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In this work, the cross section of the reaction yp — V(J/y,w(2S))p from the production threshold to
medium energy is studied and systematically analyzed within two gluon exchange model. The obtained
numerical results are in agreement with experimental data and other theoretical predictions. Under the
assumption of the scalar form factor of dipole form, the value of proton mass radius is calculated as
0.55 £+ 0.09 fm and 0.77 £ 0.12 fm from the fit to the predicted J/y and y(2S) differential cross section,

respectively. Finally, the average value of proton mass radius is estimated to be \/(R2,) = 0.67 & 0.11 fm.
Moreover, one finds that extracting mass radius from the near-threshold differential cross section of heavy

quarkoniums is always affected by large |¢| ;-

These obtained results may provide important theoretical

reference for the understanding of nucleon structure and future relevant experiments.

DOI: 10.1103/PhysRevD.105.096033

I. INTRODUCTION

The proton radius is a big inspiration in understanding
the proton structure, and it can be measured by using the
lepton as probe. Usually, the proton radius can be estimated
by colliding the nucleus with high-energy electrons and
observing the angles and energies of these electrons
scattered from the nucleus. In the past decade, several
groups have given their results [1-10] and the latest values
of the proton charge and magnetic radius are calculated
as 0.8409 fm [11] and 0.817 fm [12], respectively. In fact, it
is theoretically possible to use graviton as a probe to
determine the proton radius, which is usually called proton
mass radius. Since the interaction of gravitons and proton
scattering is very weak, far beyond the measurement limit
of current experiments, it is difficult to directly measure the
proton mass radius experimentally. In recent study, the
mass radius is described by the scalar gravitational form
factors (GFFs) of the energy momentum tensor trace of
quantum chromodynamics (QCD) [13-15]. Under the
framework of QCD theory, the photoproduction of a
quarkonium off the proton is connected to GFFs of the
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proton, which is sensitive to the proton mass distribution
from the quantum chromodynamics trace anomaly [15,16].
Under an assumption of the scalar form factor of dipole
form, the proton mass radius can be extracted via the near-
threshold photoproduction data of vector quarkoniums
[17,18].

In recent years, researchers have made relevant calcu-
lations and studies on the proton mass radius using vector
meson photoproduction data. In Ref. [19], the gluonic
contributions to the quantum anomalous energy, mass
radius, spin, and mechanical pressure in the proton are
studied by analyzing the near-threshold production of heavy
quarkonium, and the proton mass radius is calculated as
0.68 fm. By studying the near-threshold differential cross
section of the vector mesons, one work [20] gives the
average value of mass radius as 0.67 £ 0.03 fm, according
to w, ¢, J/yw experimental data [21-23]. Kharzeev calcu-
lates that the mass radius is 0.55 £ 0.03 fm [17] according
to GlueX data of J/yw photoproduction [23]. One notices
that the proton’s mass radius is smaller than its charge
radius, which may mean that the mass distribution of
protons is tighter than the charge distribution, and different
interaction forces correspond to different proton radius.

In the charm quark energy region, due to the mass of J /y
and y(2S) both being below the mass threshold of DD,
hadron decay via Okubo-Zweig-Izuki (OZI) suppression
makes their decay widths very small. The small decay
widths give J/y and y(2S) a long life, which is beneficial
to observe the relevant physical quantities in the experiment.
Therefore, it is of great interest to systematically analyze
the proton mass radius from photoproduction of vector
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charmoniums. Currently, the photoproduction of J/y has
been measured with an increasing precision over a large
energy range [23-31], while the measurements of y(2S5)
photoproduction data are very meagre (only some sparse
data exist near 100 GeV) [32-34]. Among them, although
GlueX [23] measured the near-threshold photoproduction
differential cross section of J/y, the corresponding center-
of-mass energy was 4.58 GeV, which was several hundred
mega-electron-volts larger than the threshold energy. For
w(2S), photoproduction differential cross-section data at
threshold are not yet available. Such a situation results in that
we can only rely on limited experimental data when extracting
the proton mass radius, and it is difficult to systematically
analyze and describe the overall influence of the cross section
near the threshold of the vector charmoniums on the proton
mass radius. Therefore, one need to first consider the
theoretical calculation and prediction of charmoniums
[J/w and w(2S)] photoproduction with the help of physical
models, and then systematically study the mass radius based
on the theoretical differential cross section.

