
Unraveling proton strangeness: Determination of the strangeness sigma
term with statistical significance

Wei Kou † and Xurong Chen*

Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
and School of Nuclear Science and Technology, University of Chinese Academy of Sciences,

Beijing 100049, China

(Received 30 November 2023; accepted 2 February 2024; published 27 February 2024)

This study delves into the contribution of the strange quark within the proton, which influences several
fundamental proton properties. By establishing a robust relationship between the proton’s quantum
anomalous energy and the sigma term, we successfully extract the contribution of the strangeness sigma
term in the proton, obtaining it from parametrized fits of the differential cross section using exponential and
dipole forms. The extracted sigma term values are estimated to be 455.62� 64.60MeV (exponential fit)
and 337.74� 106.79MeV (dipole fit). Additionally, we present novel results for the proton trace
anomalous energy, observing values of 0.13� 0.02 (exponential fit) and 0.15� 0.03 (dipole fit). Our
analysis integrates the novel data from the J=ψ − 007 and GlueX Collaborations, to some extent providing
an experimental phenomenological window into the nonzero strange quark content inside proton, with the
statistical significances 7.1σ (exponential fit) and 3.2σ (dipole fit), respectively. Furthermore, we discuss
the possibility of scheme independence in the extraction results and examine the uniformity of sigma terms
obtained from the datasets provided by the two collaborations. Our analysis may reveals compatibility
between the extracted results of the respective experiments.
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I. INTRODUCTION

The parton model provides insight into the dynamics of
the internal components of the proton. Protons, as com-
plex bound-state particles comprising quarks and gluons,
have been the subject of extensive discussion regarding
their external properties, such as spin, mass, charge radius,
and other attributes [1–3]. Understanding how the con-
tributions of individual components of the proton manifest
in its external properties is a complex and ongoing issue.
Notably, experimental evidence for the contribution of
partons other than up and down quarks remains insuffi-
cient. The role of strange and charm quarks in protons
continues to be a topic of significant interest in the
field [4–8]. Studies investigating the strangeness contri-
bution to proton magnetic moment [6] have provided
valuable insights into the intrinsic strange quark within the
proton.

The contribution of quarks to the proton mass can be
summarized by the quark scalar matrix elements—sigma
terms. They are defined as

σqN ¼ hNjmqq̄qjNi; ð1Þ

where jNi is the proton state in the rest frame, qðq̄Þ the quark
field operators, andmq the current quarkmass of flavor q. For
the u- and d-flavor quark cases, the πN sigma term is
introduced and denoted by σπN ¼ mlhNjuūþ dd̄jNi with
the averagemass ofu andd quarksml. The sigma terms of the
nucleon are the main source of uncertainty in the calculation
of the scattering for spin-independent nucleon with dark
matter [9], so it is particularly important to measure them
precisely from experiments. Previous studies of the nucleon
sigma terms can be found in [8,10–33]. A previous determi-
nation from high-precision data gives the value of the σπN as
59.1� 3.5 MeV [29]. The current discussion on the exper-
imental perspective of the contribution of strange quarks σsN
to the scalar charge is still insufficient. Fortunately, there are
many lattice QCD calculations [28,33] as well as results from
chiral perturbation theory performances [16,19] available to
us. In addition, we note that there is the work that suggests
constraining the strangeness component by measuring the
mass shift ofϕmeson in nuclearmatter [34]. At this point, we
may consider that the strangeness component of the proton
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mass can be linked to its corresponding scalar charge or
sigma term.
The sigma term is related to the QCD gauge invariant

Hamiltonian decomposition, which comes from Ji’s
work [2,35–37]. The decomposition of QCD Hamiltonian
is written as

HQCD ¼ Hq þHg þHm þHa: ð2Þ

They represent, in order, the quark energy, the gluon
field energy, the quark mass contribution, and the
quantum anomalous energy with proton mass MN ¼
hNjHjNi=hNjNi in the rest frame.

Mq ¼
3

4

�
a−

b
1þ γm

�
MN; Mg ¼

3

4
ð1− aÞMN;

Mm ¼ 4þ γm
4ð1þ γmÞ

bMN; Ma ¼
1

4
ð1− bÞMN; ð3Þ

where γm is the anomalous dimension of quark mass [38].
These four terms represent the eigenvalues of the mass
corresponding to the four parts after the decomposition of
the Hamiltonian. The parameters aðμÞ is the momentum
fraction carried by quarks in the infinite momentum frame,
and b is related to the scalar charge of the proton as
b ¼ hNjmuūuþmdd̄dþmss̄sjNi=MN . More specifically,
it can be expressed as

bMN ¼ σπN þ σsN: ð4Þ

According to the previously mentioned definition of the
parameter b, it is determined by the scalar charge from u, d,
and s quarks. While precise experimental measurements of
σπN are already available, as mentioned earlier, the direct
experimental determination of the strangeness component
presents challenges [39]. In addition to using measurements
of themass shift of theϕmeson in nuclearmatter to determine
the strangeness sigma term [34], there is another possibleway
to indirectly obtain the strangeness sigma term experimen-
tally by relating it to the parameter b in Eq. (4) [40–43].
The latter approach is related to the near-threshold photo-
production process of the ground-state charmonium [44,45].
Fortunately, experimental measurements of the process
[42,46,47] have become substantial in recent years. We use
recent data for theoretical analysis and provide the strange-
ness contribution to the proton sigma term. The discussion of
details is presented in the following sections.

