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Inspired by the recent Hall C and GlueX measurements of J /y photoproduction, a systematic analysis of
the contribution of quantum anomalous energy (QAE) to the proton mass is carried out under the
framework of the vector meson dominance model. The results show that the effective Pomeron model and
the parametrized two gluon exchange model can explain the cross section of J/y photoproduction well.
Based on the predicted cross section values given by the two models, the distribution of the QAE
contribution with the energy is extracted for the first time. Finally, the average value of the QAE
contribution is estimated to be (3.50 £ 0.70)%, which suggests that the QAE contribution to the proton
mass is small. Accordingly, we compared this result with those of other groups and explored the causes for

the differences.
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I. INTRODUCTION

Nowadays, the research on the source of nucleon mass
is an important topic in hadron physics, which helps
us better understand the structure and dynamics of the
nucleon system. According to the quantum chromodynam-
ics (QCD) theory [1-3], nucleons are usually composed of
quarks and massless gluons, however quarks make up only
a small fraction of the mass of nucleons, and other sources
of mass for nucleons are of great interest to researchers
[4-8]. Among them, Ji obtained a four-part decomposition
of the nucleon mass based on the study of the structure of
the QCD energy-momentum tensor (EMT) and its matrix
elements in nucleon states [7,8].

The derivation starts from the QCD EMT. The EMT
can be split into traceless and trace parts, which can be
written as [8]
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here the composite operators can be denoted as
T = T3 (W?) + T (u?),
T = Ti () + T (). (2)

In the hadron state, the forward matrix element of EMT
takes the form as [8]

PpPrpY
M

(PIT™|P) = (3)

Reference [8] assumes that the state is normalized as
(P|P) = (E*/M)(2%)35°(0), where E and M are the
energy and mass of the hadron, respectively. Using the
Lorentz symmetry, both sides of Eq. (3) can be divided into
trace and traceless parts. The corresponding individual
forward matrix elements can be written as [8]

(PITEIP) = b(s2) { M.
(PIT1P) = (1 b)) M.
(P|T%|P) = a(u <P”P”—£g””M2> /M,

(PITEIP) = (1= ale)) (P2 = v ) . (4
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These four parts of the EMT are determined by the
momentum fraction a(u?) and trace anomaly parameter
b(u?) [8.9]. Based on the above, the breakdown for the
Hamiltonian is given as [8]

HQCD:Hq+Hg+Hm+Ha’ (5)

where H, and H, represent the total energy of the quarks
and gluons, respectively, H,, is the quark mass contribu-
tion, and H, is the anomaly contribution. The hadron
mass is obtained by calculating the expectation of the
Hamiltonian operator in the rest frame of hadrons [8]

(P|Hqcp|P)

M=""1pp)

(6)

rest frame

According to Egs. (5) and (6), the four parts of the hadron
mass can be written as

M 3 b M
= — a — s
4 1+,

3
M, =>(1-a)M,

4
44y,
M, =——""_pM,
4(147,,)
1
MaIZ(l—b)M, (7)

where y,, is the anomalous dimension of the quark mass
[10]. The last part of Eq. (7) is the quantum anomalous
energy (QAE). The QAE is a new source exists in the
quantum field theories, which has been widely studied in
recent years as a key to understanding the origin of the
proton mass. Recently Ref. [11] argues that it arises from
the breaking of scale symmetry caused by UV divergences
in the quantum field theories.

We note that some work discussed other ways to
determine the contribution of QAE. For example, one
work linked the QAE contribution with the J/y near-
threshold photoproduction from the method of the holo-
graphic calculation [12-14]. What is more, Ref. [15]
discussed the differential cross section with the maximal
and minimal trace anomaly contribution to the EMT matrix
element [12—14]. However, the fitting results show that the
curves corresponding to the maximum and minimum trace
anomaly contributions are very close, which makes it
difficult to determine the contribution of QAE. In fact,
the contribution of QAE can also be extracted from the
cross section of vector mesons photoproduction at the
threshold under the framework of the vector meson
dominance (VMD) model [9,16]. Fortunately, the GlueX
and Hall C collaborations in Jefferson Lab have measured
some new J/y photoproduction data [15,17], which
provides a very good opportunity for us to study the

magnitude of the QAE contribution. In fact, theoretical
and experimental researchers have extracted the QAE
contributions based on Hall C and GlueX data.
However, we note that the QAE values obtained from
these extractions have a strong energy dependence, show-
ing that the QAE values extracted from the cross sections at
higher energies are also larger [15], which poses substantial
difficulties to the final determination of the size of the QAE
contribution. Therefore, it is necessary to give an overall
picture of how the QAE varies with the energy distribution
at the threshold. Since the energy interval of the current
experimental data is large, and the measured minimum
energy point is several hundred MeV away from the
threshold energy [15,17], we need to introduce relevant
theoretical models to first fit the cross section of J/y
photoproduction. Afterwards, combined with the predicted
value of the model and the experimental data, the calcu-
lation of the QAE distribution with the energy can be
carried out.

