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Abstract. It is of fundamental interest to understand the carrier of conserved
quantum charges within protons and nuclei at high energy. Preliminary data
from isobar collisions at RHIC reveal a scaled net-baryon to net-electric charge
ratio (B/AQ x AZ/A) at midrapidity between 1.2 and 2, consistent with string
junction model predictions. Here, we compute the initial stage scaled net-
baryon to net-electric charge ratio for isobar collisions. Our model incorporates
a realization of the string junction model and models the nuclear structure. Our
predictions identify the baseline expectations for such measurement and quan-
tify the impact of the nuclear structure.

1 Introduction

A gauge-invariant approach to constructing a proton’s baryon charge is to connect its three
valence quarks through a three-gluon vertex known as the string junction [1]. It was later pro-
posed that the effective carrier of baryon number within a baryon could be the string junction
itself [2]. In that case, it is anticipated that in relativistic nuclear collisions the net baryon
number (B) will experience more stopping at initial impacts than the net electric charge num-
ber (Q), assigned to the valence quarks. The precise measurement of the baryon-to-electric-
charge stopping ratio in isobar collisions (Ru+Ru: A,Z = 96,44, Zr+Zr: A,Z = 96,40) at
RHIC [3] offers an unprecedented opportunity to test this assumption experimentally. Any
deviation from global charge conservation (Q ~ Z/A X B) at mid-rapidity may signify distinct
longitudinal dynamics for B and Q during the collision or the possibility that B is not carried
by the valence quarks, supporting the string junction model [4]. In this study, we compute
the initial conditions for \/m = 200 GeV isobar collisions, utilizing a 3D-GLAUBER model
[5, 6]. These initial conditions can then be used in the IEBE-MUSIC framework to produce
final-state particle observables to be compared to the STAR measurements. Understanding
the initial conditions for isobar collisions is an essential step in studying the baryon-to-electric
charge-stopping ratio. Indeed, all key features observed at the initial stage are expected to be
seen at the final stage if the longitudinal dynamics are similar for different flavors of con-
served charges.
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2 The Theoretical Framework

In the 3D-GrAuBER model, nucleon-nucleon collisions decelerate incoming partons and pro-
duce strings as energy-momentum source currents for the hydrodynamic medium [5, 7, 8].
The baryon numbers from the incoming nucleons can either remain in the wounded beam
remnants or fluctuate inside the string pulled by the colliding parton pairs [6]. If the baryon
number is assigned to the string, its rapidity yg /7 follows a probability distribution given by

Wrr—Wr+yn)/2)/2

4sinh (yp — y1)/4)’

P(ypr) = (1= A)ypr + Ax €]
where P and T represent the projectile and target, respectively and X = B [2, 6]. Following
this probability, the baryon number may be placed at the string end with a probability of
(1 — Ap), consistent with the assumption of baryon number carried by valence quarks, or
toward mid-rapidity based on predictions from the string junction, with a probability Ap.
The STAR measurements on midrapidity net-proton yields in Au+Au collisions in the Beam
Energy Scan program favor Az = 0.2 [6, 9].

This work considers the electric charge number to fluctuate toward mid-rapidity following
the same probability as in Eq. (1) with X = Q and an independent model parameter 1p. While
this is not motivated by a specific physical picture for electric charge stopping, it enables
control over the baryon-to-electric-charge stopping ratio at the initial stage. If 1o = 0, the
electric charge is associated with valence quarks. Suppose 1p = Ap, both the baryon and the
electric charge numbers stop in the same way. Throughout the remainder of this work, we
will consider the baseline calculations for the 4y = Ap case. This procedure yields the initial
rapidity distribution of baryon and electric charge numbers for isobar collisions.