II. EXTRACTION METHODS AND EXPERIMENTS

The near-threshold photoproduction process of J=ψ is
commonly used to extract the gravitational form factors
(GFFs) of the proton, which are related to the QCD
energy-momentum tensor. The GFFs of the proton can
be utilized to reveal the mass distribution as well as

mechanical properties such as pressure inside the proton,
as demonstrated by holographic QCD [48] or the gener-
alized parton distribution functions [49]. These concepts
should essentially provide information about GFFs.
In Refs. [45,50–52], the calculation of the differential

cross section of J=ψ photoproduction at near threshold via
momentum transfer t is presented as

dσγN→J=ψN

dt

����
t¼0

¼ 3ΓðJ=ψ → eþe−Þ
αmJ=ψ

�
kJ=ψN
kγN

�
2 dσJ=ψN→J=ψN

dt

����
t¼0

; ð5Þ

where k2ab¼½s−ðmaþmbÞ2�½s−ðma−mbÞ2�=4s denotes
the momentum square of the reaction in the center-of-mass
frame with photon-proton center-of-mass energy

ffiffiffi
s

p
, α ¼

1=137 is the fine structure constant, and Γ stands for the
partial J=ψ decay width. Using the vector meson domi-
nance (VMD) approach, the differential cross section of
J=ψ − N at low energy is expressed with the J=ψ − N
elastic amplitude FJ=ψN as

dσJ=ψN→J=ψN

dt

����
t¼0

¼ 1

64π

1

m2
J=ψ ðλ2 −M2

NÞ
F2
J=ψN; ð6Þ

where λ ¼ ðpK=mJ=ψÞ is the nucleon energy in the
charmonium rest frame and p and K are the four-momenta
of the target nucleon and J=ψ , respectively.
The J=ψ − N elastic scattering amplitude FJ=ψN , a key

component of this study, is determined using the heavy
quark nonrelativistic approximation [44]. In this context,
the ground-state J=ψ system is considered to be governed
by Coulomb-like interactions between positive and neg-
ative charm quarks. Notably, the Bohr radius of the J=ψ
meson, given by r0 ¼ 4=ð3αsmcÞ, depends on the charm
quark mass mc and strong coupling αs. Following the
expression in Ref. [44], the J=ψ − N scattering amplitude
is given by

FJ=ψN ¼ r30d2
8π2

27
ð1 − bÞM2

NmJ=ψ ; ð7Þ

with bMN in Eq. (4). Here, dn represents the Wilson
coefficient defined in [53]. The right-hand side of the above
equation is derived from the discussion surrounding Eq. (4).
It is important to note that Eq. (7) exhibits dimensional
inconsistencies with the formulas in Refs. [40,43,44].
Therefore, we adopt the correct dimensional results as
presented in Ref. [45], consistent with our prior work [41].
We conduct our analysis utilizing the recently

published differential cross-section data by the J=ψ − 007
and GlueX Collaborations at JLab [42,47]. As outlined in
Eqs. (5)–(7), the forward differential cross section for
each experimental energy set is required for our analysis.
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In this communication, we opt for the exponential form
dσ=dt ¼ dσ=dtjt→0 × expð−BtÞ (exponential) and dσ=dt ¼
dσ=dtjt→0 × ð1=ð1 − t=M2

AÞÞ4 (dipole) [42] to fit the data.
Different photon energies that lead to J=ψ production

near the threshold are expected to result in distinct forward
scattering cross sections. Previous studies [40,43] relied on
experimental data from [46] with only one energy point,
making it challenging to determine whether the anomalous
energy trace in protons was scale dependent. However,
recently published experimental data [42,47] and research
on extracting proton mass radii and trace anomalous energy

have revealed perplexing energy dependencies [41,42].
Despite the expectation that these observations should
not be scale dependent, we aim to address these questions
in the following sections.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Calculation and discussion

The exponential and dipole fits to the differential cross
section dσ=dt utilizing data from the J=ψ − 007 and
GlueX Collaborations are presented in Figs. 1 and 2.

FIG. 1. Exponential (up) and dipole (down) fits to the differential cross section dσ=dt using the data from the J=ψ − 007 Collaboration
[42]. The orange band shows its uncertainty. The parameters are listed in Tables I and II.
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The corresponding fitting parameters are detailed in
Tables I–IV. To extract the proton trace anomaly and sigma
term, we adopt the charm quark mass with r0 in Eq. (7) as
mc ¼ 1.4 GeV [40,54,55]. The strong coupling αs is cited
from [56,57] at leading order

αsðμ2Þ ¼
4π

β0 ln ½ðm2
α þ μ2Þ=Λ2� ; ð8Þ

where Λ ¼ 0.58 GeV is the Landau pole [56,57] with
momentum subtraction [58] and β0 ¼ ð33 − 2nfÞ=3 with

quark flavor number nf ¼ 4. The parameter mα represents
the gluon mass scale [54]. In the next subsection of this
section, we will discuss the impact of estimating the
running strong coupling constant on the results.
Figure 3 illustrates the extracted strangeness sigma terms

of the proton using datasets from the J=ψ − 007 (blue
circles) and GlueX (red squares) Collaborations [42,47]
with two types fit discussed above. The shaded regions of
the corresponding colors indicate the standard deviations of
each dataset at different energy settings. The combined
standard deviations of the two datasets are σ ¼ 64.6

FIG. 2. Exponential (up) and dipole (down) fits to the differential cross section dσ=dt using the data from the GlueX Collaboration
[47]. The light blue band shows its uncertainty. The parameters are listed in Tables III and IV.