Considering the y(2S) and J/y have close mass and the
same quantum number, it is reasonable to study them with
the same physical model and parameters. Since the two-
gluon exchanging process may predominate in charmonium
photoproduction [34,35], in this work we attempt to extend
the study of J/w to y(2S) under the framework of the two
gluon exchange model, providing data for the systematic
extraction of proton mass radius. The paper is organized as
follows. The formulas of the two gluon exchange model and
the relation between mass radius and differential cross
section are provided in Sec. II. Then in Sec. III, we show
the numerical result on the explanations of the current
experimental data of J/y photoproduction, the predictions
of w(2S) photoproduction, and the discussion and results of

mass radius \/(R2,). A short summary is given in Sec. IV.

II. FORMALISM

A. Two gluon exchange model

The two gluon exchange model is based on the photon
fluctuation into the quark-antiquark pair (y — ¢ + ¢) and
the double gluon exchange between the nucleon state and
the quark-antiquark pair. Here, the cc fluctuation of the
photon treated as a color dipole. Finally, the dipole forms
into final vector meson. The picture of the double gluon
exchange is illustrated in Fig. 1. Here, we describe the
process

p { GFFs ) p P { GFFs ) P
A A
FIG. 1. The schematic Feynman diagram of the two-gluon

exchange for V(J/w,y(2S)) production.

r(@) + p(p) = V(q1) + p(p1), (1)

where V = J/y, y(25).

Because of the hard scale in the heavy quarkonium
production, the exclusive vector meson photoproduction
amplitude is given by [36-38]
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The amplitude is normalized and 9¢ = o|7|*. The J/y
and y(2S) photoproduction differential cross section at
low momentum transfer are purely diffractive and given
as [35,39]

3
do o FZ+e_as

a [xg(x, m})]? exp(bt), (3)

5
6am;

where x = m3, /W2, W is the center-of-mass energy of
the yp collision; ¢ is the momentum transfer. a; = 0.5
is the strong running coupling constant [40], « = 1/137 is
the electromagnetic coupling constant, m, = 1.27 GeV
is the mass of ¢ quark. F;ﬁe_ is the radiative decay of vector

meson. In this paper, we set ij” = 5.547 keV and

e' e
¥ — 233 keV from Particle Data Group [41]. The
factor xg(x,m3%) is the gluon distribution function at
Q? = m?, which is parametrized using a simple function
form xg(x, m}) = Agx™ (1 — x)*2 [42]. In this paper, the
photoproduction of J/y and y(2S) will use the same gluon
distribution function.

The last exponential factor in Eq. (3) usually describes
the differential cross section of vector meson at low
momentum transfer. The exponential slope b for J/w
has little variance with W, which is given as [35]

bV (W) = BV +0.46 - In(W/WY) (4)

and fixed the slope bé/ ¥ = 1.67 £ 0.38 GeV~ at the energy

Wi/¥ = 4.58 GeV [23]. For b¥2S) (W), we use the standard
form based on the Regge phenomenology [34,43]

pYS)(W) = bg(zs) +4d (0)In(W/W,y),  Wy=90 GeV

(5)

the parameters have been determined from a fit to HERA

data that b!*® = 4.86 and /(0) = 0.151 [34].