In our calculations, the parametrized two gluon exchange
model and the effective Pomeron model will be employed
to fit the cross section of J/y photoproduction. The two
gluon exchange model proposed in Ref. [18] is directly
related to the gluon distribution function. Due to the current
gluon distribution functions such as the function from
GRV9S [19], NNPDF [20], CJ15 [21,22], and IMParton16
[23] cannot interpret well the vector meson photoproduc-
tion data at near threshold; in this work the gluon
distribution function is taken as xg(x,mg) = Agx*!(1 —
x)A2 [24]. Here, A, A;, A, are free parameters, which were
determined in our previous work [25] by fitting the GlueX
experimental data. Therefore, we proposed the parame-
trized two gluon exchange model, which can well predict
the differential and total cross section of J/w photo-
production in a wide energy range. And from Ref. [26],
Joint Physics Analysis Center (JPAC) collaboration pro-
posed the effective Pomeron model that can effectively
explain the J/w photoproduction. In this work, we will
systematically study the contribution of QAE based on the
results given by these two models.

This paper is organized as follows. After the introduc-
tion, the employed models are presented in Sec. II. The
analysis of the numerical results is in Sec. III, followed by a
short summary in Sec. I'V.

II. FORMALISM

A. Parametrized two gluon exchange model

The parametrized two gluon exchange model can be
described in the exclusive vector meson photoproduction
process, the photon fluctuation into the quark-antiquark
pair (y » ¢+ g), and the quark-antiquark pair can be
treated as a dipole, finally the dipole hadronization into the
vector meson. The dipole interacts with a nucleon through
two gluon exchange. The picture of the two gluon exchange
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FIG. 1. The Feynman diagrams of the parametrized two gluon
exchange model for J/w photoproduction.

process is shown in Fig. 1. The process is described
as yN — J/yN.

In lowest order perturbative QCD, the exclusive vector
meson photoproduction amplitude takes the form [18,27-29]

i2\/§7r2
= quasequFZy(t)
2 +oo 2 2
§ [xgoc, Q) , / dP oxg(x.P)
0

my mg(mi +1%) o

T

(8)

2
0

When the amplitude is normalized, there is do/dt = a|T |*.
The J/y differential cross section is denoted as [18,25]

do T,
T é%megs [xg(x,m3,,)]* exp(bt), )
where the gluon distribution function takes the form as
xg(x,m3,,,) = Agx*! (1 — x)* with free parameters A, A,
A, [25]. W represents the c.m. energy of the yN — J/wN
reaction. The exponential part in the above formula can use
the standard form [25]. The radiative decay I',+ .- is equal to
5.53 keV [30]. a, = 0.5 is the QCD coupling constant [31].
The total cross section is obtained by integrating the differ-
ential cross section from 7.;, to f,. over the allowed
kinematical range that

max d(f
= — | dt, 10
’ [min < dl) ( )

where the four-momentum transfers ¢, and 7,,, are

4
m
J

s (tin) = 32 = (P, F Pajy ) (11)

The c.m. energies and momenta of the photon and produced
J/w meson can be written as

2 2 2
v W I 2W ’

_ 2 2
Pipy =\ Ejpy =My

B. Effective Pomeron model

Py =Ey,

In general, the photoproduction of vector mesons at
high energies is well described by Pomeron exchange.

y J/

pomeron
p p

FIG. 2. The Feynman diagram of the effective Pomeron model
for J/y photoproduction.