TABLE I. Exponential fit to the differential cross section dσ=dt using the data from the J=ψ − 007 Collaboration
[42]. Photon energy, fitting parameters, trace anomaly, strangeness sigma term, and reduced χ2.

Eγ (GeV) dσ
dt jt→0 ( nb

GeV2) B (GeV−2) Ma=MN σsN (MeV) χ2red

9.1–9.25 0.57� 0.23 0.90� 0.30 0.08� 0.02 543.75� 66.83 0.4
9.25–9.4 0.42� 0.10 0.57� 0.17 0.08� 0.01 596.21� 33.19 0.9
9.4–9.55 0.96� 0.19 1.00� 0.18 0.11� 0.01 463.73� 40.21 0.7
9.55–9.7 1.20� 0.23 1.06� 0.20 0.12� 0.01 443.81� 44.27 0.4
9.7–9.85 1.82� 0.49 1.52� 0.25 0.14� 0.02 343.38� 71.63 0.5
9.85–10.0 1.54� 0.41 1.31� 0.24 0.13� 0.02 402.78� 63.78 0.9
10.0–10.15 1.41� 0.25 1.05� 0.15 0.12� 0.01 440.65� 39.29 1.0
10.15–10.3 1.67� 0.26 1.17� 0.15 0.12� 0.01 420.65� 35.16 1.5
10.3–10.45 1.63� 0.39 1.28� 0.29 0.12� 0.01 443.99� 52.05 0.7
10.45–10.6 1.97� 0.47 1.39� 0.30 0.12� 0.01 420.93� 54.28 0.7
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(exponential fit) and 106.8 MeV (dipole fit). Here, the
calculated standard deviation considers only the standard
deviation of the extracted strangeness sigma term itself as a
function of energy, without taking into account the sys-
tematic uncertainties introduced by the model and para-
meters. The impact of systematic uncertainties on the
results is discussed in the next subsection. Based on these
results, we infer that the strangeness sigma term for the
proton has statistical significances of 7.1σ (exponential fit)
and 3.2σ (dipole fit), suggesting that it is not zero.
Furthermore, we conduct the Kolmogorov-Smirnov

(KS) test [59] on the sigma term distributions extracted
from the two sets of experimental data. Initially, we test the
difference between the distributions of the two sets of
sigma terms and the zero values, yielding a p value of 0.0
for both; we note the extraction results from both fits
support this conclusion. Additionally, we test the similarity
of the two distributions themselves and obtain the p values
of approximately 0.5 with both fits, indicating that the two
sets of experimental data cannot be dismissed as being the
same distribution. It is important to note that, due to the

relatively small number of sample points, the results of the
KS test serve solely as a reference and do not definitively
determine the conclusions we propose regarding the
KS test.
We proceed to discuss the disparities between our

approach and the previous works [40,43]. First, the dimen-
sional analysis of the J=ψ − N scattering amplitude in
Eq. (7) differs from that of the previous works. We have
modified it in accordance with the approach detailed in
Ref. [45]. Second, we have developed a new running
coupling constant energy scale tailored to the different
experimental data energy settings. Specifically, we utilize
the difference between the energy of the center-of-mass
system of the photon proton and the mass of the final-
state proton and J=ψ as the αsðμÞ energy scale, i.e.,
μ ¼ W −MN −mJ=ψ . By introducing a new definition
for μ, the scale we provide corresponds to approximately
μ2 ¼ 0.025–0.32 GeV2 under the experimental conditions
of two experiments, with the corresponding coupling
constant being αs ¼ 1.14–1.35 with Eq. (8). Here, the
αs’s correspond to the values at each energy scale and do

TABLE II. Dipole fit to the differential cross section dσ=dt using the data from the J=ψ − 007 Collaboration [42].
Photon energy, fitting parameters, trace anomaly, strangeness sigma term, and reduced χ2.

