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Systematic investigation of trace anomaly contribution in nucleon mass
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In this work, under the framework of the vector meson dominance model, the trace anomaly contribution
value inside neutrons is extracted for the first time based on vector meson photoproduction data. Furthermore,
we systematically compare and analyze the trace anomaly contributions of protons and neutrons. The results
show that the trace anomaly contributions of protons and neutrons are close, which indirectly confirms that their
internal structures and dynamic properties may have certain similarities. In addition, the main factors affecting
the extraction of the trace anomaly contribution of nucleons are discussed in detail. This study not only provides
a theoretical basis for us to better understand the source of nucleon mass but also makes a useful exploration and
discussion on how to extract the trace anomaly contribution of nucleons more accurately in the future.
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I. INTRODUCTION

As the elementary particle of most visible matter, the study
on the internal properties of nucleons is a valuable subject
of quantum chromodynamics (QCD), where the source of
the nucleon mass has always been a mystery. The Higgs
mechanism explains only 2% of it, most of the rest come
from the complex strong interactions. However, due to the
weak gravitational interactions acting on the single nucleon,
the source of the nucleon mass cannot be directly measured
experimentally. Nevertheless, Ji et al. [1–3] found a way to
represent the nucleon mass in terms of quark and gluon energy
theoretically; the nucleon mass is divided into four parts under
their separation.

The separation starts from the QCD energy-momentum
tensor (EMT) T μν , which can be decomposed into the trace
and traceless parts [2]:

T μν = T̂ μν + T̄ μν. (1)

Further, the trace part is a sum of the quark mass and trace
anomaly contributions, and the traceless part consists of the
quark and gluon energy contributions, respectively,

T̂ μν = T̂ μν
a (μ2) + T̂ μν

m (μ2),

T̄ μν = T̄ μν
q (μ2) + T̄ μν

g (μ2),
(2)
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and the tensor defines the QCD Hamiltonian operator as [2]

HQCD =
∫

d3�x T 00(0, �x). (3)

According to the above definition and decomposition of
the EMT, the corresponding four-part separation of the QCD
Hamiltonian operator is obtained as [2]

HQCD = Hq + Hg + Hm + Ha. (4)

In Ref. [2], the hadron mass is defined as the expectation value
of the Hamiltonian operator in the rest frame,

M = 〈P|HQCD|P〉
〈P|P〉

∣∣∣∣∣
rest frame

. (5)

Thus, based on Eqs. (4) and (5) the hadron mass decomposi-
tion is derived as [2]

Mq = 3

4

(
a − b

1 + γm

)
M,

Mg = 3

4
(1 − a)M,

Mm = 4 + γm

4(1 + γm)
bM,

Ma = 1

4
(1 − b)M. (6)

Noted from the above, the specific values of the mass
decomposition are determined by parameters a and b, which
are the fraction of the nucleon momentum carried by quarks
and the trace anomaly parameter, respectively, and γm repre-
sents the anomalous dimensions [1,2]. Notice that there is a
new source of mass that appears in the last term, which is
the so-called trace anomaly contribution; it depends only on
parameter b. Ji and Lui [4] argue that the trace anomaly comes
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from the scale symmetry breaking among the regulation of
the UV divergences, with the scheme being independent. It
contributes the nucleon mass by a Higgs-like mechanism and
sets the scale of the other parts of the mass separations. Be-
sides, one can carry out the related mechanism of the quark
confinement by studying the anomalous energy.

At present, there is some research on the proton trace
anomaly contribution, such as the lattice QCD calculation
[5] and the holographic calculation [6–8]. However, there
are discrepancies in the conclusions between the current
works. For instance, in the latest lattice QCD calculation of
the proton anomaly contribution, the result is 23% [5]. The
predictive ability of the holographic model is presented in
Ref. [9] by JLab. They compared the predicted cross sec-
tion of the holographic model with the experimental data; the
results show that the predicted cross section corresponding
to the maximum and minimum trace anomaly contributions
are very close, which means that the model cannot deter-
mine the anomaly contribution at present. In addition, the
trace anomaly contribution can also be calculated from the
scattering between the quarkonium and the nucleon [6–13].
This implies that we can study the trace anomaly based on
the existing photoproduction experimental data by combining
the above process with the vector meson photoproduction
process under the vector meson dominance (VMD) model
[10]. In Ref. [9], the proton trace anomaly contribution is also
calculated based on the J/ψ photoproduction experimental
data under the VMD model, but the results show that the
anomaly contribution increases obviously with energy. That
is, the result calculated at higher energy is larger, which can
reach more than 20%; the results extracted near the threshold
are very small, only a few percent. In addition, there is also a
study about the proton mass decomposition, which starts from
the QCD EMT, and after introducing the independent opera-
tors, Metz et al. [14] concluded that the anomaly contribution
of proton is equal to 0. These inconsistent results indicate the
necessity of research on the nucleon trace anomaly contribu-
tion. In our previous work [12], we modified the VMD model
to solve the energy-dependence problem, and the error of the
obtained results has been greatly reduced.

