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Abstract Constituent quarks in a nucleon are the essential
elements in the standard “quark model” associated with the
electric charge, spin, mass, and baryon number of a nucleon.
Quantum chromodynamics (QCD) describes nucleon as a
composite object containing current quarks (valence quarks
and sea (anti-)quarks) and gluons. These subatomic elements
and their interactions are known to contribute in complex
ways to the overall nucleon spin and mass. In the early
development of QCD theory in the 1970s, an alternative
hypothesis postulated that the baryon number might manifest
itself through a non-perturbative configuration of gluon fields
forming a Y-shaped topology known as the gluon junction.
In this work, we propose to test such hypothesis by measur-
ing (i) the Regge intercept of the net-baryon distributions for
e+(p)Au collisions, (ii) baryon and charge transport in the
isobaric ratio between e+Ru and e+Zr collisions, and (iii)
target flavor dependence of proton and antiproton yields at
large rapidity, transported from the hydrogen and deuterium
targets in e + p(d) collisions. Our study indicates that these
measurements at the EIC can help determine what carries the
baryon number.

1 Introduction

The conservation of the baryon number is a fundamental prin-
ciple in physics, playing a critical role in the stability of pro-
tons, the lightest of the baryons. According to the Standard
Model, quarks are the building blocks of hadrons and interact
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via the strong force. They are believed to each carry a baryon
number of ±1/3, summing to a total baryon number of one
in the baryons (see Fig. 1a) and zero for mesons. Typically,
these quarks are believed to interact via gluons and depicted
to be in a triangular configuration (�-shaped) [1]). However,
an alternative theory proposed in the early 1970s suggests
that the valence quarks are connected in a Y -shaped struc-
ture known as gluon-junction or baryon-junction [2–4] (see
Fig. 1b). This junction is assumed to be the gauge-invariant
structure that carries the baryon number [5,6]. Despite its
theoretical appeal and studies in Lattice QCD, neither sce-
nario has been conclusively verified experimentally due to
the indistinguishable nature of quark and junction configu-
rations in most physical processes.

In the context of ultra-relativistic nucleus-nucleus colli-
sions, a substantial puzzle has been the observed baryon
asymmetry at mid-rapidity, a phenomenon inconsistent with
the expected transport behavior of valence quarks [7–12].
The expected behavior follows from the fact that valence
quarks, carrying a large fraction of the baryon momentum
and therefore having shorter interaction times, should end
up in the fragmentation regions far from mid-rapidity [4,13].
Nevertheless, the baryon junction model offers a compelling
explanation for this discrepancy. Baryon junctions, com-
posed of low-momentum gluons, can interact with the soft
parton field of the projectile and become stopped at mid-
rapidity. This mechanism leads to the production of baryons
with low transverse momentum and different quark content
than the colliding baryons and accompanying pions, leading
to high multiplicity events. In addition, the exponential drop
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Fig. 1 Schematic illustration of two types of baryon number carriers,
a valence quarks and b baryon junction

in cross-section with rapidity loss, characteristic of junction-
stopping processes, provides a distinctive signature that sup-
ports the junction model over the valence quark model in
explaining baryon transport in high-energy collisions. For
example, in a semi-inclusive photon-induced process off a
proton such as γ ∗ + p → B + X , the rapidity distribution
of the produced net-baryon is expected to follow

dN

dy

∣
∣
∣
∣
Net−B

∼ exp(−αJ (y − Ybeam)), (1)

where αJ is determined by the Regge intercept of the baryon
junction [4]. The value of αJ can be −0.5, 0.0, and 0.5,
depending on 2,1,0 valence quarks from the colliding proton
p accompany the junction to form the baryon B at rapid-
ity y, along with the production of associated mesons X .
These characteristic rapidity slopes of the produced baryon
B can serve as signatures of the baryon junction-stopping
scenario [14]. The valence quark picture gives rise to a much
larger rapidity slope (α ∼ 2.5) in the photon-induced pro-
cess as studied using Lund-based Monte-Carlo models in
Ref. [15].

Even before the new transport mechanism of the baryon
mediated by junctions was proposed [4], measurements
reported by the EMC Collaboration on proton transport in
μ + p vs μ + d [16] generated significant theoretical atten-
tion. This was primarily because the EMC data revealed devi-
ations from existing models of baryon transport based on
quarks and diquarks [17]. The data model comparisons [16]
indicated that although the Lund model (JETSET62) [17] can
qualitatively describe the dependence of proton and antipro-
ton multiplicities on the effective mass of the hadronic final
state (W ), it failed to accurately depict their target flavor
independence. Specifically, the Lund Model [18] predicted
a dependence of proton yield on the target, with a higher
proton yield for the proton target compared to the deuteron
target. This observation is intriguing, and detailed differen-
tial investigations of these measurements at the future EIC
will be essential.

