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Abstract: Baryon numbers are theorized to be carried by valence quarks in the standard QCD picture of the baryon

structure. Another theory proposed an alternative baryon number carrier, a non-perturbative Y-shaped configuration

of the gluon field, called the baryon junction in the 1970s. However, neither of these theories has been verified ex-

perimentally. Recently, searching for the baryon junction by investigating the correlation of net-charge and net-bary-

on yields at midrapidity in heavy-ion collisions has been suggested. This paper presents studies of such correlations
in collisions of various heavy ions from oxygen to uranium with the UrQMD Monte Carlo model. The UrQMD

model implements valence quark transport as the primary means of charge and baryon stopping at midrapidity. De-

tailed studies are also conducted for isobaric Zng + ZSZr and zgRu + 22Ru collisions. We found a universal trend of

charge stopping with respect to baryon stopping and discovered that the charge stopping is always greater than the

baryon stopping. This study provides a model baseline in valence quark transport for what is expected in net-charge

and net-baryon yields at the midrapidity of relativistic heavy-ion collisions.
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I. INTRODUCTION

Relativistic heavy-ion collisions provide a unique
laboratory to create a deconfined, hot, and dense medium
called the quark-gluon plasma (QGP) and study its prop-
erties [1—4]. In such collisions, incoming nuclei can be
stopped at midrapidity with their kinetic energies depos-
ited for the QGP formation. Since nuclei are composed of
baryons, this phenomenon is usually referred to as bary-
on stopping [5-7]. Understanding the baryon stopping
mechanism is of prime importance for studying the QGP
as it provides the initial conditions for QGP creation.

Baryon stopping can be investigated via the rapidity
distribution of the net-baryon number, i.e., the difference
between the number of baryons and anti-baryons in
heavy-ion collisions. This is because the baryon number
is a strictly conserved quantity and has to originate from
the colliding nuclei. Since only protons and neutrons are
long-lived baryons and detecting neutrons is much more
difficult than protons, baryon stopping is usually probed
experimentally via the net-proton (proton minus anti-pro-
ton) distribution. Rapidity distributions of net-protons
have been measured at colliders such as Alternating

Gradient Synchrotron (AGS), Super Proton Synchrotron
(SPS), Relativistic Heavy lon Collider (RHIC), and Large
Hadron Collider (LHC), covering a large range of center-
of-mass energy per nucleon-nucleon pair (/syy) [6-12].
At the AGS with low collision energies of 3.63 <
sy £4.85 GeV, a large amount of net-protons are ob-
served at midrapidity, which rapidly decrease towards
forward rapidities. This is close to the extreme scenario
of full stopping. On the other hand, at the LHC energy of
VSwn = 2.76 TeV, nearly vanishing net-protons are meas-
ured at midrapidity, close to the the extreme scenario of
full transparency. Heavy-ion collisions at RHIC sit
between these two extreme cases, and a finite number of
net-protons are observed at midrapidity, which increase
slowly towards forward rapidity (up to y = 3), indicating
high but still partial transparency.

While general features of baryon stopping have been
established in heavy-ion collisions, the underlying mech-
anism has not been fully understood. One key ingredient
is identifying the baryon number carrier in a nucleus. Tra-
ditionally, valence quarks are assumed to carry the bary-
on number in the QCD. Event generators of heavy-ion
collisions, such as the Heavy Ion Jet Interaction Generat-
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or (HIJING) [13], the Ultra relativistic Quantum Molecu-
lar Dynamics (UrQMD) [14, 15], and a multi-phase trans-
port (AMPT) [16, 17], implement valence quark stop-
ping by assuming that a nucleon comprises a tightly
bounded diquark and a quark. However, none of the mod-
els can reproduce the measured net-proton yields at
midrapidity out of the box owing to the difficulty in mov-
ing valence quarks from incoming nuclei over a large
rapidity gap (more than 5 units at +/syy = 200 GeV) to
midrapidity. Instead, the valence quark stopping in those
models should be enhanced parametrically to match ex-
perimental data.

