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In this work, the cross sections of ¢ photoproduction are systematically investigated with the two gluon
exchange model and the Pomeron model. The results obtained show that the theoretical values of the two
models agree well with the experimental data. Since the mass radius and mechanical properties of the
proton are encoded in the scalar gravitational form factor of the momentum energy tensor, based on the
differential cross sections of ¢ photoproduction at near-threshold predicted by the two gluon exchange

model, the average mass radius of the proton is derived as \/(r?),, = 0.78 & 0.06 fm. As a comparison, we
directly extract the proton mass radius from the experimental data of ¢ photoproduction to obtain an
average value of 0.80 £ 0.05 fm, which is very close to the result given by the two gluon exchange model.
Taking a similar approach, we extracted the average value of m, to obtain the distribution of the pressure

and shear force contributed within the proton, and compared the results with other groups. The results of
this paper may provide necessary theoretical information for the subsequent in-depth study of the internal

structure and properties of proton.

DOI: 10.1103/PhysRevD.106.056027

I. INTRODUCTION

From the quark model and QCD theory [1-3], it is clear
that protons can be divided into quarks and gluons.
However, the mass of three of the valence quarks is only
9.6 MeV/c?, which is just about one percent of the mass of
a proton, and we are still exploring other sources of mass of
proton. In addition, quark color confinement and asymp-
totic freedom are also problems that have always plagued
us. These questions suggest that our understanding of the
internal structure and properties of nucleons is very limited.
Until recent years, it has been found that analyzing the mass
radius and mechanical properties of nucleons may be an
effective way to study and determine the internal structure
of nucleons [4-9]. The mass radius is one of the essential
characteristics of the proton structure, which has been
proved to be strictly defined by the gravitational form
factors (GFF) of energy momentum tensor (EMT) under
the weak gravitational approximation [4]. In addition, EMT
also contains information related to the variation of the
spatial component of the space-time metric: D-term
[10,11]. Since it can be expressed in terms of the stress
tensor, which is also defined as mechanical properties
[12,13]. In Ref. [11], a systematic study of the internal
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mechanical properties of the proton through EMT was
carried out. At present, the study of mass radius and
mechanical properties is the focus of nuclear physics.
Since the interaction between gravitons and protons is
very weak, it is difficult to directly measure the mass radius
and mechanical properties of the proton through experi-
ments. In Refs. [14,15], X. Ji proposed that the internal
quark structure of the proton can be revealed by deeply
virtual Compton scattering (DVCS). In 2018, V. D. Burkert
et al. used DVCS data to extract the pressure distribution
inside the proton for the first time [13]. The strong repulsive
force near the center of the proton and binding force far
away from the center were perceived. Subsequently, the
shear force distribution was derived with the same method
[9], which discovered that most confinement forces might
be around 0.6 fm from the center of the proton. In addition
to extracting mechanical properties from DVCS data, the
lattice quantum chromodynamics (LQCD) and holographic
QCD were developed for analyzing the mass radius and
mechanical properties of the proton systematically. For
example, researchers derived the GFF from LQCD and the
pressure distribution inside the nucleon [16] was calculated
with the light quark mass corresponding to m,. In their
subsequent work [6], the mechanical properties of the
proton were obtained by the scalar gravitational tripole fit,
and z-expansion was involved to modify the mechanical
distribution. In addition, the mass radius was calculated as
0.747 £0.033 fm. A novel method was developed for
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extracting the mass radius as 0.682 fm by holographic QCD
in Ref. [7], and mechanical properties contained in the D-
term were described in detail. Besides, in 2019, the
gravitational form factor of valence quarks in nucleons
was calculated based on the light-cone sum rules, and the
result agrees well with experimental data [17]. In 2021, the
light front quark-diquark model was also proposed to
deduce the scalar gravitational form factor and show the
pressure and shear force distribution of the quark inside the
proton [18].