Recently, several studies have posed the question: “Can
the correlation of stopped baryons and charges be used to dif-
ferentiate the two scenarios?” [15,19]. Answering this ques-
tion requires an understanding of the nature of the correla-
tions between the stopped baryons and charges. In the baryon
junction scenario, the stopped charges are not correlated with
the atomic number (Z ), and the stopped baryons are expected
to scale with the mass number (A). Conversely, in the valence
quark-stopping scenario, the stopped charges are anticipated
to be proportional to Z and the stopped baryons to A of the
colliding nuclei. Consequently, it has been suggested that a
relationship between the stopped baryons and charges for a
particular isobaric collision could be used to test this corre-
lation:

R(I sobar) = (B × �Z/A)/�Q, (2)

where B and Q are the average net-baryon and net-charge
numbers, respectively, and � represents the difference
between the two isobars. Thus, R(I sobar) being unity (or
less than unity) can be considered a signature of the valence
quark-stopping scenario, whereas R(I sobar) being larger
than unity is possibly a signature of the baryon junction-
stopping scenario [20].

In the 2030s, the electron-ion collider (EIC) is set to
advance nuclear physics research by supplying nuclear deep
inelastic scattering with collider kinematics [21]. In the con-
text of e+A collisions at the EIC, the reaction mechanism
can be categorized into three distinct stages [22]: (i) hard
scattering processes [23], (ii) intra-nuclear cascade (INC)
processes [24], and (iii) the breakup of excited nuclear rem-
nants [25]. Identifying kinematic regions dominated by each
stage is crucial for refining nuclear excitation models and
deepening our understanding of the target nucleus [26,27].
Ref. [13] identifies backward (u-channel) production at the
EIC as a promising approach for exploring baryon number
transport mechanisms, potentially connected to baryon junc-
tion dynamics. Our work addresses the three suggested mea-
surements within the EIC framework, utilizing the Bench-
mark eA Generator for Leptoproduction (BeAGLE) model.

The article is organized as follows. Section 2 introduces
the BeAGLE model and the data sets created. The results for
the net-baryon distributions (Eq. 1) and the isobaric ratios
(Eq. 2) will be presented in Sect. 3. Finally, a summary is
provided in Sect. 4.

2 Model and methodology

Our study employed version 1.03 of the Monte Carlo BeA-
GLE model, a versatile FORTRAN program designed for
simulating electron-nucleus (eA) collisions (see Fig. 2).
BeAGLE serves as a hybrid model, incorporating various
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established codes such as DPMJet [28], PYTHIA6 [29],
PyQM [30], FLUKA [31,32], and LHAPDF5 [33] to char-
acterize high-energy lepton-nuclear scattering phenomena
comprehensively. The specific contributions of each model
within BeAGLE are as follows:

• PYTHIA-6: Manages partonic interactions and subse-
quent fragmentation processes.

• DPMJet: Defines the creation of hadrons and their inter-
actions with the nucleus through an intra-nuclear cascade.

• PyQM: Provides the geometric density distribution of
nucleons within a nucleus and incorporates Salgado–
Wiedemann quenching weights to represent partonic
energy loss [34].

• FLUKA: Describes the decay of the excited nuclear rem-
nant, including processes such as nucleon and light ion
evaporation, nuclear fission, Fermi breakup of decay
fragments, and photon emission de-excitation.

Additionally, BeAGLE includes features such as steer-
ing, multi-nucleon scattering (shadowing), and an enhanced
description of the Fermi momentum distributions of nucleons
within nuclei.

The analysis focuses on e + p(A) collisions at 10 × 40
GeV, with approximately 0.3 billion events generated for
each scenario considered. With the anticipated luminosity
of the EIC, around 400 billion events are expected, allowing
our analyses to be conducted with sufficient statistical power
at the EIC.

3 Results

In this section, we will discuss the three proposed observ-
ables: (i) the Regge intercept of the net-baryon distributions
for e+(p)Au collisions, (ii) the isobaric ratio given by Eq. (2)
for e+Ru and e+Zr collisions, and (iii) the EMC net-proton
ratios.