Alternatively, a "baryon junction" mechanism was
proposed as the carrier of the baryon number [18-20].
Some followup work can be found at [21-29]. Unlike the
traditional picture of the baryon structure, a baryon in this
mechanism is composed of three valence quarks and a
string junction linked to them by gluons, as illustrated
schematically in Fig. 1. The string junction is a non-per-
turbative Y-shaped configuration of gluon fields, which
traces the baryon number instead of valence quarks.
When the junction is pulled away from the baryon, the
strings between the junction and valence quarks break up
and gg pairs are produced. The resulting baryon com-
prises three sea quarks with possibly different quark fla-
vor content than the original baryon, while the valence
quarks emerge as mesons. The baryon junction is expec-
ted to contain an infinite number of gluons and, therefore,
carries, on average, an infinitely small fraction of the ba-
ryon's momentum. Consequently, the baryon junction has
a longer interaction time and is thus more likely to be
stopped at midrapidity than valence quarks, leading to en-
hanced baryon stopping.

Whether the stopped baryons come from valence
quarks or baryon junctions could potentially be discrimin-
ated via the correlation of stopped baryons and charges at
midrapidity in heavy-ion collisions [30], since the
valence quarks carry the electric charge. In valence quark
stopping, the stopped charges and baryons are expected to
be proportional to the atomic number (Z) and mass num-
ber (A4) of the colliding nuclei, respectively. In the case of
baryon junction stopping, stopped baryons are expected
to scale with A, while the stopped charges do not correl-
ate with Z. As illustrated in Fig. 1, the stopped baryon
comprises three sea quarks from the fragmentation of the
three Wilson lines linked to valence quarks. The three sea
quarks can have different flavors from the valence
quarks. Consequently, although the baryon number of the
stopped baryon is similar to the wounded baryon, their
charges are not correlated.

In this study, correlations of baryon and charge stop-
ping are studied using the UrQMD event generator,
which employs valence quarks as the baryon number car-
riers. Such studies will serve as a baseline for obtaining
the baryon junction in heavy-ion experiments. The rest of

I

Fig. 1.
ing to three valence quarks in a baryon. The Wilson lines can

(color online) Illustration of a baryon junction link-

be excited and fragment into ¢g sea quark pairs. The anti-sea-
quark connected to a valence quark has the same color as the
valence quark but can have a different flavor.

the paper is organized as follows: Section II introduces
the UrQMD model, datasets, and methods. Net-baryon
and net-charge distributions and their correlations in col-
lisions of various nucleus species are discussed in Sec.
II1.A and III.B, respectively. The differences between the
net-charge and net-baryon yields at midrapidity in isobar-
ic RutRu and Zr+Zr collisions are shown in Sec. III.C,
and finally, a conclusive summary is provided in Sec. IV.

II. MODEL AND METHODOLOGY

UrQMD is a microscopic transport model based on
the covariant propagation of hadrons on classical traject-
ories in combination with stochastic binary scattering and
resonance decays [14, 15]. It deals with both hadronic
and partonic interactions through string formation and
fragmentation. Cross sections of inelastic hadron-hadron
interactions are either tabulated, parameterized, or extrac-
ted from other cross sections via general principles such
as detailed balance or the additive quark model. As men-
tioned earlier, baryon stopping in UrQMD is realized by
the excitation and fragmentation of the strings between
the diquark and quark. Incoherent multiple inelastic scat-
terings between the valence quark and diquark are the
dominant mechanisms preventing the baryons from col-
liding with the target and projectile. The diquark break-
ing process is also included but is of minor importance.
Notably, UrQMD uses Gaussian parameterization for lon-
gitudinal fragmentation, which was tuned to match net-
proton and net-baryon rapidity distributions measured in
heavy-ion collisions by enhancing valence quark stop-
ping [14, 15, 31].

In this study, collisions of $0 + §6O, DAL 4+ %;Al,
SeCul + $3Cu, 35Zr + 35Zr, %Ru + J5Ru, 2’Au + 17 Au, and
$¥U + 38U at /s =200 GeV are simulated using Ur-
QMD. The atomic number Z, the mass number 4, and
their ratios for the colliding nuclei are listed in Table 1. Z
has almost an order of magnitude coverage, and Z/4 var-
ies by about 23% among different nuclei. To indicate the
collision geometry, centrality, determined based on the
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Table 1.
tios for various nuclei under study.