Underneath a hypothesis of the scalar gravitational
dipole form factor, the mass radius of the proton can be
extracted with the vector quarkoniums photoproduction at
the near-threshold. As well as, the scalar gravitational
tripole form factor is utilized to extract the mechanical
properties of the proton. In 2021, based on associating the
GFF with the cross sections of J/y photoproduction from
GlueX Collaboration data [19], the mass radius was
obtained as 0.55 +0.03 fm [4] for the first time. In
Ref. [5], the mass radius of 0.67 & 0.03 fm was extracted
by utilizing the experimental cross sections of vector
mesons ¢, @ and J/y photoproduction. Similarly, the
mass radius 0.68 fm was derived with the identical method
in Ref. [20]. However, due to the large variation of the cross
section of vector mesons photoproduction at the threshold
energy, and the limited accuracy and quantity of the
existing experimental data, there will be some uncertainty
if the mass radius is directly extracted from the photo-
production data of vector mesons. Therefore, it is necessary
to introduce relevant theoretical models to calculate the
cross sections of vector mesons photoproduction, and to
further give the distribution of proton mass radius at the
threshold energy. This allows us to compare and verify the
results given by the theoretical model and the results
obtained by direct extraction, so as to give a relatively
reliable value of the proton mass radius. In our previous
work [21], models such as two gluon exchange was used to
predict the photoproduction cross sections of heavy char-
monium J/y and w(2S). The average proton mass radius
was calculated as 0.67 £0.11 fm, which is basically
consistent with the values given by other groups when
errors are considered. However, in further discussion, it is
found that the proton mass radius value extracted from the
near-threshold differential cross section of heavy quarko-
niums is affected by the momentum transfer |z],;,, so that
the proton mass radius value obtained around the threshold
varies greatly and unstable. Thus, the lighter vector meson
¢ acquired our attention.

As a traditional vector meson of s5 system, ¢ is not only
a bridge to explore the QCD from light to heavy quarks
[22], but also its photoproduction process is suitable for
studying the mass radius and mechanical properties of the
proton. As high-energy experiments progress, some exper-
imental data of ¢ photoproduction near-threshold have
been accumulated in recent years by CLAS, SLAC,

FERMLAB, etc. [23-30], which provide the necessary
foundation for our research. In this paper, the two gluon
exchange model [31-33] is established based on the
existing experiment data of ¢ photoproduction, and the
Pomeron model developed by Larget [34] is also intro-
duced. Since this Pomeron model contains almost no free
parameters and is in good agreement with the previous
experiments, it can be used to compare and verify the
validity of the two gluon exchange model. Based on the
cross sections of ¢ photoproduction predicted by the both

models, the mass radius /(r?),, can be derived by GFF
[4,20,35-37], and proton mechanical properties including
pressure and shear force distributions will be analyzed.
Moreover, the results of this paper can provide theoretical
reference for further study of the proton structure with the
Electron-Ion Collider (EIC) facilities [38,39].

The outline of this work is organized as follows. The
formalism of the two gluon exchange and the Pomeron
models are introduced, and the mass radius and mechanical
properties of the proton are described in Sec. II. The results
of fitting and proton coherence are presented in Sec. III. A
general summary appears in Sec. I'V.

II. FORMALISM

A. Two gluon exchange model

In the two gluon exchange model, the photon fluctuation
into the quark-antiquark pair (y - g + g) is described
explicitly in Fig. 1. To begin with, the photon splits into
a dipole (s5). Furthermore, the dipole exchange two gluons
to scatter off the initial proton. Eventually, the dipole
formation of the final state ¢, as well as the initial proton,
preserves the proton interaction as two gluons are colorless.
In brief, the two gluon exchange process is dominated by ¢
production near the threshold.

This work considers the ¢p sattering process yp — ¢p
with two gluon exchange model. In lowest order perturba-
tive QCD, the amplitude of ¢ photoproduction can be
derived from Ref. [40-42],

T_ i2\/3§ﬂ2

msasestFZQ(t>
< [aemwip - 060, )

where m; = 0.486 GeV and e, = —1/3 are the mass [43]
and charge of quark, respectively. f, is the pion decay

gluon gluon

p p p p

FIG. 1. The Feynman diagram for ¢ production based on the
two gluon exchange model.
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constant, and it can be extracted from the leptonic decay
width, which is given by,

dra?
[ = f%,. (2)

3my
Thel,+,- = 1.27 keV is the decay width of ¢ which can be
obtained from Ref. [44], and @ = 1/137. With this we can
calculate fy = 0.0761 GeV. In Eq. (1), P,(I) is the gluon
propagator and it can be taken as 1/I?. P, (I) is the
propagator of the off-shell quark that two gluons coupled
to the same quarks of the vector meson is written as,

P (1) = (=2m3)™", (3)

and P_(!) is the propagator of the off-shell quark that two
gluons coupled to different quarks of the vector meson is
given by,

P_(I) = (=2m? = 2P)7". (4)