There have been some studies on the trace anomaly contri-
bution of protons [5,9,11–13], but not yet on the trace anomaly
contribution of neutrons. One of the purposes of this work is to
first extract the trace anomaly contribution of the neutron mass
under the VMD model. As another purpose, we will further
analyze the factors affecting the nucleon anomaly contribu-
tion. After Ref. [12], we further extended the work to other
vector meson photoproduction processes with an improved
method [13], showing that the trace anomaly contributions
from different processes are not the same, although they are all
relatively small. Such results bring the nucleon anomaly con-
tribution another non-negligible errorand inspire us to further
analyze the affecting factors in order to give a more accu-
rate proportion of the trace anomaly part. A comprehensive
analysis is discussed in detail in Sec. IV, and the research
direction of obtaining higher precision nucleon trace anomaly
contributions is pointed out. In part before the Summary, the
influence of the parameter αs, which has a sizable inaccurate
precision [15–27], on the nucleon anomaly contribution is

first studied numerically. To achieve this, we adopt two sets
of α′

ss on the extraction named αA and αB, one set of α′
ss

(α′
As) comes from some previous prediction and fitting results

[28,29], another group (αB) comes from a recent work [30] on
predicting αs values based on machine learning methods and
large amounts of experimental data.

The structure of the paper is as follows. After the Introduc-
tion, a review of the calculation method VMD model is given
in Sec. II, the corresponding numerical results are given in
Sec. III, and finally a summary is given in Sec. IV.

II. FORMALISM

In the VMD model, the process γ N → VMN is related
with the process VMN → VMN, and the forward differential
cross section of γ N → VMN reaction is expressed as [10]

dσγ N→VMN

dt

∣∣∣∣∣
t=tmin

= 3�e+e−

αmV

(
pVMN

pγ N

)2 dσVMN→VMN

dt

∣∣∣∣∣
t=tmin

,

(7)

where �e+e− is the radiative decay width, the value
of the electromagnetic coupling constant α is equal
to 1/137, and mV is the vector meson mass. pab =

1
2W

√
W 4 − 2(m2

a + m2
b )W 2 + (m2

a − m2
b )2 denotes the center-

of-mass momentum of the photon and the vector meson, re-
spectively. The differential cross section part of the VMN →
VMN process in the formula is given as

dσVMN→VMN

dt

∣∣∣∣∣
t=tmin

= 1

64

1

m2
V

(
λ2 − M2

N

) |FVMN|2, (8)

where the nucleon energy is λ = (W 2 − m2
V − M2

N )/(2mV )
[10], and at the low-energy region, the elastic scattering am-
plitude of the VMN → VMN process is taken as [31]

FVMN � r3
0d2

2π2

27

⎛
⎝2M2

N − 〈N |
∑

h=u,d,s

mhq̄hqh|N〉
⎞
⎠

= r3
0d2

2π2

27
2M2

N (1 − b), (9)

where the Bohr radius and the Wilson coefficient are [31,32]

r0 = 4

3αsmq
, (10)

dn =
(

32

Nc

)2√
π

�(n + 5/2)

�(n + 5)
, (11)

respectively, where αs is the strong coupling constant and mq

is the mass of the constituent quark. The relevant parameters
are listed in Table I.

As we can see, the above formula relates the vector me-
son photoproduction cross section to parameter b, and the
trace anomaly can be represented by 1

4 (1 − b)M when away
from the chiral limit. Thus, the trace anomaly contribution
can be studied through the VMD model. However, the four-
momentum transfers tmin varies significantly with W while
tthr = m2

V MN/(mV + MN ) stays steady [36]. The variation of
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TABLE I. The relevant parameters of ρ, ω, and φ [28–30,33–35].

Meson �e+e− (keV) mq (GeV) mV (GeV) αA αB

ρ 7.04 0.330 0.770 0.439 0.601
ω 0.60 0.330 0.782 0.460 0.595
φ 1.27 0.486 1.019 0.770 0.506

tmin leads to an energy dependence of dσγ N→VMN

dt |t=tmin
that ends

up resulting in the energy dependence of the trace anomaly.
In Refs. [36,37], the relationship between the differential and
total cross sections at the near threshold is given as

dσγ N→VMN

dt

∣∣∣∣∣
t=tmin,W =Wthr

= dσγ N→VMN

dt

∣∣∣∣∣
t=tthr,W =Wthr

= σγ N→VMN(Wthr )

4|pγ | · |pV | . (12)

In order to decrease the energy dependence, we would apply
the last two methods to study the trace anomaly contribution.