The total cross section is obtained by integrating the
differential cross section [Eq. (3)] over the allowed kin-
ematical range from ¢, to 7., which can be written as
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Tmax dG
= dr( — ). 6
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Here, the limiting values #,,;, and f,,,, are

22 2 4 2
my—m3—mj;+ny

2w

tmax (fmin) = [

:|2_(plcm:Fp30m)2' (7)

The center-of-mass energies and momenta of the incoming
photon and vector meson are

Piem = Ezzcm - m12 (l = 1’3)’ (8)
W2 +m3—mj

, and E5 ., = W

©)

In addition, one notices that in Refs. [44-46], the real part
of the J/w — p scattering amplitude is of great success in
vector meson photoproduction around the threshold, which
indicates that the real part of the scattering amplitude is in
general important at low energies. Considering the trace
terms in the OPE can no longer be neglected at low energies,
more theoretical research on the two gluon exchange model
and related physical mechanisms is still needed.

B. GFFs and mass radius

The mass radius can be defined in terms of the scalar
gravitational form factors G(r); the definition of the mass
radius is given by [17,47]

6 .dG(1)
M dt =0

(R,) = (10)

with G(0) = M. And the scalar gravitational form factor is
defined as

M

G(t) =——=, 11
(1) A= i/m) (11)
in which my is a free parameter. According to the definition,
the mass radius is connected to the dipole parameter m, as

(R) =3 (12)

The differential cross section of the photoproduction of the
quarkonium can be described with the GFFs, which is
written as [17,48-50]

— x G%(1). 13
T G(1) (13)

Therefore, it is an effective way to extract proton mass
radius by learning the near-threshold photoproduction data
of charmoniums.

TABLE 1. The fitted values of the parameters A,, A;, A,
describing the gluon distribution function xg(x) according to
J/w photoproduction. and the reduced y?/d.o.f.

Ao A, A,
0228 £0.045 —0218+0.006 1.221 +0.055

y?/d.of.
2.066

ITI. RESULTS AND DISCUSSION

A. Cross section of charmoniums photoproduction

The parametrization gluon distribution function
xg(x,m3) = Agx (1 —x)* is introduced and used in
two gluon exchange model discussed in the above section.
The free parameters Ay, Ay, and A, then are fixed by a global
analysis of both the total cross-section data below medium
energy (center of mass (c.m.) energy near 400 GeV) [23-30]
and the near-threshold (W = 4.58 GeV) differential cross-
section data [23] of J/y. The obtained parameters of gluon
distribution are listed in Table I. The total cross section of
yp — J/wp as a function of c.m. energy W is shown in
Fig. 2, compared to several experimental data [23-31]. The
comparison between the differential cross section and the
experimental measurements is manifested in Fig. 3, exhibit-
ing a good agreement. Finally, one notices that the y?/d.o.f.
of our global fit is calculated to be 2.066, which indicates
that the parameters obtained from gluon distribution is
applicable for J/w photoproduction.

Using the parameters in Table I, one calculates the
photoproduction cross section of y(2S), as shown by the
blue solid curve in Fig. 4. It is shown that the theoretical
calculations are in good agreement with the experimental
data [32-34] of y(2S) photoproduction. Moreover, the ratio
of w(2S) to J/y total cross section R = 6,,(25),/0p 15

10° T T

GlueX
HERMES
SLAC

Fermileb E
Alice
ZEUS
LHCb
HI .
two gluon model

O*< O me P

10'15—

1 1
10! 102
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FIG. 2. The total cross section of yp — J/yp as a function of
W in two gluon exchange model. The band reflect the error bar of
the Ay. References of data can be found in [23-31].
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FIG. 3. The differential cross section of yp — J/wp as a

function of —¢ in two gluon exchange model. Reference of data
can be found in [23].
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FIG. 4. The total cross section of yp — w(2S)p as a function of
W. The blue solid curve is obtained from the two gluon exchange
model. Black dotted curve and green dot-dashed curve are
obtained from the prediction of JPAC in high energies and
low energies, respectively. References of data can be found in
[32-34].

estimated as a function of W in Fig. 5, which also agrees
well with the experimental data [32]. The above results
indicate that it is suitable and feasible to extend the study
from J/y to w(2S) production under the framework of the
two gluon exchange model. Moreover, it is worth mention-
ing that two effective Pomeron models are considered to
research the y(2S) photoproduction in low and high energy
regions by Joint Physics Analysis Center (JPAC) [51,52].
We compared our results with JPAC models, which are
shown in Figs. 4 and 6. The prediction of JPAC models are
basically consistent with our results at the threshold, while it
is larger than experimental data in higher energy regions.