Eγ (GeV) dσ
dt jt→0 ( nb

GeV2) MA (GeV) Ma=MN σsN (MeV) χ2red

9.1–9.25 0.77� 0.48 1.68� 0.44 0.10� 0.03 487.85� 116.9 0.44
9.25–9.4 0.47� 0.15 2.30� 0.48 0.08� 0.01 580.32� 44.64 0.96
9.4–9.55 1.30� 0.41 1.59� 0.22 0.13� 0.02 395.48� 68.70 0.90
9.55–9.7 1.73� 0.50 1.51� 0.17 0.14� 0.02 339.43� 73.45 0.39
9.7–9.85 3.35� 1.52 1.17� 0.16 0.19� 0.04 152.36� 158.6 0.49
9.85–10.0 2.75� 1.15 1.26� 0.17 0.17� 0.04 242.79� 131.5 0.86
10.0–10.15 2.22� 0.64 1.43� 0.16 0.15� 0.02 329.19� 76.84 1.21
10.15–10.3 2.83� 0.80 1.31� 0.14 0.16� 0.02 281.52� 73.86 2.03
10.3–10.45 2.53� 0.87 1.32� 0.19 0.14� 0.04 337.13� 101.3 0.48
10.45–10.6 2.79� 0.99 1.32� 0.20 0.15� 0.02 334.38� 90.59 0.74

TABLE III. Exponential fit to the differential cross section dσ=dt using the data from the GlueX Collaboration
[47]. Photon energy, fitting parameters, trace anomaly, strangeness sigma term, and reduced χ2.

Eγ (GeV) dσ
dt jt→0 ( nb

GeV2) B (GeV−2) Ma=MN σsN (MeV) χ2red

8.92–9.28 0.63� 0.21 1.10� 0.19 0.10� 0.02 516.52� 61.11 2.9
9.28–10.36 1.20� 0.15 0.92� 0.07 0.11� 0.01 453.22� 26.39 1.2
10.36–11.44 2.21� 0.24 1.11� 0.07 0.12� 0.01 433.67� 24.66 3.2

TABLE IV. Dipole fit to the differential cross section dσ=dt using the data from the GlueX Collaboration [47].
Photon energy, fitting parameters, trace anomaly, strangeness sigma term, and reduced χ2.

Eγ (GeV) dσ
dt jt→0 ( nb

GeV2) MA (GeV) Ma=MN σsN (MeV) χ2red

8.92–9.28 1.45� 0.82 1.31� 0.19 0.14� 0.04 330.24� 154.9 2.0
9.28–10.36 2.13� 0.35 1.50� 0.07 0.15� 0.01 310.82� 41.86 0.6
10.36–11.44 4.14� 0.50 1.34� 0.05 0.16� 0.01 269.02� 37.13 1.1
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not represent the uncertainties they introduce. This
approach simplifies the photon coupling to vector mesons
as described by the VMD approach. However, in the
nonrelativistic approximation, photon energies may impact
the binding of charm quark pairs into J=ψ , subsequently
affecting the Bohr radius r0. The center-of-mass energy of
the system can be derived from the photon energy as input,
and the energy remaining after removing the mass of the
particles produced in the final state can be roughly under-
stood as the binding energy required for the quasimeson to
meson process.
Lastly, our extracted sigma term values are larger than

those presented in other works (see Fig. 18 in Ref. [33]).
For example, the chiral perturbation theory calculation
yields a result of approximately σsN ¼ 16ð80Þ MeV [16],
while the lattice calculation gives σsN ¼ 40ð12Þ [28] and
the more precise lattice result is σsN ¼ 45.6ð6.2Þ [33].
While larger uncertainties in the experimental extraction
cannot be disregarded, we have assumed the contribution of
only three flavor quarks inside the proton throughout the
extracting process, based on which we obtain a strangeness
sigma term of about 400 MeV. Building on these assump-
tions, we obtain a relatively centralized distributions of the
proton trace anomaly and strangeness sigma term. It is
important to emphasize that our results depend on the
validity of the VMDmodel and the estimation of the model
parameters. The relatively concentrated distribution of the
strangeness sigma term with respect to the photon energy
inputs implies a weak dependence of the sigma term on the
experiment energies.

B. Uncertainty analysis

Now, let us briefly discuss the impact of the VMD
model’s validity on extracting the strangeness sigma term.

The frequent use of the VMD model in connecting
quarkonium photoproduction processes and the elastic
scattering amplitudes of quarkonium and protons, such
as in the extraction of vector meson-nucleon (nuclear)
scattering lengths [60–67], is noteworthy. However, dis-
cussions on the validity of the VMD model and the
uncertainties in its relevant model parameters remain
scarce. Recently, there has been a discussion on the partial
wave analysis of the near-threshold photoproduction proc-
ess of J=ψ [68]. The authors argue that the estimation of the
J=ψ − p elastic scattering amplitude using the VMDmodel
is debatable. They have considered the partial wave
amplitudes for the corresponding process and have defined
the ratio of the VMD model amplitude to the partial wave
amplitude RVMD ¼ jFVMD=FPWj to assess the suitability of
the model. In principle, if the VMD model is exact, the
experimentally driven partial wave analysis would result in
RVMD ¼ 1. Please refer to the relevant section in Ref. [68]
for the estimation and analysis of RVMD. The authors argue
that the VMD model’s estimated elastic scattering ampli-
tude is 2 orders of magnitude smaller than the partial wave
result. This would lead to significant biases when using
VMD to extract scattering lengths or other observables
related to elastic scattering amplitudes. Additionally, the
amplitude estimation technique used in this paper, which
depends on the parameter b, introduces uncertainties
arising from the quarkonium Bohr radius and coupling
constant. The resulting quantum anomalous energy of the
proton and the extraction of the strangeness sigma term will
be affected by these uncertainties. For a discussion on this
matter, please refer to our previous work on the analysis of
parameter uncertainties [41].
In fact, the core issue of the entire extraction work is to