III. RESULTS AND DISCUSSION

The αA values of the three vector mesons come from sev-
eral previous works, where the αA values for ω and ρ are taken
from the estimates based on a relativistic-quantum-field model
[29], and for φ, the αA values are taken from the calculations
based on a quark potential model [28]. The αB values are
all derived from the machine learning prediction [30], which
varies with the energy scale Q. Here the respective meson
mass is taken as the corresponding energy scale [38].

After determining the relevant parameters, the calculations
are carried out. First, based on the experimental differential
and total cross sections of ω at W ∈ [1.75, 2.15] measured
by ELSA [39], the neutron trace anomaly contributions were
extracted under the framework of the VMD model. Results
obtained at αA are listed in Table II and shown in Fig. 1

TABLE II. The neutron trace anomaly contribution extracted
from the experimental ω photoproduction cross section at αA [29,39].
The average is 1.43+0.58

−0.33 %.

Ma/MN (%) Ma/MN (%)
W (GeV) (from dσ/dt ) W (GeV) (from σ )

1.76 1.41 ± 0.18 1.76 1.31 ± 0.07
1.78 1.39 ± 0.21 1.78 1.39 ± 0.09
1.79 1.31 ± 0.21 1.79 1.46 ± 0.07
1.81 1.28 ± 0.12 1.81 1.37 ± 0.07
1.84 1.43 ± 0.13 1.84 1.34 ± 0.05
1.86 1.40 ± 0.12 1.86 1.36 ± 0.06
1.90 1.59 ± 0.08 1.90 1.38 ± 0.08
1.95 1.49 ± 0.06 1.95 1.30 ± 0.04
2.00 1.49 ± 0.07 2.00 1.27 ± 0.05
2.04 1.70 ± 0.06 2.04 1.23 ± 0.06
2.09 1.73 ± 0.06 2.09 1.27 ± 0.05
2.13 1.93 ± 0.08 2.13 1.28 ± 0.05

FIG. 1. The neutron trace anomaly contributions Ma/MN as a
function of R extracted from the experimental ω differential and the
total cross section at αA [29,39]. The solid red and black circles
represent the results from the differential and total cross sections,
respectively. Bands in the corresponding color are the error bars.

as a function of R. The results from the differential and the
total cross sections are slightly different due to the numerical
difference between the two sections. In order to consider the
outcomes in both cases, we process all of the results as a root
mean square, (RMS) which is 1.43+0.58

−0.33%.
Using the same way of ω, the neutron trace anomaly con-

tributions were extracted from the SLAC differential cross
section [40] of ρ photoproduction at W = 3.87 GeV as 1.50 ±
0.22% under the condition of αA. In addition, the neutron trace
anomaly contributions are also extracted from the predicted
φ differential cross section [41] at different energies under
αA, shown in Table III and Fig. 2 as a function of R, and the
root mean square of the results is 7.89+1.74

−4.61%. However, the
results from the φ photoproduction process vary greatly under
different energies, which is caused by the uncertainty of the
prediction. So this set of results is for reference only.

Under the VMD model, the trace anomaly contribution of
the neutron has been extracted, where αs values are derived
from several different physical models. Another purpose is
to discuss the effect of αs variation on the anomaly contri-
bution. We extract the anomaly contribution at αB with the
same method through three vector meson photoproduction
processes; αB comes from the pure prediction by data learning
and has no model dependence [30]. The trace anomaly con-
tribution RMS of the neutron mass at different αs values are

TABLE III. The neutron trace anomaly contributions extracted
from the predicted φ photoproduction differential cross section at αA

[28,41]. The average is 7.89+1.74
−4.61 %.

W (GeV) 2.01 2.12 2.15

Ma/MN (%) 9.12 9.63 3.27
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FIG. 2. The neutron trace anomaly contributions from the pre-
dicted φ differential cross section at αA as a function of R [28,41],
which are represented by the solid blue squares. The blue band is the
error bar.

compared in Table IV. Combined with the value of αs shown
in Table I, one finds that the trace anomaly contribution is very
sensitive to it. That indicates αs is a crucial uncertain physical
quantity for itself and for calculating the nucleon anomaly
contribution.

In Refs. [12] and [13], the trace anomaly contributions
of the proton mass were extracted through the heavy and
light vector meson photoproduction processes. We display the
comparison of the proton and neutron results at the same set
of αs (αA) values in Table V. The results indicate that the
trace anomaly contributions between neutrons and protons
from the same photoproduction are close considering the error
bar, although the results from the different processes are still
different from each other.