0.5 :
0.4} ]
s o3l ]
\bﬁ.
& 02l
0.1F .
0.0 '
10 10
W (GeV)
FIG.5. The result of J/yp and yw(2S)p total cross-section ratio

R as a function of W. Reference of data can be found in [32].

B. proton mass radius

Under the assumption of the scalar form factor of dipole
form, the proton mass radius can be extracted from the near-
threshold differential cross section of vector charmoniums.
In this work, the differential cross section of yp — y(2S)p
are predicted by two gluon exchange model. We choose the
c.m. energy W € (4.88,5.28) interval of 0.1 GeV and a
range of At = 0.5 GeV? starting with |¢|,;,, which are
shown in the black squares in Fig. 7. The blue solid curve in
Fig. 7 is the fitted scalar gravitational form factor of the
dipole parametrization in Eq. (13). Finally, we get the value
of proton mass radius from Eqgs. (12) and (13), which are the
first five blue squares in Fig. 10. Here, the small x axis
(W — Wy,)/ Wy, represents the c.m. energy close to the
threshold energy Wy, For J/w mesons, the numerical
results obtained from similar methods can be seen in Fig. 8
and the first five red circles in Fig. 10.

Note that, the proton mass radius mainly depends on the
slope of the vector meson threshold photoproduction cross
section, and is hardly affected by the cross-section size.
However, one finds that although the slope b at the
threshold changes very slowly [which can be verified

8 T T T T
two gluon model
ol = JPAC model (low energies) [47]
E
b
2k
0
4

W (GeV)

FIG. 6. The total cross section of yp — w(2S)p as a function of
W. The curves have the same meaning as in Fig. 4.
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-t (GeV?)

FIG. 7. The differential cross section of y(2S) in Eq. (13) is
shown in the blue solid curve. Black squares show the predicted
differential cross section of yp — w(2S)p as a function of —7.

SYSTEMATIC ANALYSIS OF THE PROTON MASS RADIUS ...
100:| 5_"’."|"".'| T T
4-_ ',' .': -
X500 [ ;
ok (W=4.88 GeV) ;
>
8 10'2 4
g
35 (W=5.08 GeV)
10° E
: /100
(W=5.18 GeV) W (GeV)
FIG.9. The limiting values f,;, and 7., as a function of W. The
104 /1000 4 blue solid curve shows |7|,.;, of w(2S) p photoproduction. The red
(W=5.28 GeV) solid curve shows ||, of J/wp photoproduction.
s 20
by Egs. (4) and (5)], the extracted mass radius changes

sharply at the threshold, as shown in Fig. 10. Actually,
the main reason is that the rapidly varies of |7|,,;, near

threshold. Accordingly, one can give the invariant
momentum transfer |z| at the threshold equal to

M NM%,
. . . . |t|thr = |l|min(Wthr) = |t|max(Wthr) = MN + MV . (14)
By analyzing the formula, it can be obtained that when the
-l . . . .
10 mass of the vector meson is heavier, the corresponding
(W=4.08 GeV)
1~6_| T T T L L
/10 [ & from y(2S) (this work)
(W=4.18 GeV) 14F e from J/y (this work) |
102} _ 3 A 055 fm from ref. [16]
' 21 % 0.68 fin from ref. [29]
> 1. e N e 0.67 fim from ref. [45]
g /100
< (W=4.28 GeV) ~ L
5 &
s o
107 F 1
/1000
(W=4.38 GeV)
04k % 02f w Wy W58 Gev
/10000 L L L L L
(W=4.48 GeV) 000 0.05 0.10 0.15 0.20 0.25
) ) ) ) (W'Wthr)/wthr
0.5 1.0 L5 2.0
-t (GeV?) FIG. 10. The extracted mass radius at different c.m. energy
from predicted y(2S) photoproduction (blue squares) and J/y
FIG. 8. The differential cross section of J/y in Eq. (13) is photoproduction (red circles). The green line shows the result of
i Ref. [20]. The purple pentagram shows the result of Ji [19]. The

shown in the red solid curve. Black squares show the predicted
differential cross section of yp — J/wp as a function of —1.