The 3D-GrauBer model incorporates modeling nuclear structure through deformed
Woods-Saxon distributions for protons and neutrons, including possible finite neutron skins
for the colliding nuclei. The Woods-Saxon densities in a nucleus are expressed in spherical
coordinates (r, 6, ¢) as

_ Po,i
pi(r, 09 ¢) - 1+ e[r_Ri(aqu)]/(li 5 (2)

where i = p, n denotes protons and neutrons, py; is the central density and g; is the diffusivity
parameter. Special deformation can be introduced via the radius parameter R; with spherical
harmonic functions Y;,,(6, ¢) as

Ri(6,9) = Roa| 1 +BY" [cos(y)Ya0(6, ) + sin(y) Yar (6, )] + B Ya0(6, §) + B Yao(6, )],
3)

where ﬁ;"; 4, and y are the deformation parameters that define the nucleus shape. The Ruthe-
nium (Ru) and Zirconium (Zr) nuclei exhibit different shapes, and the parameters used in
this study are summarized in Table 1 based on a recent Density Functional Theory calcula-
tion [10]. The neutron skin is modeled with Ry, = Ry, + dR and a, = a, + da.

Table 1. Woods-Saxon density parameters for the Ruthenium and Zirconium nuclei [10].

Ro, (fm) | a, (fm) | v | B° | BY° | BY° | da(fm) | dR (fm)
Ruthenium 5.09 0.46 0] 0.16 0 0 0.01 0.015
Zirconium 5.02 0.52 0| 0.06| 02 0 0.05 0.1
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Figure 1. The baryon to electric charge stopping ratio from the 3D-Grauer model with Az = 1y = 0.2
for different nuclear structure configurations.

3 Results

The 3D-GrauBer model provides the initial-state baryon and electric charge rapidity distri-
butions. We then derive the stopping ratio observable as described in Ref. [4]. The isobar
stopping ratio, denoted as B/AQ X AZ/A, involves the net baryon number B measured at mid-
rapidity (=0.5 < y < 0.5) in Ru+Ru collisions, and AQ = Qry — Oz, representing the net
electric charge difference between Ru+Ru and Zr+Zr collisions at mid-rapidity. According
to global charge conservation, if the baryon and the electric charge number stop equivalently,
this ratio is expected to be close to unity.

We consider the following three scenarios to quantify the effects of the nuclear structure.
First, the nuclear structure and neutron skins of Ru and Zr nuclei are defined by the param-
eters in Table 1. Second, the nuclear deformation is considered for both nuclei, but neutron
skins are removed (da = dR = 0 fm). Third, the nuclear structure is set to be identical
for both nuclei (the Ru parameters in Table 1) and no neutron skin. Figure 1 presents the
predicted baryon-to-electric-charge ratio from the 3D-GrLAuBER model for the equal stopping
configuration (1p = Ag = 0.2) for the three nuclear structure configurations described above.

In the first scenario (depicted by the blue dashed-dotted line), the ratio consistently re-
mains below unity, and it increases with Np,, demonstrating that even in an equal stopping
situation, the baseline for the ratio is not expected to be equal to one and flat in centrality.
The reasons for the observed behavior become clearer when examining the other two cases.
When the Ru and Zr nuclei are set to have identical shapes (illustrated by the green solid line),
the ratio exhibits a flatter trend and is close to unity. This observation underscores the nu-
clear structure’s significant impact on the ratio’s centrality dependence in the full calculation.
When we remove the neutron skin while keeping the different nuclear deformation in Ru and
Zr nuclei, the result is close to the full calculation in central collisions. The different sizes
of neutron skins in Ru and Zr nuclei give a 20% smaller ratio in the peripheral collisions, at
which collisions are more dominant by the proton-to-neutron ratio at the edge of the colliding
nuclei.

In an equal stopping configuration, where both baryon and electric charge have an equal
probability of stopping at the initial stage, the isobar-stopping ratio significantly deviates from
unity because of the difference in nuclear structure between the Ru and Zr nuclei. Suppose an
experimental study of the isobar-stopping ratio reveals an increasing centrality dependence. A
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comparison with our predictions, considering the full nuclear shape, is essential to disentangle
the effects from flavor-dependent stopping powers at the initial stage.

4 Conclusions

In this study, we used the 3D-GLAUBER initial-state model to simulate isobar collisions at
vsny = 200 GeV at RHIC, with a specific emphasis on tracing the flavor-dependence dy-
namics for conserved charges. Our findings reveal that, even with an equal probability of
stopping for baryon and electric charge, the expected ratio deviates from unity during the
initial stage, primarily attributed to nuclear structure effects.
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