As for the percentage of the nucleon anomaly contribution,
although the results obtained with the present calculation ac-
curacy from our works show that it is small, it cannot be taken
as the final conclusion yet; the specific reasons for this are
discussed in the next section.

IV. SUMMARY

In this work, we calculated the trace anomaly contribution
of the neutron mass through the light vector meson photopro-
duction processes for the first time based on the VMD model.

TABLE IV. The trace anomaly contribution RMS of the neutron
at two sets of αs [28–30].

Meson ρ ω φ

Ma/MN (%) 1.50 ± 0.22 1.43+0.58
−0.33 7.89+1.74

−4.61

(from αA)
Ma/MN (%) 3.85 ± 0.56 3.10+1.26

−0.72 2.24+0.50
−1.31

(from αB)

TABLE V. The trace anomaly contribution RMS of nucleons at
αA [13,28,29].

Meson ρ ω φ

Ma/MN (%) 0.53 ± 0.15 1.47 ± 0.48 3.63 ± 0.64
(proton)

Ma/MN (%) 1.50 ± 0.22 1.43+0.58
−0.33 7.89+1.74

−4.61

(neutron)

The numerical results obtained from the three processes are
all relatively small: 1.43+0.58

−0.33 % from the ω photoproduction,
1.50 ± 0.22% from the ρ photoproduction, and 7.89+1.74

−4.61%
from the φ photoproduction. At the same time, the results
show that under the same parameter the trace anomaly contri-
butions of protons and neutrons are very close, indicating that
the mass distribution and quark-gluon structure inside them
may be similar. We also studied the influence of parameter
αs on the nucleon anomaly contribution and proved that αs

has a significant effect on it. In addition, the accuracy of
the experimental data of photoproduction cross sections and
the differences of vector meson production mechanisms also
affect the extraction of the trace anomaly contribution of nu-
cleons.

In terms of experimental data, the current shortcoming is
that the neutron-target photoproduction data are insufficient.
However, the proton-target photoproduction data are rela-
tively abundant, we consider that there is a possibility of using
machine learning algorithms to predict the cross section of
the J/ψ photoproduction of neutrons. Besides, the physical
model could be effective in predicting the neutron-target pho-
toproduction data due to the exclusive reaction channels of
the J/ψ production. We will explore the above aspects in our
follow-up work. At the same time, more high-precision exper-
imental measurements for the photoproduction are expected.

As for the differences in vector meson production mech-
anisms, we found that the difference in mesons’ related
properties visibly affects the nucleon trace anomaly contribu-
tion by analyzing the results from different photoproduction
processes under the VMD model. For example, the decay
width of mesons has a significant effect on the proton anomaly
contribution. The ω meson and the ρ meson have a similar
mass, corresponding αs, and component quark mass, but there
is a large gap between the anomaly contribution results cal-
culated from the two processes, which comes from the large
decay width of ρ. These results bring the anomaly contribu-
tion of the proton mass a notable error; if the partial width
�ρ→e+e− of ρ is set as �ω→e+e− , the results of the proton
anomaly contribution will be very close [13]. Based on the
verification in Sec. III, we have learned that αs is an important
parameter, noticeably affecting the nucleon trace anomaly
contribution. At the same time, αs also has a large uncer-
tainty in the low-energy range, this is due to the complexity
of the nonperturbative QCD. Meanwhile, the corresponding
scales of αs, which are taken as the meson mass, are included
within this range exactly. The appreciable error of αs and
its significant effect on the nucleon trace anomaly contri-
bution leads to the uncertainty of the anomaly contribution.
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We continue using the machine learning algorithms to study
αs, to explore the physics involved and try to correct its ac-
curacy. In fact, αs has great accuracy both experimentally and
theoretically in the high-Q range. If photoproduction exper-
imental data of heavier mesons are available, the uncertainty
from αs will be eliminated through the calculations from these
processes.

The scattering length of VMN can also be calculated un-
der the VMD model, and the related studies are abundant
[36,37,42–45]. Meanwhile, the uncertainty of the involved
parameters in the calculation is small. Therefore, we will
consider exploring the possibility of associating the VMN
scattering length with the nucleon trace anomaly contribution
under the VMD model, trying to find another way to reveal
the nucleon trace anomaly contribution.

In conclusion, although the current numerical results of
the nucleon trace anomaly contribution are small, this can
only be considered a partial conclusion due to a series of
uncertainties. We will conduct our follow-up based on the
above points, aiming to extract a more accurate nucleon trace
anomaly contribution.
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