Atomic number (Z), mass number (4), and their ra-

Nucleus Z A Z/A
(0) 8 16 0.500
Al 13 27 0.481
Cu 29 64 0.453
Zr 40 96 0.417
Ru 44 96 0.458
Au 79 197 0.401
6] 92 238 0.386

impact parameter, is employed with a central (peripheral)
collision corresponding to a small (large) impact paramet-
er or large (small) nuclear overlap. The centrality can be
quantified using the number of participating nucleons
({Npar?) 1n each heavy-ion collision.

The charge and baryon stopping are quantified with
the net-charge and net-baryon numbers at midrapidity, re-
spectively. The net-charge number (Q) is defined as the
sum of charges in the unit of electron charge (e) for all fi-
nal-state particles within the desired acceptance. The net-
baryon number (B) is defined as the sum of the signed ba-
ryon numbers of all baryons (p, n, A, Z, E, Q and their
antiparticles). For simplicity, Q and B denote the average
net-charge and net-baryon numbers over all analyzed
events for each collision system of a given centrality
class. When integrated over the full phase space, Q and B
are found to be exactly twice the Z and A4 of the colliding
nuclei, respectively. This confirms the implementation of
the conservation laws for charge and baryon quantum
numbers in the UrQMD.

1. RESULTS

A. Net-charge and net-baryon rapidity distributions

Rapidity distributions of net-charge and net-baryon
numbers in 0—20% central Au+Au and Cu+Cu collisions
at /syy =200 GeV are shown in the top panel of Fig. 2.
Finite net-charges and net-baryons are stopped at
midrapidity. The peak at y = ypeam = 5.36 corresponds to
the nucleons not participating in the collisions (spectat-
ors). The rest of the net-charge and net-baryon distribu-
tions peak at y~ 3.4 (3.8), about 2.0 (1.6) units smaller
than the beam rapidity, in Au+Au (Cu+Cu) collisions.
The rapidity peak position for AutAu collisions is about
0.4 units smaller than that for Cu+Cu collisions, indicat-
ing the system size dependence of charge and baryon
stopping. The larger the collision size, the larger the stop-
ping power. The bottom panel shows the net-charge and
net-baryon densities at midrapidity (y| <1.0) as a func-
tion of (N, They increase dramatically from peripher-
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Fig. 2. (color online) Top: Net-charge and net-baryon rapid-
ity distributions in 0—20% central AutAu and Cu+Cu colli-
sions at sy = 200 GeV. Bottom: Net-charge and net-bary-
on rapidity density at midrapidity (|yl<1.0) as a function of
(Npart) in Aut+Au and Cu+Cu collisions.

al to central collisions. The net-charge and net-baryon
yields in Cu+Cu collisions are higher than those in
Au+tAu collisions at the same (Npy), likely owing to the
different geometrical shapes of the overlapping region. At
the same (N,.), the mean thickness of the overlapping
region in Cu+Cu collisions is larger than that in Au+Au
collisions. Consequently, the partons in Cu+Cu colli-
sions experience more scatterings on average and, thus,
are more likely to be stopped at midrapidity.

B. Correlations of net-charges and net-baryons

Figure 3 shows the correlations of net-charge (dQ/dy)
and net-baryon (dB/dy) densities at midrapidity (|y| < 1.0)
in collisions of heavy ions with various Z and 4 at +/syy
= 200 GeV. Centrality classes for each collision system
are from 0 to 100% with steps of 10%. The leftmost data
points correspond to the most peripheral collisions
(90%—100%), while 0—10% central collisions corres-
pond to the largest net-baryon densities. In all collision
systems, the net-charge and net-baryon numbers are
strongly correlated. To quantify the correlation, data
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Fig. 3.  (color online) Net-charge density as a function of
net-baryon density at midrapidity in heavy-ion collisions of
0+0, Al+Al, Cut+Cu, Zr+Zr, Ru+Ru, Aut+Au and U+U at
Vsvv = 200 GeV. Data points are scaled up by factors of 2"
(n=1-6) from Au to O for clarity. Solid curves indicate fit
results to different sets of data points.

points are fitted with

% =ax i—f, )
where a is the slope. The fitted results are shown as solid
lines in Fig. 3, which describe the data points in central
collisions well but underestimate those in peripheral colli-
sions. The different behaviors in central and peripheral
collisions could be due to the effect of multiple scatter-
ings, which grows stronger with a larger collision system
size. The slope a increases from 0.401+0.001 in U+U
collisions to 0.677+0.001 in O+O collisions, approxim-
ately proportional to Z/A. This is different from the ex-
pectation of baryon junction stopping, which predicts the
slope to be around 0.5 and independent of Z/A, as the
produced quarks linked to the stopped baryon junctions
are from sea quarks.