In Ref. [32], it was shown that the Pomeron can be
considered as an explicit two-gluon or three-gluon
exchange. Based on these situations, the JPAC collaboration
has constructed two effective Pomeron models for the
photoproduction of vector mesons at low and high energies
[26,33]. In this work, we use the low-energy effective
Pomeron model proposed by JPAC group [26] to describe
the photoproduction cross section at J /y near the threshold.
In the effective Pomeron model, the photon fluctuation
into the quark-antiquark pair, and finally the dipole con-
verts into a vector meson. The interaction between the
quark-antiquark pair and the nucleon proceeds via Pomeron
exchange. The picture of the effective Pomeron model is
described in Fig. 2. The differential cross section of the J /ys
photoproduction reaction is given as [26]

do dra

1
—_— = - T 2 12
dr 6471'W2p}% s Z 4 |<AJ/y//1p | |’1y}“p>| ( )

p,ﬂj/v,,lp/

The total cross section can be calculated by integrating
the differential cross section. The covariant amplitude in
Eq. (12) takes the form [26]

</1]/y/’1p’|TPMy/1p> = F(W, t)ﬁ(pf, /117’)7/4”(17[’ /1]7)
x [e"(py. 4,)q" — €' (py. 2,)q"]
X 83;([’1/1,,,/1]/1,/)- (13)

Here, u(p;.4,) and u(py, A,;) are the Dirac spinors for the
target and recoil protons. ¢, p, and p’ are the photon, the
initial and final nucleon four-momenta. 4, and 4,, are their
helicities, respectively. ¢ determine polarization of the
photon and the J/y. Besides, the amplitude takes the form

. (14)

W2 _ Wtzhr a(t) eb(,(t—tmin)
W2

F(W,t) = iAJ/,,,<

where a(t) = ag + o't is the standard Pomeron trajectory
given in Ref. [34]. Usually, the o and & are determined by
fitting the vector meson photoproduction data at high or
low energy. The parameters in the Pomeron trajectory are
different because of the difference in the physical mecha-
nism of the photoproduction of vector mesons at high
energy or threshold. In this work, the free parameters
Ay @y, &, by are obtained by fitting the low energy J/y
photoproduction data from GlueX [17] and SLAC [35]
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TABLE I. The values of the fitted parameters in the effective TABLE II. The values of the fitted parameters in the para-
Pomeron model [32]. metrized two gluon exchange model [25].

AJ/V/ (o)) a' (GeV‘Z) bo (GeV‘z) AO Al A2

0.38 £0.76 0.94 0.36 0.12 0.228 +0.045 —0.218 + 0.006 1.221 + 0.005
collaboration, as listed in Table I. The energy scale parameter  do,n_ /N _do,n_ N

is given as W, =1 GeV and Wy, = My +my,, is the dt =ty W=,y dt =t W=W,,

threshold energy.

C. VMD model and the contribution of QAE

At the energy threshold, the forward differential cross
section of yN — J/wN reaction under the framework of the
VMD model takes the form as [16]

dayN—»J/y/N _ 3R2Fe+e’ dg]/l//N—»J/y/N

dt amy, dt

=Iinin

=l min

where R is the ratio between the final momenta p,,, and
the initial momenta p,. The final part is the differential
cross section of the J/y — N interaction, which can be
given as

1 1

dojpyn—sppn|  _ 1 Py nl?
64m3, (72— Mz) " TN

i (16)

I=Imin
where A= (W?—mj, —My)/(2m,;,) is the nucleon
energy [16], F,;,y is the J/y —N elastic scattering
amplitude, which can be written as [9,36]

2 2
Fypn = rgdz% (2M,2v - <N N>>
21?

Z My

h=u,d,s

where the Bohr radius o = ﬁ of the J/y meson is taken
3a,m,

from Ref. [36]. The parameter b is an important physical
quantity in this work, representing the QCD trace anomaly
parameter away from the chiral limit. In this paper, we
set the mass of the constituent quark (charm quark)
m, = 1.67 GeV. The Wilson coefficient d, in Eq. (17)
can be described as [37]

_ (32\2 -T(n+5/2)
dn = (N> v C(n+5) (18)

Actually, the differential cross section in Eq. (15) at the
c.m. energy threshold can be written as [38]

_ UyN—»J/y/N(Wthr) (19)

4p,| - 1Pyl

where 1, = mj, My/(my;, +My). It is found that the

differential cross section at the threshold energy can be
obtained by those three methods. Note that the energy
threshold W = W,,,, as an ideal point, is impossible to
obtain the photoproduction data experimentally. Therefore,
researching those three methods in Eq. (19) at a near-
threshold energy region is a good window to study the
energy threshold result. One of the purposes of this paper is
to compare the distribution contributions of these three
methods.