determine the parameter r0 in Eq. (7), which corresponds to
the charm quark mass and the strong coupling constant αs.
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FIG. 3. The extracted strangeness sigma terms of proton with the experiments data from the J=ψ − 007 (blue points) and GlueX (red
squares) Collaborations [42,47] with exponential (left) and dipole (right) fits. The blue and red shades present the corresponding
standard deviations of datasets. The differences between the mean of all extractions and zero are 7.1 and 3.2 times combined standard
deviations corresponding to two types of fits, respectively.
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On the one hand, the charm quark mass is always
subject to different choices in handling various problems
in particle physics, ranging from mc ¼ 1.2 GeV to mc ¼
1.67 GeV [69]. We utilize the corresponding charm quark
mass mc ¼ 1.4 GeV as input, because it was used to
calculate the J=ψ photoproductions [55]. In principle, it
is valuable to analyze the fluctuations of the quark mass and
their corresponding impact on the strangeness sigma term.
Similar discussions can be found in Ref. [41]. We also
performed a similar analysis to estimate the overall uncer-
tainty introduced by fluctuations in parameter values. We
found that when the fluctuations in quark mass are
approximately 5%, it ultimately affects the extracted
average value of the strangeness sigma term by about
12%, and the statistical significance fluctuates by approx-
imately 2 times of standard deviations. Meanwhile, the
fluctuations in the running coupling constant have a similar
impact on the analysis as the fluctuations in quark mass.
Likewise, the selection of the coupling constant that
describes the binding of charm and anticharm quarks is
also a nonperturbative issue. However, when we need a
specific value for the coupling constant as a reference, some
method is still required to analyze the behavior of the
coupling constant in the infrared region, even though it
often diverges within the framework of perturbative QCD.
The infrared saturation of αs has advantages in describing
phenomena such as low-energy hadron structure [56,57].
Another important factor that influences our extraction of
the strangeness sigma term is the forward scattering
information obtained by fitting the differential cross section
to obtain the zero momentum transfer. In Ref. [42], the
analysis of the exponential and dipole form factor para-
metrizations was conducted, and the uncertainty arising
from the extrapolation of the fit to the unphysical region
(jtj ¼ 0) was examined. This uncertainty depends on the
parametrization form itself and ultimately manifests in the
extraction of the sigma term. In the paper, we also
conducted a differential test of different parametrizations,
and the results are similar to Ref. [42]. Finally, we argue
that the precise analysis of the VMD model and its

parameter uncertainties relies on constraints from high-
precision experiments.

IV. CONCLUSION AND OUTLOOK

In conclusion, we have successfully extracted the
strangeness sigma term for the proton from experimental
data for the first time, establishing its photon energy
independence. This constitutes the first finding of a
nonzero contribution to the intrinsic strangeness of the
proton being quantified in terms of the proton mass
contribution. The strangeness sigma term is determined
to be 455.62� 64.60 MeV (exponential fit) and 337.74�
106.79 MeV (dipole fit), demonstrating a statistical sig-
nificance of at least 7.1 (exponential fit) and 3.2 (dipole
fit) times the standard deviation between its value and
zero. From our perspective, the strangeness component is
not negligible, at least in terms of its contribution to the
proton mass, as evidenced by the extraction of σsN .
Additionally, it is important to emphasize that the current
extraction methods are model dependent, and the system-
atic uncertainties are significant, requiring more relevant
experiments to constrain the model parameters. However,
there are substantial uncertainties in the available experi-
mental data, including those introduced by the photon
energy bins. Therefore, the ongoing construction of the
Electron-Ion Collider in the United States [70,71] and
China [72–74] will be necessary and timely for improving
experimental precision.

ACKNOWLEDGMENTS

We express our gratitude for the discussions with
Dr. Rong Wang and also acknowledge Dr. Daniele
Anderle for providing valuable insights related to the partial
wave analysis. We also appreciate the suggestions and
comments from the reviewers during the peer reviewprocess,
which helped us in revising the manuscript. This work is
supported by the Strategic Priority Research Program of
Chinese Academy of Sciences (Grant No. XDB34030301).

[1] X. Ji, F. Yuan, and Y. Zhao, Nat. Rev. Phys. 3, 27 (2021).
[2] X. Ji, Front. Phys. 16, 64601 (2021).
[3] H. Gao and M. Vanderhaeghen, Rev. Mod. Phys. 94,

015002 (2022).
[4] R. D. Ball, A. Candido, J. Cruz-Martinez, S. Forte, T. Giani,

F. Hekhorn, K. Kudashkin, G. Magni, and J. Rojo (NNPDF
Collaboration), Nature (London) 608, 483 (2022).

[5] C. S. An, D. O. Riska, and B. S. Zou, Phys. Rev. C 73,
035207 (2006).

[6] B. S. Zou andD. O.Riska, Phys. Rev. Lett.95, 072001 (2005).
[7] B. S. Zou, Nucl. Phys. A790, 110 (2007).
[8] M. G. Sapozhnikov, Few Body Syst. 50, 145 (2011).
[9] J. Ellis, N. Nagata, and K. A. Olive, Eur. Phys. J. C 78, 569

(2018).
[10] J. Gasser, H. Leutwyler, and M. E. Sainio, Phys. Lett. B 253,

252 (1991).
[11] M.M. Pavan, I. I. Strakovsky, R. L. Workman, and R. A.