To further study the scaling behavior in different col-
lision systems, distributions of dQ/dy, scaled by A/Z, are
shown in Fig. 4 as a function of dB/dy. Results from
O+0 to U+U collisions collapse to a universal curve,
which can be described by a power-law function:

dQ/dy _ "

The fitted parameters are: a=1.2302+0.0007 and n =
0.9413 +£0.0003.

The ratios of A/Z-scaled dQ/dy and dB/dy as a func-
tion of dB/dy in collisions of O+O to U+U are shown in
Fig. 5. They follow a similar trend, being significantly
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Fig. 4. (color online) dQ/dy, scaled by A/Z, versus dB/dy at

midrapidity (]yl<1.0) from different colliding systems. The
solid line represents a simultaneous fit to all data points.

larger than unity in small-system collisions with low net-
baryon yields and approaching unity in large-system col-
lisions with high net-baryon yields. A possible reason for
the larger-than-unity ratio in small systems is that it is
easier for transported valence quarks to form baryons at
rapidities closer to the beam rapidity compared to at
midrapidity. Thus, mesons tend to have a flatter rapidity
distribution than baryons, resulting in a larger net-charge
to net-baryon yield ratio than Z/A at midrapidity. This is
more obvious for strange hadrons. In large systems, the
multiple scattering effect is more pronounced, and more
quarks are present per unit of rapidity. These effects tend
to wash out the difference in net-charge and net-baryon
production against rapidity. The strong correlation of net-
charge and net-baryon production from the valence quark

= 2
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Fig. 5. (color online) The ratio of net-charge to net-baryon
yield, scaled by Z/A, as a function of the net-baryon density
within |yl < 1.0. The solid line corresponds to the fitted curve
shown in Fig. 4.
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transport provides a unique probe of baryon number car-
riers in nucleons with relativistic heavy ion collisions.
The STAR Collaboration has collected large samples of
Ru+Ru and Zr+Zr collisions in 2018, O+O collisions in
2021, and AutAu collisions in 2019 and 2023. These
data could be used to test whether the ratio of net-charge
and net-baryon at mid-rapidity is correlated with Z/A or
not.

C. Net-charge and net-baryon differences between
Ru+Ru and Zr+Zr collisions

While examining the correlations between charge and
baryon stopping at midrapidity provides a promising
channel to discriminate between valence quarks and bary-
on junctions as the baryon number carriers, it is very dif-
ficult to measure the net-charge yield precisely in heavy-
ion collisions. This is because realistic detectors have fi-
nite detection efficiencies and limited coverage in trans-
verse momentum (pr). For example, about 30% of pions
are missing below pr <0.2 GeV/c in the measurement
with the STAR experiment at RHIC [11]. Corrections for
these effects usually depend on particle species and have
non-negligible uncertainties. While such uncertainties on
the particle yields are generally acceptable, they can
render the net-charge measurement completely useless
since the net-charge is calculated as the small difference
between large yields of positive and negative particles.
Measuring the net-charge difference between isobaric
collisions of 35Zr + 55Zr and j$Ru + JRuwas proposed to
overcome this difficulty [30]. This is motivated by the
STAR experiment at RHIC in 2018, which recorded large
samples of RutRu and Zr+Zr collisions with almost
identical running conditions [32]. The net-charge differ-
ence (AQ = Qru — Qz) can be calculated based on double
ratios between positive and negative particles and
between RutRu and Zr+Zr collisions [30]. Uncertainties
in double ratios are negligible owing to the cancellation
of the uncertainties for different components of the
double ratios. Consequently, one can compare AQ with
BXAZ/A, where AZ = Zg,—Zz, and B is the net-baryon
number expected to be the same for the two isobaric col-
lisions since the incoming nuclei carry the same baryon
number. AQ should be close to BXAZ/A in case of
valence quark stopping, while for baryon junction stop-
ping, AQ < BxAZ/A is expected.