The net-baryon distributions for e+p collisions at 10 × 40
GeV from the PYTHIA model are illustrated in Fig. 3. Our
findings suggest that the dominant contributor to the net-
baryon distribution is the PYTHIA process of LO DIS (Pro-
cess 99). The results exhibit a linear relationship between
the net-baryon and y − Ybeam with a slope of αJ = 1.5. It is
worth noting that the net-baryon distribution from either the
quark model scenario or the string junction scenario is antic-
ipated to differ only in the slope αJ . Therefore, the extracted
slope of αJ = 1.5 exceeds the theoretical expectation [4]
for the baryon junction, where αJ = 0.5 (dashed line),
and is inline with the absence of baryon junction physics
in the PYTHIA model utilized in this study. Additionally,
we present the net-baryon distributions for two pT cuts. Our
results show minimal differences, if any, between the no-pT

Fig. 2 The top panel gives a schematic representation of the quantities
describing the collision geometry, including b, the impact parameter;
R, the spatial displacement from the interaction point to the center of
the nucleus; and d, the projected virtual photon travel distance from the
interaction point to the edge of the nuclear medium. The lower panel
displays the dN/dη distribution of the e+Au collisions at 10 × 40
(GeV) from the BeAGLE model. The shaded areas represent the three η

acceptance of the three mean systems expected by the ePIC experiment
at the EIC [21,35] as (i) −3.5 < η < 3.5, (ii) 4.5 < η < 5.9 and (iii)
η > 6.0

cut and pT < 0.1 GeV/c. It is important to emphasize that
hadron yields can be measured with an extrapolation of pT to
zero rather than being limited to the detector’s pT acceptance
when compared to thermal models [11,36]. While uncertain-
ties are inherent in such extrapolations, we should present a
physical quantity independent of specific detector acceptance
and configuration to compare to theory and other measure-
ments.

In contrast to the straightforward depiction presented in
the e+p collisions Fig. 3, the measurements of net-baryon
distribution in e+A collisions are anticipated to be more intri-
cate. This anticipation stems from our understanding that the
reaction mechanism in e+A collisions at the EIC encom-
passes various processes, including (i) hard scattering [23],
(ii) IntraNuclear Cascade [24], and (iii) breakup of excited
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Fig. 3 Net-baryon rapidity distributions of e+p collisions at 10 ×
40 GeV from the PYTHIA model for all processes included and pro-
cess 99 (a), and different pT cuts (b). The solid line represents the fit
using Eq. (1). The dashed line gives the expectation from a junction
scenario [4]

nuclear remnants [25] (see lower pane of Fig. 2). Therefore,
expanding our examination of the net-baryon distribution to
e+A collisions is crucial to understand its role in our baryon
stooping study. Figure 4 displays the net-baryon distribu-
tions for e+Au collisions at 10 × 40 GeV from the BeA-
GLE model for multiple PYTHIA processes (a) and several
BeAGLE processes (b). The net-baryon distribution results
in panel (a) demonstrate varying dependencies on y−Ybeam .
This variability arises from the different characteristics of
particle production dependence on y − Ybeam in the BeA-
GLE model given in panel (b). Consequently, interpreting
the results of the net-baryon distribution for e+Au collisions
is not straightforward. Although the slope, αJ , at various
values of y − Ybeam differs and exceeds theoretical expecta-
tions for the baryon junction [4], further theoretical insight
is needed to fully understand the baryon junction’s expected
behavior in e+A collisions.

Analyzing the associations between charge and baryon
number multiplicity offers a potential avenue to distinguish
between valence quarks and baryon junctions as the carriers
of baryon numbers. Nevertheless, acquiring a precise mea-
surement of the net charge yield poses a significant chal-

Fig. 4 Net-baryon rapidity distributions of e+Au collisions at 10 ×
40 GeV from the BeAGLE model for PYTHIA processes (a) and BeA-
GLE processes (b)

lenge due to the fact that the small net charge number is
calculated based on the slight difference between the two
substantial yields of positively and negatively charged par-
ticles [20]. To address this challenge, it has been suggested
to assess the difference in net charge between isobaric colli-
sions 96

40Zr + 96
40Zr and 96

44Ru + 96
44Ru [15]. In such collisions,

calculating the net-charge difference (�Q = QRu − QZr)
can be achieved via double ratios by comparing positive
and negative particles and then by comparing Ru+Ru colli-
sions with Zr+Zr collisions. Therefore, one can compute the
ratio R(I sobar) as given in Eq. (2). In the case of valence-
quark stopping, �Q should be close to B × �Z/A and
R(I sobar) ≤ 1.0. In contrast, in the baryon-junction stop-
ping scenario, �Q < B × �Z/A and R(I sobar) > 1.0.
Consequently, in this work, we provide baseline calculations
of R(I sobar) for e + 96

40Zr and e + 96
44Ru at the EIC kinematics.