Arndt, PiN Newslett. 16, 110 (2002).

UNRAVELING PROTON STRANGENESS: DETERMINATION OF … PHYS. REV. D 109, 036034 (2024)

036034-7

https://doi.org/10.1007/s11467-021-1065-x
https://doi.org/10.1103/RevModPhys.94.015002
https://doi.org/10.1103/RevModPhys.94.015002
https://doi.org/10.1038/s41586-022-04998-2
https://doi.org/10.1103/PhysRevC.73.035207
https://doi.org/10.1103/PhysRevC.73.035207
https://doi.org/10.1103/PhysRevLett.95.072001
https://doi.org/10.1016/j.nuclphysa.2007.03.158
https://doi.org/10.1007/s00601-010-0155-z
https://doi.org/10.1140/epjc/s10052-018-6047-y
https://doi.org/10.1140/epjc/s10052-018-6047-y
https://doi.org/10.1016/0370-2693(91)91393-A
https://doi.org/10.1016/0370-2693(91)91393-A


[12] H. Ohki, H. Fukaya, S. Hashimoto, H. Matsufuru, J. Noaki,
T. Onogi, E. Shintani, and N. Yamada (JLQCD Collabo-
ration), Proc. Sci. LATTICE2008 (2008) 126.

[13] D. Toussaint and W. Freeman (MILC Collaboration), Phys.
Rev. Lett. 103, 122002 (2009).

[14] K. Takeda, S. Aoki, S. Hashimoto, T. Kaneko, J. Noaki, and
T. Onogi (JLQCD Collaboration), Phys. Rev. D 83, 114506
(2011).

[15] J. M. Alarcon, J. Martin Camalich, and J. A. Oller, Phys.
Rev. D 85, 051503 (2012).

[16] J. M. Alarcon, L. S. Geng, J. Martin Camalich, and J. A.
Oller, Phys. Lett. B 730, 342 (2014).

[17] S. Durr et al. (BMW Collaboration), Phys. Rev. D 85,
014509 (2012); 93, 039905(E) (2016).

[18] R. Horsley, Y. Nakamura, H. Perlt, D. Pleiter, P. E. L.
Rakow, G. Schierholz, A. Schiller, H. Stuben, F. Winter,
and J. M. Zanotti (QCDSF-UKQCD Collaboration), Phys.
Rev. D 85, 034506 (2012).

[19] G. S. Bali et al. (QCDSF Collaboration), Phys. Rev. D 85,
054502 (2012).

[20] P. E. Shanahan, A.W. Thomas, and R. D. Young, Phys. Rev.
D 87, 074503 (2013).

[21] H. Ohki, K. Takeda, S. Aoki, S. Hashimoto, T. Kaneko, H.
Matsufuru, J. Noaki, and T. Onogi (JLQCD Collaboration),
Phys. Rev. D 87, 034509 (2013).

[22] M. Gong et al. (XQCD Collaboration), Phys. Rev. D 88,
014503 (2013).

[23] L. Alvarez-Ruso, T. Ledwig, J. Martin Camalich, and M. J.
Vicente-Vacas, Phys. Rev. D 88, 054507 (2013).

[24] P. Junnarkar and A. Walker-Loud, Phys. Rev. D 87, 114510
(2013).

[25] C. S. An and B. Saghai, Phys. Rev. D 92, 014002 (2015).
[26] M. F. M. Lutz, R. Bavontaweepanya, C. Kobdaj, and K.

Schwarz, Phys. Rev. D 90, 054505 (2014).
[27] X.-L. Ren, L.-S. Geng, and J. Meng, Phys. Rev. D 91,

051502 (2015).
[28] Y.-B. Yang, A. Alexandru, T. Draper, J. Liang, and K.-F. Liu

(xQCD Collaboration), Phys. Rev. D 94, 054503 (2016).
[29] M. Hoferichter, J. Ruiz de Elvira, B. Kubis, and U.-G.

Meißner, Phys. Rev. Lett. 115, 092301 (2015).
[30] A. Abdel-Rehim, C. Alexandrou, M. Constantinou, K.

Hadjiyiannakou, K. Jansen, C. Kallidonis, G. Koutsou,
and A. Vaquero Aviles-Casco (ETM Collaboration), Phys.
Rev. Lett. 116, 252001 (2016).

[31] J. Ruiz de Elvira, M. Hoferichter, B. Kubis, and U.-G.
Meißner, J. Phys. G 45, 024001 (2018).

[32] L. Varnhorst (BMW Collaboration), Nucl. Part. Phys. Proc.
300–302, 107 (2018).

[33] C. Alexandrou, S. Bacchio, M. Constantinou, J. Finkenrath,
K. Hadjiyiannakou, K. Jansen, G. Koutsou, and A. Vaquero
Aviles-Casco, Phys. Rev. D 102, 054517 (2020).

