 [36–40], are indeed
much larger than that for the near-threshold φ meson produc-
tion, γ p → φp [41–43].

For the J/ψp photoproduction off the proton, the clos-
est open-charm channels are Λ+

c D̄
0 and Λ+

c D̄
∗0 with the

thresholds just 116 and 258 MeV above the J/ψp threshold,
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thing that is not detected, is about two orders of magnitude
higher than that for the exclusive production of the J/ψ ,
γ p → J/ψp (for a compilation of the data and a VMD
model fit see Ref. [34]). This might indicate that the cross
sections for the pairs of open-charm mesons and baryons are
sizeable, which was also expected in Ref. [35]. Then, open-
charm channels close to the J/ψp threshold could potentially
contribute significantly to the J/ψp production. While there
are no data for the photoproduction of open-charm chan-
nels in the pertinent energy region yet, it should be noted
that the cross sections for the analogous reactions in the
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that they are due to attractive interactions between the two
hadrons. For example, in the region of the Pcð4450Þ there
could be weakly bound D̄#Σc and D̄#Σ#

c states [10–16], and
even in the absence of resonance or bound states it is possible
to generate peaks from nearby cross-channel exchanges
[17–20]. Such ambiguities in the interpretation highlight the
need for additional measurements, especially with different
beam-on-target configurations. The use of photoproduction
[21–25] is especially appealing since it reduces the role of
kinematic effects and minimizes the model dependence of
the partial-wave analysis. Furthermore, photoproduction at
high energies is an efficient process for charm production
[26,27], while production near threshold has long been
advertised as a tool for studies of the residual QCD
interactions between charmonium and the nucleon [28,29].
The search for the Pcð4450Þ—the narrower of the first

two LHCb candidates—through a scan of the photopro-
duction cross sections has been proposed by the Hall C,
CLAS12, and GlueX experiments at JLab [30–32]. The first
results from GlueX are already available, and there is no
evidence of narrow peaks [32]. Recently, an update on
photoproduction studies based on the most recent LHCb
results has been performed [25,33,34], albeit using the spin-
parity assignment of the older LHCb amplitude analysis.
Furthermore, the use of polarization observables has been
recently proposed for an experiment at the Super BigBite
Spectrometer (SBS) in Hall A at JLab [35]. It has been
argued that these may reach higher signal-to-background
ratios than the usual study of differential cross sections, at
least in certain parts of the parameter space, and the
discovery of a double-peak structure in the Pcð4450Þ region
makes these experiments even more relevant.
In this paper we detail the study of polarization observ-

ables to access the pentaquark signals. The polarization
observables are sensitive to the interference between reso-
nant and nonresonant contributions as well as between
different resonance states. Polarization observables are
determined by the photoproduction amplitudes of different
helicities for the initial photons, while the unpolarized cross
sections are determined by the squared absolute values of the
photoproduction amplitudes. Therefore, the polarization
data offers new information that is relevant in the evaluation
of the resonance photo- and hadronic couplings and it is
helpful in accessing the contributions from overlapping
resonances. The polarization observables extend our capa-
bilities to validate the mechanisms of the reaction models
used in the data analyses through a combined fit of
unpolarized cross sections and polarization measurements.
Here we specifically focus on accessing the sensitivity
needed to investigate the properties of the pentaquarks,
by studying the helicity correlations between the polarized
photon beam and the polarized target (ALL) or recoil (KLL)
proton. The latter can be assessed by measuring the
polarization transfer with the one-arm polarimeter in Hall
A at JLab [35]. Given that there is no spin-parity assignment

for the newPcð4440Þ andPcð4457Þ states,which is essential
for making photoproduction predictions, and that the reso-
lution might prevent the distinction between the two, we use
the previous Pcð4450Þ information in this feasibility study.
In the following, by Pcð4450Þ we refer to the collective
effect of bothPcð4440Þ andPcð4457Þ peaks.We also use the
information on the broadPcð4380Þ state, while disregarding
the newPcð4312Þ, since its spin-parity is unknown, although
a similar study can be applied in this lower mass region. If
photoproduction experiments prove to be successful in
identifying the Pc signals, an amplitude analysis of spin-
dependent observables will be mandatory, for which this
paper lays the groundwork.
The paper is organized as follows. In Sec. II we describe

the reaction model for J=ψ photoproduction off the proton.
In Sec. III we show the fits to the data and the predictions
for the KLL and ALL asymmetries for different Pc spin-
parity assignments and values of the photocouplings.
Section IV focuses on sensitivity studies for measuring
these asymmetries at Hall A of JLab. Finally, Sec. V
summarizes our conclusions.

II. REACTION MODEL

Starting from the reaction model of Ref. [24] we
incorporate spin-dependent interactions at energies near
the threshold for J=ψp production. Furthermore, we
incorporate both a narrow peak, compatible with the
original Pcð4450Þ state, and the broader Pcð4380Þ.

A. Background contribution

The dominant nonresonant contribution, as shown in
Fig. 1, is assumed to be that of diffractive photoproduction
of the J=ψ off the proton target. This is taken as the main
background to the Pc signals and it is realized by an
effective t-channel Pomeron exchange model [36]. The
kinematic factors and spin dependence in the model
correspond to a vector exchange, to enforce that the
Pomeron has an intercept which is close to unity [37].
The resulting covariant amplitude is given by

hλψλp0 jTPjλγλpi ¼ Fðs; tÞūðpf; λp0Þγμuðpi; λpÞ
× ½εμðpγ; λγÞqν − ενðpγ; λγÞqμ&
× ε#νðpψ ; λψ Þ: ð1Þ

FIG. 1. Relevant processes considered for near-threshold J=ψ
photoproduction off proton targets. The t-channel process on the
left describes the background, while the s-channel diagram to the
right describes the resonant contributions from pentaquarks.
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Gluon exchange? Open-charm? Pentaquark?

In addition to σtotal and dσ/dt measurements,

Spin observables (SDME) place stringent constraints on models!