The factor F,,(¢) in Eq. (1) is interpreted as the dependence
of the amplitude dependence of the two gluons in the
proton is expressed as [40,45],

pon o281
T Amd — 1 (1—t/19)%

(5)

where t, = 0.71 GeV? and m,, is the proton mass. The
probability that a dipole captures a gluon with momentum /
from a proton is defined by G(/). The integral of G(I) is
affiliated with the gluon distribution function xg(x, Q%)
[40,41],

wwgaa/wg@ (6)

P
From the above discussion, the amplitude of the two gluon
exchange can be constructed as,

iv2n? xg(x, O}

TmsasestFZq(t) {%

. /+°° dr? oxg(x, %)
o2 mi(mi+1) or

do/dt = a|T|? is the differential cross section with the
normalized amplitude. Then, the differential cross section,
in the lowest order is denoted as [45],

T:

()

3
do 7T -ay

& ant [xg(x,mé)]2 exp(bot), (8)

where x = mj/W?, a; =0.701 is the QCD coupling
constant from Ref. [43]. The #-dependence of ¢

photoproduction can be exponentially parametrized and
by is constant slope. In addition, the |7|-dependence of
exponential slope b, also can be calculated via
bo = %ln[%]

One note that the differential and total cross sections
formula obtained primarily depends on the gluon distribu-
tion function xg(x, m{zl)) For example, in Ref. [46], the
gluon distribution function given by CTEQ6M [47] can
achieve a good description of the cross section of light
vector mesons electroproduction. However, for the ¢
meson photoproduction near threshold, it is difficult to
interpret the experimental data well using the gluon
distribution functions given in the current literature
[28,48-50]. In this work, we simplified parametrized gluon
distribute function xg(x, mg) = Agx*1 (1 — x)* with three
parameters Ay, A;, A, which can be obtained by the
experimental data of ¢ photoproduction.

To get the total cross section, one needs to integrate the
Eq. (8) from f;,(W) to t,.(W) over the allowed kin-
ematical range,

tmin(W)(tmax(W))
m? —m2 — m3 + m2]?
= [P (b % PP, (0)
with
Piew =\ E%,, —m?(i=1,3), (10)
W2+ mi — m3 W2+ m3 — mg
Elcm = ) E3cm = C
2w 2w
(11)
Then, the total cross section of ¢ photoproduction as,
”3F + o tmax(W>
o =TT g )P / HPWigl]. (12)
6amS Imin

The exponential slope b(W) is proportional to the center of
mass energy W. A study by S. Chekanov shows that in the
high-energy region the form of (W) can be derived as [51],

b(W) = by + 0.46 - In(W/W,). (13)

where W, = 2.29 GeV is amodified value to calculate b(W)
at near-threshold energy, and b, will be obtained by fitting
experimental data of ¢ photoproduction.

B. Pomeron model

The Pomeron model [34] also describes the photo-
production cross section of vector mesons in attribute,
scattering gg state by protons and finally transforming the
qq state into vector mesons. The interaction between
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pomeron

p p

FIG. 2. The Feynman diagram for ¢ production based on the
Pomeron model.

photon and proton in the Pomeron model is elaborated in
Fig. 2, and the differential cross section of meson ¢ can be
written as,

do  8lmyftuglee- <s >2a<z>—2

dr o3 So

) F(1) 2
((mz, = z>) - (1)

with the form factor F(r) is,

4m? —2.8
Fl) = (4m? —pt)(l —tﬁ)z ' 1)

and the Regge trajectory a(f) = 1.08 4 0.25¢ is derived
from Ref. [52], where coefficient =2 GeV~!, u3 =
1.1 GeV? and s, = 4 GeV?.

C. Mass radius of proton

The mass radius of the proton describes the mass dis-
tribution within the proton, which can be summarized as the
mass density distribution. Generally, with the weak field
approximation, the mass distribution, D-term, and spin we
are interested can be obtained by GFF [4,5,15,20,35,36]. The
mass radius is defined as the derivative of momentum transfer
to GFF, which can be written as [4],

_6.d6()

R:) = , 16
R =3 ar | (16)
where G(t) = M /(1 —t/m?2)? is the dipole form of scalar
GFF and is normalized. Therefore, we can summarize the

form of mass radius as,

12

(Ry) =~ (17)

NN

where m, is a free parameter can be obtained by fitting the
quarkonium photoproduction data. The photoproduction of
quarkonium near the threshold is susceptible to scalar GFF
and mass distribution. In the small momentum range, the
photoproduction differential cross section of quarkonium
can be described by the scalar GFF, which can be written as
do/dt « G*(t) [4,5]. Consequently, it is available to extract

the mass radius of the proton from the cross section of
quarkonium photoproduction.