[34] P. Gubler and K. Ohtani, Phys. Rev. D 90, 094002 (2014).
[35] X.-D. Ji, Phys. Rev. Lett. 74, 1071 (1995).
[36] X.-D. Ji, Phys. Rev. D 52, 271 (1995).
[37] X. Ji and Y. Liu, Sci. China Phys. Mech. Astron. 64, 281012

(2021).
[38] A. J. Buras, Rev. Mod. Phys. 52, 199 (1980).

[39] H. Gao, T. Liu, C. Peng, Z. Ye, and Z. Zhao, Universe 3, 18
(2015).

[40] R. Wang, J. Evslin, and X. Chen, Eur. Phys. J. C 80, 507
(2020).

[41] W. Kou, R. Wang, and X. Chen, Eur. Phys. J. A 58, 155
(2022).

[42] B. Duran et al., Nature (London) 615, 813 (2023).
[43] X.-Y. Wang, J. Bu, and F. Zeng, Phys. Rev. D 106, 094029

(2022).
[44] D. Kharzeev, Proc. Int. Sch. Phys. Fermi 130, 105 (1996).
[45] D. Kharzeev, H. Satz, A. Syamtomov, and G. Zinovjev, Eur.

Phys. J. C 9, 459 (1999).
[46] A. Ali et al. (GlueX Collaboration), Phys. Rev. Lett. 123,

072001 (2019).
[47] S. Adhikari et al. (GlueX Collaboration), Phys. Rev. C 108,

025201 (2023).
[48] K. A. Mamo and I. Zahed, Phys. Rev. D 101, 086003

(2020).
[49] Y. Guo, X. Ji, and Y. Liu, Phys. Rev. D 103, 096010 (2021).
[50] V. D. Barger and R. J. N. Phillips, Phys. Lett. 58B, 433

(1975).
[51] D.W. Sivers, J. Townsend, and G. B. West, Phys. Rev. D 13,

1234 (1976).
[52] J. Babcock, D. W. Sivers, and S. Wolfram, Phys. Rev. D 18,

162 (1978).
[53] M. E. Peskin, Nucl. Phys. B156, 365 (1979).
[54] Z.-F. Cui, J.-L. Zhang, D. Binosi, F. de Soto, C. Mezrag, J.

Papavassiliou, C. D. Roberts, J. Rodríguez-Quintero, J.
Segovia, and S. Zafeiropoulos, Chin. Phys. C 44, 083102
(2020).

[55] G. Watt and H. Kowalski, Phys. Rev. D 78, 014016
(2008).

[56] A. Deur, S. J. Brodsky, and G. F. de Teramond, Nucl. Phys.
90, 1 (2016).

[57] A. Deur, S. J. Brodsky, and C. D. Roberts, Prog. Part. Nucl.
Phys. 134, 104081 (2024).

[58] S. Zafeiropoulos, P. Boucaud, F. De Soto, J. Rodríguez-
Quintero, and J. Segovia, Phys. Rev. Lett. 122, 162002
(2019).

[59] W. T. Eadie, D. Drijard, F. E. James, M. Roos, and B.
Sadoulet, Statistical Methods in Experimental Physics,
1st ed. (North-Holland, Amsterdam, 1971).

[60] I. I. Strakovsky et al., Phys. Rev. C 91, 045207 (2015).
[61] I. Strakovsky, D. Epifanov, and L. Pentchev, Phys. Rev. C

101, 042201 (2020).
[62] I. I. Strakovsky, L. Pentchev, and A. Titov, Phys. Rev. C

101, 045201 (2020).
[63] L. Pentchev and I. I. Strakovsky, Eur. Phys. J. A 57, 56

(2021).
[64] X.-Y. Wang, F. Zeng, and I. I. Strakovsky, Phys. Rev. C 106,

015202 (2022).
[65] X.-Y. Wang, F. Zeng, Q. Wang, and L. Zhang, Sci. China

Phys. Mech. Astron. 66, 232012 (2023).
[66] C. Han, W. Kou, R. Wang, and X. Chen, Phys. Rev. C 107,

015204 (2023).
[67] C. Han, W. Kou, R. Wang, and X. Chen, Eur. Phys. J. A 59,

118 (2023).

WEI KOU and XURONG CHEN PHYS. REV. D 109, 036034 (2024)