Figure 5 displays the R(I sobar) vs. Npart for (i) A+A col-
lisions at 200 GeV and (ii) e+A collisions at 10 × 40 GeV.
The results for Ru(Zr)+Ru(Zr), represented by bands from
the UrQMD and Tronto models [15,20], show values less
than unity that decrease with Npart . This behavior aligns with
the scenario where valence quarks carry the baryon number.
The e+Ru(Zr) results, depicted by symbols from the BeA-
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Fig. 5 The isobaric ratio (B × �Z/A)/�Q) as a function of Npart
in e+Ru and e+Zr collisions at 10 × 40 GeV. Results from Ru+Ru and
Zr+Zr collisions are also shown as bands [15,20]

Fig. 6 The Isobaric ratio (B × �Z/A)/�Q) as a function of xBJ (a)
and Q2 (b) in e+Ru and e+Zr collisions at 10 × 40 GeV

GLE model, also show values smaller than unity and are
consistent with the valence quarks carrying the baryon num-
ber.

As introduced earlier, the EIC will allow us to explore DIS
in collider kinematics with wide acceptance for the Bjorken
variable xBj and the squared momentum transfer Q2 [37].

Fig. 7 The W dependence of the net-proton for μ+p and μ+d at 280-
GeV muon on fixed targets are shown in a. The ratios between μ+p
and μ+d are presented in b. Data and LUND model calculations are
extracted from Ref. [16]

Consequently, expanding our R(I sobar) study into different
ranges of xBj and Q2 is essential since the baryon junction
picture is a nonperturbative QCD picture. Figure 6a, b illus-
trate the dependence of R(I sobar) on xBj and Q2, respec-
tively, for several transverse momentum selections. Our find-
ings indicate that R(I sobar) is less than unity and indepen-
dent of xBj , Q

2, and pT . These results are consistent with the
valence-quarks scenario incorporated in the BeAGLE model.

The EMC Collaboration previously measured proton
transport in μ + p vs. μ + d [16]. Figure 7 presents a mod-
ified plot of these measurements, with data extracted from
Ref. [16]. The W dependence of the net-proton for μ+p and
μ+d at 280-GeV muon on fixed targets is presented in Fig. 7a.
The EMC measurements indicated a weak dependence on
the target flavor. In contrast, the LUND and BeAGLE mod-
els’ calculations suggested about 20% higher proton yield
for the proton target compared to the deuteron target. Addi-
tionally, panel (b) of Fig. 7 shows the ratio of net-proton
yields between μ+p and μ+d from both data and simula-
tions. The results in panel (b) indicated that while the data
is target flavor independent (within the uncertainties), the
simulations from the LUND and BeAGLE models revealed
approximately 20% target flavor dependence.

Consequently, the EMC Collaboration’s measurements
suggest to be inconsistent with the naive expectation that
proton yield would correspond to the target flavor, meaning
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more protons from the proton target than the deuteron target
if the baryon number is directly related to valence quarks. The
EMC Collaboration stated that:“ Proton as well as antipro-
ton production from both a hydrogen and a deuterium target
are found to show the same behaviour in the xF distributions.
This target independence is also true for theW dependence of
the average multiplicities. The multiplicities of antiprotons
and forward produced protons exhibit the same significant
rise with W . The Lund model is generally in agreement with
the data. However it predicts a somewhat higher yield of pro-
tons from the hydrogen than from the deuterium target, an
effect which is less pronounced in the data.” [16]. Addition-
ally, our BeAGLE model results align with the Lund model’s
conclusions. Therefore, more detailed measurements of the
net-proton yields, with high statistics and different isobar tar-
gets at the future EIC, would help determine whether proton
yields at given kinematics are correlated with the quark flavor
of the target.

4 Conclusion

In summary, we investigate the potential answer to the ques-
tion, “What traces the baryon number?” [4] at the future EIC.
We discussed (i) the Regge intercept of the net-baryon dis-
tributions in e+(p)Au collisions, (ii) the isobaric ratio con-
structed from the e+Ru and e+Zr collisions, and (iii) the
EMC net-proton ratios at the future EIC. Our results for
the extracted Regge intercept in e+(p)Au collisions indi-
cated a value consistent with the valence-quarks scenario.
The R(I sobar) showed values less than unity and indepen-
dent of xBj , Q2, and momentum. Additionally, the EMC
net-proton ratios challenge the expectation that proton yield
would follow the target flavor in the model simulation. These
simulations are consistent with the valence quarks carrying
the baryon number, as included in the model we used, but
appear to be inconsistent with experimental results [15,16]
from the STAR and EMC collaborations. We conclude that
conducting detailed measurements of the net-baryon distri-
butions in e+(p)Au collisions, the isobaric ratio and the EMC
net-proton ratios at the future EIC can help determine what
carries the baryon number.
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