D. Mechanical properties of proton

The mechanical properties of the proton, including the
pressure and shear force distribution, are also the direction
of proton internal structure research. These properties are
encoded in quantum chromodynamics energy momentum
tensor (EMT). The EMT satisfies the conservation law and
can be described as the space-time symmetric translation
related conservation current based on Noether’s theorem,
which can be represented as [37],

T, =0
Tw=) Th+Th (18)

q

where 7', and 7%, represent the contribution of quarks and
gluons, respectively. The main object of this work is the
proton related problem. For the proton with spin—%, the one
particle state can be represented by |p), and the normali-
zation condition is (p'|p) = 2p°(27)363) (p’ —p). So, the
matrix element of EMT for proton can be introduced
as [11],

) P, iP; 6,0, A7
R L
AA, — g, A2
De(p) 2#2v ~ I

+D(1) 4m

+mE“(l)gﬂD] ue'P'=p)x, (19)
with the notation,

agb,y =a,b, +a,b,, (20)

Where u(p, s)u(p,s) = 2m is spin normalization, A%(t),
B“(t), D“(t), and ¢“(r) represent the form factors of
individual quarks and gluons, and these four form factors
depend on renormalization scale. The B*(¢) = 0 for gluons
by calculation of lattice QCD [53]. The tripole paramet-
rization for D-term from perturbation theory is,

D(0)
(1—t/mp)>

where mp and D(0) are free parameters.

The D-term contains information about the distribution of
internal pressure p(r) and shear force s(r) of the proton.
Using the Eq. (21) and making ¢ = —¢?, then the tripole
parametrization D(f) can be rewritten as D(—g?) =
D(0)/(1 + ¢*>/m%)3. The D-term of the three-dimensional
coordinates can be obtained from the Fourier transform of
D(q) [11] with E = my,

D(1) = (21)
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e—iq‘r

- &

2r [+ q S]n e—iqrcos(é))D(O)
dfdepd
/ / / (2n 32mN( )

_ / _sin(gr)
Antrmy Jo (14 ¢*/m3)?
D(0) e
- “moryd [ — 2
64rmy ¢ (mD N r) (22)

Therefore, p(r) and s(r) can be calculated by Eq. (22)

11d ,d -

3 D)

p(r) = 324r dr

=————(mpr—3)mje """ (23)

m3,re="’ (24)

III. RESULTS

The parametrized gluon distribution function xg(x, m ¢)
Agx?1 (1 — x)* has been introduce in the previous section.
Ay, Ay, A, and by are derived by combining a global
analysis of the total cross section of ¢ photoproduction
from Refs. [23-28] and the differential cross section
(W =1.98-2.30 GeV) by CLAS [29] and LEPS [30]
collaboration which are listed in Table I. The fitted b, =
3.60 4+ 0.04 GeV~? is near to 3.4 GeV~? obtained by
exponential slope [ ~ e~?(~min) based on the Pomeron
exchange model mentioned in the Refs. [54,55], which
adequately demonstrates the effectiveness of the two gluon
exchange model. The total and differential cross sections of
the two gluon exchange model can be rewritten with the
gluon distribution function xg(x,mj ) =0.36x~9% (1-x)*1.

The cross sections of ¢ photoproduction at the near-
threshold are predicted as shown in Figs. 3 and 4. One can
figure the two gluon exchange model shows satisfactory
agreement with experimental data. And y?/d.o.f is calcu-
lated to be 2.87, indicating that the fit is in line with
expectations. But y?/d.o.f is not tiny enough, mainly

TABLE I. The slope by and parameters Ay, A, A, of the gluon
distribution function are obtained by fitting the experimental data
and y?/d.o.f value.

AO Al A2 bo (GeV‘z) }(Z/dof
0.36 £ 0.04 —0.055 +0.003 0.12 £0.03 3.60 £0.04 2.87

10° T : T :

— two gluon exchange model
********** pomeron model

A CLAS(2014)
*  LAMP2(1983)
[}
v

o (nb)

10% F SLAC(1972) :
FERMILAB(1979)

FERMILAB(1989)

5 10 15 20
W (GeV)

FIG. 3. The total cross section of the channel yp — ¢p as a
function of center of mass energy W. The line (blue) and dashed
(black) lines are for the two gluon exchange model and the
Pomeron model, respectively. Here, taking the error of A, as the
error band.

do/dt (nb/GeV?)