black triangle shows the result of Kharzeev [17].
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|#|4, 1S also larger, which eventually leads to ||, having
more rapid variation near threshold, as shown in Fig. 9.
This indicates that |¢|,;, has a greater effect on the heavier
vector mesons. The above situation requires us to pay
special attention when extracting the proton mass radius,
and to perform overall analysis and extraction to avoid
single-point dependence. For some light vector mesons
(such as ¢ mesons, etc.) photoproduction, since the
change of |7],,, at the threshold is relatively gentle, it
is beneficial to the experimental measurement of the near-
threshold cross section and the extraction of the mass
radius.

As shown in Fig. 10, the influence of big |f|,;, on
extracting the mass radius in y(2S)p and J/wp photo-
production can be eliminated with the increase of c.m.
energy. Since the extracted mass radius gradually tends to a
stable value with the increase of energy, we consider
selecting an energy interval closest to the threshold, and
determine the stable value of the mass radius in this energy
interval as the required physical quantity. Thus, the average
value of dipole parameter m; = 0.88 £ 0.11 GeV and mass
radius is calculated as 0.77 £0.12 fm from the yw(2S)p
differential cross section with W € (5.28,5.88). The mass
radius is calculated as 0.55 +0.09 fm from J/wp photo-
production with W € (4.38,5.98). Finally, the average
value of the proton mass radius is calculated to be

VRZ) = 0.67+0.11 fm.

By studying the near-threshold differential cross section
of the vector mesons w, ¢, J/y, one work [20] gets the
average value of the proton mass radius as 0.67 = 0.03 fm
(the green dotted curve in Fig. 10). Kharzeev calculates the
mass radius 0.55 £ 0.03 fm (the black triangle in Fig. 10)
[17] according to GlueX data of J/y photoproduction [23],
while Ji calculates that the proton mass radius is 0.68 fm
(the purple pentagram Fig. 10) [19]. In fact, if the error bar
is considered, our results are in agreement with the above
theoretical predictions.

IV. SUMMARY

We have reproduced the total and differential cross
section of the reaction yp — J/wp from the production
threshold to medium energy (W near 400 GeV) with the

two gluon exchange model encountering a parametrized
gluon distribution function. By fitting the experimental
data, one get the parameters of the gluon distribution
function and the result shows that the two gluon exchange
model depicts well both the differential and total cross
section of J/y in a wide energy range. Subsequently, one
estimates the photoproduction of the y(2S) meson using
the gluon distribution determined by J/y photoproduction.
The comparison between our theoretical prediction and
y(2S) experimental data is good. Naturally, the proton
mass radius is extracted by using the predicted differential
cross section of charmoniums [J/y and w(2S)]. After
system analysis, the average value of the proton mass radius
is estimated to be 0.67 £ 0.11 fm. This value is smaller
than proton charge and magnetic radius, but is basically
close to the mass radius value given by other theoretical
groups [17,19,20]. We also find that extracting the mass
radius from the near-threshold differential cross section
is always affected by large |f[,.;,- This requires us to take
special care in extracting mass radius through the near-
threshold cross section of heavy vector quarkoniums
photoproduction. Of course, more accurate experimental
measurement data for the photo- and electroproduction of
charmoniums is still needed, which can be realized not only
in the JLab experiment [23], but also within the capabilities
of Electron-ion collider in China and Electron-ion collider
in U.S. facility [53,54]. Moreover, the results of charmo-
niums photoproduction will provide an important theoreti-
cal reference for ultraperipheral collisions (UPCs) [55-58].
Therefore, it would also be interesting to investigate the
production of charmoniums in ep and pA collisions
according to the actual situation of EIC and UPCs
experiments.
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