036034-8

https://doi.org/10.1103/PhysRevLett.103.122002
https://doi.org/10.1103/PhysRevLett.103.122002
https://doi.org/10.1103/PhysRevD.83.114506
https://doi.org/10.1103/PhysRevD.83.114506
https://doi.org/10.1103/PhysRevD.85.051503
https://doi.org/10.1103/PhysRevD.85.051503
https://doi.org/10.1016/j.physletb.2014.01.065
https://doi.org/10.1103/PhysRevD.85.014509
https://doi.org/10.1103/PhysRevD.85.014509
https://doi.org/10.1103/PhysRevD.93.039905
https://doi.org/10.1103/PhysRevD.85.034506
https://doi.org/10.1103/PhysRevD.85.034506
https://doi.org/10.1103/PhysRevD.85.054502
https://doi.org/10.1103/PhysRevD.85.054502
https://doi.org/10.1103/PhysRevD.87.074503
https://doi.org/10.1103/PhysRevD.87.074503
https://doi.org/10.1103/PhysRevD.87.034509
https://doi.org/10.1103/PhysRevD.88.014503
https://doi.org/10.1103/PhysRevD.88.014503
https://doi.org/10.1103/PhysRevD.88.054507
https://doi.org/10.1103/PhysRevD.87.114510
https://doi.org/10.1103/PhysRevD.87.114510
https://doi.org/10.1103/PhysRevD.92.014002
https://doi.org/10.1103/PhysRevD.90.054505
https://doi.org/10.1103/PhysRevD.91.051502
https://doi.org/10.1103/PhysRevD.91.051502
https://doi.org/10.1103/PhysRevD.94.054503
https://doi.org/10.1103/PhysRevLett.115.092301
https://doi.org/10.1103/PhysRevLett.116.252001
https://doi.org/10.1103/PhysRevLett.116.252001
https://doi.org/10.1088/1361-6471/aa9422
https://doi.org/10.1103/PhysRevD.102.054517
https://doi.org/10.1103/PhysRevD.90.094002
https://doi.org/10.1103/PhysRevLett.74.1071
https://doi.org/10.1103/PhysRevD.52.271
https://doi.org/10.1007/s11433-021-1723-2
https://doi.org/10.1007/s11433-021-1723-2
https://doi.org/10.1103/RevModPhys.52.199
https://doi.org/10.1140/epjc/s10052-020-8057-9
https://doi.org/10.1140/epjc/s10052-020-8057-9
https://doi.org/10.1140/epja/s10050-022-00810-x
https://doi.org/10.1140/epja/s10050-022-00810-x
https://doi.org/10.1038/s41586-023-05730-4
https://doi.org/10.1103/PhysRevD.106.094029
https://doi.org/10.1103/PhysRevD.106.094029
https://doi.org/10.1007/s100520050039
https://doi.org/10.1007/s100520050039
https://doi.org/10.1103/PhysRevLett.123.072001
https://doi.org/10.1103/PhysRevLett.123.072001
https://doi.org/10.1103/PhysRevC.108.025201
https://doi.org/10.1103/PhysRevC.108.025201
https://doi.org/10.1103/PhysRevD.101.086003
https://doi.org/10.1103/PhysRevD.101.086003
https://doi.org/10.1103/PhysRevD.103.096010
https://doi.org/10.1103/PhysRevD.13.1234
https://doi.org/10.1103/PhysRevD.13.1234
https://doi.org/10.1103/PhysRevD.18.162
https://doi.org/10.1103/PhysRevD.18.162
https://doi.org//10.1016/0550-3213(79)90199-8
https://doi.org/10.1088/1674-1137/44/8/083102
https://doi.org/10.1088/1674-1137/44/8/083102
https://doi.org/10.1103/PhysRevD.78.014016
https://doi.org/10.1103/PhysRevD.78.014016
https://doi.org/10.1016/j.ppnp.2016.04.003
https://doi.org/10.1016/j.ppnp.2016.04.003
https://doi.org/10.1016/j.ppnp.2023.104081
https://doi.org/10.1016/j.ppnp.2023.104081
https://doi.org/10.1103/PhysRevLett.122.162002
https://doi.org/10.1103/PhysRevLett.122.162002
https://doi.org/10.1103/PhysRevC.91.045207
https://doi.org/10.1103/PhysRevC.101.042201
https://doi.org/10.1103/PhysRevC.101.042201
https://doi.org/10.1103/PhysRevC.101.045201
https://doi.org/10.1103/PhysRevC.101.045201
https://doi.org/10.1140/epja/s10050-021-00364-4
https://doi.org/10.1140/epja/s10050-021-00364-4
https://doi.org/10.1103/PhysRevC.106.015202
https://doi.org/10.1103/PhysRevC.106.015202
https://doi.org/10.1007/s11433-022-2024-9
https://doi.org/10.1007/s11433-022-2024-9
https://doi.org/10.1103/PhysRevC.107.015204
https://doi.org/10.1103/PhysRevC.107.015204
https://doi.org/10.1140/epja/s10050-023-01033-4
https://doi.org/10.1140/epja/s10050-023-01033-4


[68] D. Winney et al. (Joint Physics Analysis Center Collabo-
ration), Phys. Rev. D 108, 054018 (2023).

[69] R. L. Workman et al. (Particle Data Group Collaboration),
Prog. Theor. Exp. Phys. 2022, 083C01 (2022).

[70] A. Accardi et al., Eur. Phys. J. A 52, 268 (2016).

[71] R. Abdul Khalek et al., Nucl. Phys. A1026, 122447 (2022).
[72] X. Chen, Proc. Sci. DIS2018 (2018) 170.
[73] X. Chen, F.-K. Guo, C. D. Roberts, and R. Wang, Few Body

Syst. 61, 43 (2020).
[74] D. P. Anderle et al., Front. Phys. 16, 64701 (2021).

UNRAVELING PROTON STRANGENESS: DETERMINATION OF … PHYS. REV. D 109, 036034 (2024)

036034-9

https://doi.org/10.1103/PhysRevD.108.054018
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1140/epja/i2016-16268-9
https://doi.org/10.1016/j.nuclphysa.2022.122447
https://doi.org/10.1007/s11467-021-1062-0
https://doi.org/10.1007/s11467-021-1062-0
https://doi.org/10.1007/s11467-021-1062-0