10!

10°

10?

do/dt (nb/GeV?)

10!

10°

10?

do/dt (nb/GeV?)

10"

10°

10?

3 m  CLAS(2013) ~ 3
A LEPS(2005)

W=225GeV

101 1 1 1 1
0.2 ,.0.6 :
-t (GeVY)

do/dt (nb/GeV?)

FIG. 4. The differential cross sections of the channel yp — ¢p
as a function of — at different W values. Here, The blue solid line
and the black dashed line correspond to the two gluon exchange
model and the Pomeron model, respectively.
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because the error bar measured in the experiment is large.
To demonstrate the availability of ¢ photoproduction based
on the two gluon exchange model, the Pomeron model
without any fitting parameters is introduced which was
developed by Larget in Ref. [34]. One can conclude that the
two gluon exchange model and the Pomeron model almost
overlap at the location nearest to the threshold in Fig. 3.
However, the differential cross section of ¢ fitted by the two
gluon exchange model is more efficient than the Pomeron
model as shown in Fig. 4. Combined with our previous work
[21,56], the total cross section of J/y and w(2S) were
predicted based on the two gluon exchange model, which is
in agreement with the experimental data. Therefore, the
current results can sufficiently illustrate the validity of the
cross sections of vector mesons photoproduction at the near-
threshold predicted via the two gluon exchange model.
Ensure that the consequences are persuasive, the mass
radius is obtained via the differential cross sections of
the ¢ photoproduction predicted at W € [1.96,2.36] with
AW = 0.08 GeV, and the range of |¢| from ¢ = |t,;,| select
ten points with A|¢| = 0.05 GeV?2. Then, the average mass
radius is derived as 0.78 & 0.06 fm and 1.02 £+ 0.01 fm,
corresponding to the two gluon exchange model and the
Pomeron model, respectively. The trend of mass radius
with center of mass energy based on the two models as
shown in Figs. 5 and 6 shows the fitting of do/dt and G(t).
A noticeable decline for both models around the threshold
W = 1.96 GeV, while the trend gradually decreases with
the increase of energy. After W = 2.04 GeV, the trend
tends to be flat. The condition is primarily due to the
influence of momentum transfer |7, |, and a similar decline
also appears in the heavy charmoniums J/y and w(2S5).
However, the light meson ¢ is less affected by |¢,;], SO the

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

—&— two gluon exchange model] |
—— Pomeron model

~_
é
=

|

It (GeV?)
\

i
W=W,, | W=2.04 GeV E
|

|
0.00 0.05 0.10 0.15 0.20
(W-Wthr)/wthr

FIG. 5. The mass radius of the proton from differential cross
sections of ¢ photoproduction at the center of mass energy
W € [1.96,2.36] GeV, AW = 0.08 GeV. The average is 0.78 £
0.06 fm and 1.02 £ 0.01 fm, corresponding to the two gluon
exchange and Pomeron models, respectively.

10° , :
(b)
‘o
0 ° .
10% ¢ RN . -
(W=1.96 GeV) ., ey .
o (W=1.96GeV)
\ [ 3
10'E 3 \.\. ® e i
— (w =2.04 GeV) . 10
N )
> ., (W=2.04 GeV)
% 10°F /100 . Se..
g (W=2.12 GeV) '\\ /100
3 ., (W=2.12GeV)
© . Y .
~ 10 b /1000 | \\ . |
(W=2.20 GeV) ., /1000
o, (W=220GeV)
Y ‘;
/10000 . .
102 (W=228GeV) 1 “a /10000 E
N (W=2.28 GeV)
R.
/100000 ‘33 /100000
10° L (W=2.36 GeV) | | (W=2.36 GeV) |
0.3 0.8 0.3 0.8
-t (GeV?) -t (GeV?)

FIG. 6. The fitting of do/dr and G(r) based on the two gluon
exchange model (a) and Pomeron model (b).

trend decreases smaller than the heavy vector meson at the
threshold.

Although |¢,,;,| has less influence on light vector mesons
than on heavy vector mesons, there still exists some
variation with the increase of center of mass energy W,
as shown in Fig. 7. With an increase of energy, the impact
of |fmin| on the differential cross section decreases. Away
from the threshold, it can be approximated as |7,,;,| = 0. If
the points at the threshold are not considered, the average
mass radius is calculated at W € [2.04,2.36] GeV as

0 1 1
2.0 2.5 3.0

W (GeV)

FIG. 7. The change of |#| with center of mass energy W is near
the photoproduction threshold of ¢.
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TABLE II. Mass radius is derived by the differentiation experi-
ment cross section from CLAS [29] and LEPS [30] collaboration,
the average is 0.80 & 0.05 fm with W € [2.02,2.29] GeV.