III. RESULT AND DISCUSSION

In our previous work [25], the free parameters Ay, A;, A,
of the parametrized two gluon exchange model in Eq. (9)
were obtained by a global fitting of the total and differential
cross section data of J/y meson [17,35,39-44], as shown
in Table II. The two models not only explain the J/y
photoproduction process well, but they also show good
consistency compared with the recent experiment data
[15,17,35,39-45], which are shown in Figs. 3 and 4.

First, we consider the case of adopting the differential
cross section do/ dt|,:tmm at a near-threshold energy region
to study the QAE contribution. Combined with the pre-
dicted differential cross section from theoretical models and
the VMD algorithm, the QAE contribution (M,/My =
(1 =b)/4) as a function of R is obtained as shown in the
red-solid and green-dashed curve in Fig. 5. Besides, it can
be extracted from the GlueX and Hall C experimental data
directly [15,17], as shown in the blue triangle and black
squares in Fig. 5. We note that the QAE contribution to the
proton mass is sensitive to energy and varies greatly with
energy, which can be seen from both the theoretical models
and direct extraction from experimental data. However, the
energy dependence of the QAE contribution is not the
desired conclusion. One can chalk up this energy depend-
ence, in large part, to the rapid change of 7., near the
threshold, as shown in Fig. 6. One find that this effect is less
pronounced for the lighter vector mesons [46].

Second, the differential cross section do/dt|,_, s
accepted to study the QAE contribution. Based on theo-
retical prediction of the cross section data at ¢t = t,;,,, the
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o I -

do/dt (nb/GeV?)

-t(GeV?)

— — effective Pomeron model

parameterized two gluon
exchange model

= J/y-007@Hall C

v GlueX

-t(GeV?)

FIG. 3. The differential cross sections of the J/y photopro-
duction as a function of — at different c.m. energy. The red solid
curve and green dashed line represent the prediction from the
parametrized two gluon exchange model and the effective
Pomeron model, respectively. The experimental data are from
Refs. [15,17].

QAE contribution from the effective Pomeron model and
the parametrized two gluon exchange model are calculated,
as shown in the red-solid and green-dashed curve in Fig. 7,
respectively. The rms value of QAE contribution extracted
from the differential cross section at t = t,,, within the
energy range of R € [0,0.5] are listed in Table III. Note
that, R is positively correlated with the c.m. energy,

I B L L
10' |
C X
C I _ =
2 0L E
o C ]
C — — effective Pomeron model | ]
- parameterized two gluon | -
- exchange model R
A GlueX
107 = SLAC E
F e HERMES .
C 1 PN IS TR TR TN NN ST SR SR T N T SR S T N R
4.0 4.5 5.0 5.5 6.0
W (GeV)

FIG. 4. The total cross section of the J/y photoproduction as a
function of W. The curves have the same meaning as in Fig. 3.
The experimental data are from Refs. [17,35,45].

P L 0 LA B R ¢
[ |— — effective Pomeron model ]
[ [~ parameterized two gluon
20 exchange model
| = J/y-007@Hall C
& 16| v GlueX
S C ]
% 12 .
= f ]
8 .
oF -
0:'.".7.|....|....|....|....|:
0.1 0.2 0.3 0.4 0.5
R=py, /py
FIG. 5. The extracted QAE contribution from the differential

cross section (7 = t,;,) as a function of R. The curves have the
same meaning as in Fig. 3. References of data can be found
in [15,17].

and R = 0.5 represents a near-threshold energy that c.m.
energy W = 4.79 GeV. As depicted in the Fig. 7, the near-
threshold stable results to energy provide us a good
opportunity to study the QAE contribution.

The last case uses the total cross section to learn the QAE
contribution, which have everything with the second case.
The QAE contribution from theoretical prediction and
experimental measurement are listed in Table IV and shown
in Fig. 8. Similar to the second case, the numerical results
of the QAE contribution change gently with c.m. energy.
Generally, the last two algorithms provide a robust way to
calculate the QAE contribution while reducing the energy
dependence.

In the above study, we find that it is desirable to extract
the QAE contribution by calculating the near-threshold
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S————r——— 17— ————————

It (GeV?)

4.0 45
W (GeV)

o
=]

FIG. 6. The four-momentum transfers #,;,, fn. and #,,,. as a
function of W.

. . . L L

[ [~ — effective Pomeron model .

N parameterized two gluon exchange model .

10~ = J/y-007@Hall C -

| v GlueX ]

g sf :

g L ]

S 6k ]

= r ]
s

L .