To provide the baseline for the baryon junction search
using isobaric collisions, Fig. 6 shows the dQ/dy and
dB/dy differences as a function of rapidity between
Ru+Ru and Zr+Zr collisions at +/syy = 200 GeV for
0-20%, 20%—40%, 40%—60%, and 60%—80% centralit-
ies. As expected, the net-baryon difference is consistent
with 0 in Ru+Ru and Zr+Zr collisions (open circles).
However, there are significantly more net-charges in
Ru+Ru collisions than those in Zr+Zr collisions (filled

(b) 20 - 40%
\'Syn = 200 GeV

(d) 60 - 80%
SBX(Z, -Z,)/A

M

Fig. 6. (color online) Differences of dQ/dy and dB/dy
between RutRu and Zr+Zr collisions as a function of rapidity
for 0—20%, 20%—40%, 40%—60%, and 60%—80% centralities.
dB/dyx AZ/A is also shown for comparison.

circles) since the Ru nucleus carries 10% more charges
than the Zr nucleus. dB/dyx AZ/A is also shown for com-
parison. The net-charge difference is close to dB/dyx
AZ/A, but they exhibit slightly different rapidity depend-
ence. The net-charge is larger than dB/dy X AZ/AAZ/A at
midrapidity, and vice-versa at forward rapidity. The
transition occurs at y =2 —3.

The ratios of BXAZ/A over AQ, integrated over
midrapidity (|yl < 1.0), are calculated in various centrality
classes of 200 GeV Ru+Ru and Zr+Zr collisions and
shown in Fig. 7. They are below unity, mainly owing to

Nlo 14° e =200 GeV
<
m

1.2 |yl<1 ly|<0.5
[ @ ® Ru+Ru and Zr+Zr
T e 5 p+pandn+n
0.8
0.6 ] ) ﬁ %
0.4F
i
0.2

Con b b b e b e L L
Cb 10 20 30 40 50 60 70 80
Centrality (%)
Fig. 7. (color online) (BxAZ/A)/AQ for |yl <0.5 and [yl < 1.0
as a function of centrality in Ru+Ru and Zr+Zr collisions at

Vsvnv = 200 GeV. Results from p+p and n+n collisions are
also shown.

044001-5



Wendi Lv, Yang Li, Ziyang Li et al.

Chin. Phys. C 48, 044001 (2024)

the different rapidity distributions of net-baryons and net-
charges, as shown in Fig. 6. The effect is more obvious in
peripheral collisions than in central collisions. Results for
a narrower rapidity acceptance (Jy| < 0.5) are also shown.
They are similar to those for [y| < 1.0, indicating weak
rapidity dependence within |y| < 1.0 for such measure-
ments. These results can be directly compared to experi-
mental measurements in search for the baryon junction.
The results from p+ p and n+n collisions simulated with
UrQMD at the same energy are also shown as open sym-
bols, and they roughly follow the centrality dependence
trend observed in Ru+Ru and Zr+Zr collisions. Recent
STAR preliminary results show that the ratio of BxAZ/A
and AQ is significantly larger than unity in the isobaric
collisions [33-35].

IV. SUMMARY

In summary, the correlation between charge stopping

and baryon stopping is studied in the collisions of vari-
ous nuclei (from %0 to 3%U) at +/syv = 200 GeV with
the UrQMD model, in which valence quarks carry the ba-
ryon number. The ratios of A/Z-scaled net-charge yield
over net-baryon yield at midrapidity as a function of the
net-baryon yield follow a universal trend in various colli-
sions. In isobaric collisions (33Ru + J$Ru and 33Zr + $5Zr),
the net-charges measured at midrapidity are correlated
with the initial nuclear charge, and the ratios of AZ/A-
scaled net-baryon over the net-charge difference in the
two isobaric collisions are finite and below unity. This
provides an important baseline for the experimental
search of the baryon junction in heavy-ion collisions.
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