W GeV 1.98 2.02 2.07 2.12
V(r?),, fm 0.30 £0.36 0.80 +0.07 0.8540.04 0.95+0.04
W GeV 2.16 2.20 2.25 2.29
V(r?),, fm 0.804+0.05 0.79 4 0.04 0.68 & 0.05 0.70 £ 0.04

V(r?), = 0.75 and +/(r*),, = 1.00 fm, corresponding to

the two gluon exchange model and the Pomeron model,
respectively. By comparing the results obtained above, the
average radius of ignoring the threshold is only 0.02—
0.03 fm smaller, which means that do,,_,,/dt at the
threshold has little effect on the average radius. This
situation is in intense contrast to the heavy charmoniums
J/w and w(2S) [21], which proves that the mass radius

— T T T T T T T T T T
ol el moue),
9 E 5
]
<
5 N
= 1 1
< 10°
[0}
9
c}
B 102
e 10 3
o 1 1 ] 1 1
L 10°
(2]
9
S
g
B 102
5 10
o 1 1 1
T T T T T T T
S
(5] 3
Q | ]
'g — fitting line
< T
s 107 F 9 F| A LEPSQ005) E
'8 1 . . 1 ] . N " . 1 ]
0.2 0.6 0.2 0.6
“t (GeV?) -t (GeV?)
FIG. 8. The fitting of do/dt and G(t) based on the differ-

entiation experiment cross section from CLAS [29] and LEPS
[30] collaboration.

from the cross sections of ¢ photoproduction at the near-
threshold is more stable.

As a comparison, we directly extract the proton mass
radius from the CLAS [29] and LEPS [30] experimental
data as shown in Table II. One noticed that the extracted
proton mass radius values showed irregular fluctuations
with increasing energy. Especially at the first energy point
W = 1.98 GeV, the extracted mass radius value has a large
error bar, reflecting the large error of the experimental data
at this point. The fitting results and the differential cross
sections of ¢ photoproduction are presented in Fig. 8, from
which it can be seen that the data points at W = 1.98 GeV
are discretely distributed with large uncertainties. So the
mass radius obtained at W = 1.98 GeV is indeterminate.
The phenomenon might be related to the difficulty of the
experiment in which the energy closer to the threshold is
more complicated, while W = 1.98 GeV is very near to the

threshold. Therefore, the average mass radius is \/(r?),,, =
0.80 £ 0.05 fm with W € [2.02,2.29] GeV, which is close
to the result of the two gluon exchange model. Taking into
account the error bar, we summarize the mass radius of the
proton from this work and other groups [4-7,20,21,57]
generally exist in r,, € [0.52,0.94] fm as shown in Fig. 9.

It should be noticed that the closed interval does not
consider the mass radius from the Pomeron model. Because

T T T T T T T T T T T T
two gluon exchange model (this work)

extraction from CLAS and LEPS data (this work)
Lattice QCD

Holographic QCD

extraction from p photoproduction

extraction from charmoniums photoproduction
Wang 2021

o Kharzeev 2021

Ji2021

bte o 4n

]

L4

HlH

04 06 08 1.0 1.2 14 16 1.8 2.0 22 24 2.6 2.8 3.0
Mass Radius (fm)

FIG. 9. Comparison of the results of proton mass radius

\/(r?),, with several groups. The average based on the two
gluon exchange model is 0.78 £ 0.06 fm. The average value of
proton mass radius extracted directly from the near-threshold
cross section of ¢ photoproduction is 0.80 #= 0.05 fm. The result
of 0.55 £ 0.03 fm is derived from Ref. [4] and 0.67 £ 0.03 fm is
the results of Ref. [5]. The results of 0.747 +0.033 fm and
0.682 £+ 0.012 fm are developed by Lattice QCD [6] and holo-
graphic QCD [7]. The result of 0.68 fm is obtained from Ref. [20].
The result of 0.67 £ 0.11 fm and 0.86 4 0.08 fm are extraction
from charmoniums photoproduction [21] and p photoproduction
[57], respectively.
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—— two gluon exchange model (a)
————— extraction from experimental data|
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FIG. 10. The internal pressure (a) and shear force (b) distribu-
tion of the proton. Here, the blue solid line is the result based on
the two gluon exchange model, and the green dash-dotted line
represents the result extracted from CLAS [29] and LEPS [30]
experimental data. Here, taking the error of m, as the error band.