0 oo v by by by by |

0.1 0.2 0.3 0.4 0.5

R=py, / p,

FIG. 7. The extracted QAE contribution from the differential
cross section (¢ = t,,.) as a function of R. The curves have the
same meaning as in Fig. 3. References of data can be found
in [15,17].

total cross section and the differential cross section when
the momentum transfer ¢t — #,;,,. The rms value of the
QAE contribution obtained from the total cross section
and differential cross section are (3.66+0.72)% and
(3.33 + 0.68)%, respectively. Finally, the QAE contribu-
tion to the proton mass extracted from the J/y photo-
production cross section is estimated to be (3.50 & 0.70)%
considering the total and differential cross section results.

TABLE III. The average value of the QAE contribution
(M,/My) extracted from differential cross section (z = f,,,).

nE J
[ |— — effective Pomeron model ]
[ parameterized two gluon exchange model ]
10 :_ v GlueX (from o) _:
S 8F .
R ]
% 6 >
= C 4
i -
2 J
[ ~ ]
v ]
0 C oo v by oy o by o by by 1
0.1 0.2 0.3 0.4 0.5
R=py, /p,
FIG. 8. The extracted QAE contribution from the total cross

section (¢ = t,,,) as a function of R. The curves have the same
meaning as in Fig. 3. References of data can be found in [17].

P e Rt
r > ]
g 2F J E
S L ]
s I5F ]
g r ®  This work ]
- <« From Hall C E
10 = & From GlueX B
L » From SoLID Electro-production | ]
= * Lattice Calculation .
r = A From SoLID Photoproduction ]
C From SoLID Systematic Estimate | ]

0

FIG. 9. Comparison of the QAE contribution from different
groups [15,17,47.48].

By studying the near-threshold differential cross section
of vector charmoniums, some work [9,15,47] extract the
QAE contribution using the J/y photoproduction differ-
ential cross section data at t = 0 under the framework of
VMD model, as shown in Fig. 9. This method may have a
small effect using the light vector meson photoproduction
to study the QAE contribution, but results in a significant
deviation using the heavy quarkonium photoproduction.
In this work, we avoid extracting the QAE contribution
from the differential cross section at nonphysical points,

TABLE IV. The average value of the QAE contribution
(M,/My) from total cross section.

Method M,/ My(%) Method M,/My(%)
Parametrized two gluon exchange model 3.16 £ 0.63 Parametrized two gluon exchange model 3.71+0.74
Effective Pomeron model 3.49 £0.70 Effective Pomeron model 3.49+0.70
Experimental data extraction 3.50+0.82 Experimental data extraction 4.52+£0.65
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momentum transfer + = 0 mentioned in Refs. [9,15]. The
feasible approaches to study the QAE contribution using
the heavy meson photoproduction have been found, as
described in the second and third method above.

IV. SUMMARY

Using the theoretical predictions of the J/w photo-
production cross section within the effective Pomeron
model and the parametrized two gluon exchange model,
a systematic analysis of the QAE contribution to the proton
mass is carried out under the framework of the VMD
model. The results show that these two models can explain
the recent Hall C and GlueX measurements of J/y
photoproduction well. Based on the predicted cross section
given by the two models, the distribution of the QAE
contribution with the energy is extracted for the first time.
After comparing the results from three methods in Eq. (19),
it is found that the QAE contribution extracted from the
differential cross section do/dt|,_, —has a strong energy
dependence. One can chalk up this energy dependence to
the rapid change of 7,,;, near the threshold. Meanwhile, the
near-threshold total cross section and differential cross
section do/ dt|r:t,h, provide a feasible way to calculate the
QAE contribution while reducing the energy dependence.
This gives us a better window to study the energy threshold

result through the near-threshold vector meson production
data. Finally, the average value of the QAE contribution is
estimated to be (3.50 4= 0.70)%, which suggests that the
QAE contribution to the proton mass is small. Accordingly,
we compared this result with those of other groups and
explored the reasons for the differences. Our work is
underestimated with the results in Refs. [9,15,47], and
comparable with the conclusion in Ref. [6]. Moreover, one
note that in Ref. [49], the contribution of the QED EMT
trace anomaly to the hydrogen atom mass was calculated,
and the obtained values are small and close to our results.
These situations indicate that the magnitude of the QAE
contribution is still uncertain, and more experimental and
theoretical studies are still needed.
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