the result of the Pomeron model is more than 1.00 fm and
significantly larger than that of the two gluon exchange
model and other groups. The primary explanation for the
consequence is that the slope of the curve of the differential
cross sections obtained via the Pomeron model in Fig. 4 is
massive, which leads to a larger mass radius. So the result
obtained by the Pomeron model is not considered in the
subsequent discussion of this paper. However, the Pomeron
model is still powerful for predicting the cross section of
vector mesons photoproduction. In future studies, the
Pomeron model will be upgraded and modified to better
simulate the process of vector mesons photoproduction.
The differential cross section of vector meson photo-
production is connected with the D-term [58], which is
do/dt < D*(t). So mechanical properties of the proton can
be analyzed with the same data. Then, Egs. (23) and (24)
are used to calculate the pressure and shear force

TABLE III. The average \/(m3) from this work and other
groups [6,7,9,18].

Method ( m%,)

Two gluon exchange model (this work) 1.15+0.05
Extraction from CLAS and LEPS data (this work) 1.09 £ 0.07

Lattice QCD [6] 1.07
Holographic QCD [7] 0.963
DVCS [9] 1.01 £0.13
Light-front quark-diquark model [18] 1.37

distributions, respectively. D(0) and mp, in D(t) are free
parameters that affect the size and shape of the two
distributions, respectively. The shape mp primarily controls
the distribution structure of pressure and shear force, while

(a) 2N — two gluon exchange model (this work)
/‘/ \ 1 R Light-front quark-diquark model
; ) Lattice QCD
i W= DVCS
= i =\ - Holographic QCD
= [} /'/ '\'\_
= if 77 ) \
< I AN
8 ’I/ -\\‘\
o ) A
= 0 \!
1 1
00 0.5 1.0 1.5
r (fm)
(b)
s ‘/'. '\.‘
g ;/ \.'\
o -\
= i S 3
= Y N>
o T ~ N\
/' / \\ \\
.’: // l “\C\
il \"-\:\\‘A\
1 /.,' \"\;
/ ,/;, &"\“\
y i
4 L N |
0.0 0.5 1.0 1.5 20
r (fm)
FIG. 11. The internal pressure (a) and shear force (b) distribu-

tion of the proton from two gluon exchange model (blue solid
line) and other groups [6,7,9,13,18]. The pale magenta dash line
is the result of LQCD from Ref. [6]. The dark yellow dashed line
and purple dash-dotted line are the result of holographic QCD [7]
and DVCS [9,13], respectively. The orange double dot dash line
is the result of the light front quark-diquark model [18].
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the size D(0) only affects the distribution intensity.
Therefore, exclusively m3 is involved in the subsequent
discussion. m?, extracted by the two gluon exchange model
and from CLAS [29] and LEPS [30] experiment data are
calculated with the analogous way of the mass radius and
the result of relevant models as shown in Table III. The
mechanical properties based on the two gluon exchange
model and the experimental data are shown in Fig. 10.

Initiating from the center of the proton r = 0 fm, the
radial distribution of pressure r°p(r) is divided into
positive and negative parts by zero-crossing, dominated
by repulsive force and binding force. It can be observed
from Fig. 10 that the zero-crossing based on the experiment
data has a bit larger than that on the two gluon exchange
model, and the positive and negative peaks are also more
sizeable. What is striking is that the zero-crossings are
significantly adjacent, which is similar to the result of the
mass radius. The peak of the radial distribution of shear
force r2s(r) has the same trend as that of pressure. The
result developed by other groups [6,7,9,13,18] are com-
pared with that of the two gluon exchange model, as shown
in Fig. 11. It is found that the distribution results based on
the two gluon exchange model are roughly in line with
those of the other groups, but there are some differences. In
fact, the current research on the internal mechanical
properties of the proton is still in the early stage, including
the different contributions of quarks and gluons to the
distribution of mechanical properties given by different
models or experiments. Therefore, we need to give the
results of the corresponding proton mechanics properties
from different models or experiments, so as to facilitate the
in-depth study of this problem in the future.

In addition, it can be seen from Tab. III that the zero-
crossing point decreases with the increase of \/(m3). The
stability condition of the mechanical system argued in

— two gluon exchange model
————— extraction from experimental data

(2/3)s(r)+p(r) (GeV/fm™)

r (fm)

FIG. 12. Schematic diagram of (2/3)s(r) + p(r) as a function
of r for a mechanical system satisfies the stability conditions.
Here, the notations are the same as in Fig. 10.

Ref. [11]1s (2/3)s(r) + p(r) > 0. That is, the correspond-
ing force must be outward. As shown in Fig. 12, the
mechanical system based on the two gluon exchange model
and the result extracted from the ¢» photoproduction data
satisfies the inequality. However, although the mechanical
properties satisfy the mechanical stability condition of the
system, and the radial distribution agrees with other
models, there still exist uncertain factors in the proton
mechanical properties, among which D(0) is one.

2D displays of pressure and shear force are established
based on the two gluon exchange model in Fig. 13, which
describes the pressure and shear force distribution from the

0.75

0.50

y (fm)

- 0.25

-0.25

2.5

2.0

1.5

v (fm)

1.0

0.5

-2 -1 (’) 1
x (fm)
()

[\S]

FIG. 13. 2D display of the pressure *p(r) (a) and shear force
r2s(r) (b) distribution in proton from the proton center based on
the two gluon exchange model.

056027-9



XIAO-YUN WANG, CHEN DONG, and QUANJIN WANG

PHYS. REV. D 106, 056027 (2022)

proton center. The color bar on the Fig. 13(a) describes the
areas above 0 where repulsive forces dominate and below 0
where binding forces dominate. With 0 as the node, the
intensity increases first and then decreases as the distance
from the center of mass increases. The color bar on
Fig. 13(b) describes the variation of the strength of the
shear force distribution as the distance from the center of
mass increases.

IV. SUMMARY

This work reproduces the differential and total cross
sections of yp — ¢ p at the near-threshold based on the two
gluon exchange model with the gluon distribution function
and Pomeron model developed by Laget [34]. The param-
eters Ay, A;, A, as well as b, are obtained by fitting
differential cross sections from CLAS [29] and LEPS [30]
and total cross section from CLAS [23,24], SLAC [26],
FERMI [27,28], LAMP2 [25]. The average mass radius
from the two gluon exchange and Pomeron models are
0.78 £ 0.06 fm and 1.02 £ 0.01 fm, respectively. In addi-
tion, the mass radius is analyzed with the CLAS [29] and
LEPS [30] experimental data to be 0.80 4 0.05 fm which is
close to the result of the two gluon exchange model. Based on
the mass radius obtained by this work, and ignoring the
conclusions of the Pomeron model, we concluded that the
mass radius of the proton given by the ¢ meson photo-
production process should be attributed in r,, € [0.78,
0.80] fm. At present, the proton mass radius value extracted
by the cross section of heavy charmoniums photoproduction
isroughly between 0.55 and 0.68 fm. In our recent work [57],
the proton mass radius was 0.86 £ 0.08 fm extracted from
the lighter p meson photoproduction data. Interestingly, the
mass of ¢ is between the charomoniums and the p meson, and
the corresponding proton mass radius value is also roughly in
the middle. In fact, if we assume that for lighter vector
mesons, the contribution from the gluon operator in the
production amplitude is gradually diminishing, while the
contribution from the light quark operator dominates, result-
ing in an increasing proton mass radius extracted and is close

to the value of the proton charge radius. If this assumption
holds, it means that the proton mass radius extracted by the
vector meson photoproduction have some rationality.
However, we must note that the proton mass radius values
obtained so far are with error bars, and if we take the error
into account, it is difficult to give a clear size relationship.
Therefore, high-precision experimental measurement data
and more complete theoretical models are very much
needed.

Afterwards, taking a similar approach, we systematically
investigated the mechanical properties of the proton and
compared the obtained results with those of other groups.
The results show that the proton internal pressure and shear
force distributions given by us are close to the results of
light-front quark-diquark model [18] and LQCD [6], but
there is a little difference with DVCS [9,13] and holo-
graphic QCD [7]. In fact, the results of proton mechanics
properties given by different models or experiments are not
the same. Therefore, our study may provide necessary
reference or supplementary information for subsequent in-
depth research on the internal properties of protons.

The Electron-Ion Collider (EIC) is a powerful facility for
studying nucleons’ structure and strong interactions in non-
perturbation energy regions. At present, EIC facilities
[38,39] in China and the United States take the study of
nuclear structure and properties as an important scientific
goal, and our theoretical results on the photoproduction of
¢ meson may provide an important reference and basis for
further accurate measurements of ¢ meson electroproduc-
tion at EIC facilities [38,39].
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