
U.S. Department of Energy

Brookhaven National Laboratory 

BNL-226230-2024-JAAM

Unveiling baryon charge carriers through charge stopping in isobar collisions

G. Pihan, B. Schenke

To be published in "Physical Review Letters"

August 2024

Physics Department

USDOE Office of Science (SC), Nuclear Physics (NP)

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under Contract
No.DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the manuscript for publication
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to
publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government
purposes.



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party’s use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof.  



Unveiling baryon charge carriers through charge stopping in isobar collisions

Gregoire Pihan,1, ∗ Akihiko Monnai,2 Björn Schenke,3 and Chun Shen1, 4

1Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48201, USA
2Department of General Education, Faculty of Engineering,

Osaka Institute of Technology, Osaka 535-8585, Japan
3Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

4RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA

Utilizing a comprehensive (3+1)D relativistic hydrodynamic framework with multiple conserved
charge currents and charge-dependent Lattice-QCD-based equation of state, we study the baryon
and electric charge number deposition at mid rapidity in isobar Ru+Ru and Zr+Zr collisions at the
center of mass energy

√
sNN = 200 GeV. Comparing our predictions with upcoming experimental

data from the Relativistic Heavy Ion Collider will shed light on the existence of baryon junctions.

1. Introduction. Relativistic nuclear collisions pro-
duce extreme conditions characterized by extraordinarily
high temperatures and densities, providing an opportu-
nity to probe the details of emergent many-body inter-
actions within Quantum Chromodynamics (QCD) [1, 2].
The study of conserved charges, such as net-baryon num-
ber, in the environment created by such collisions al-
lows us to elucidate properties of the strongly interacting
quark-gluon system across the QCD phase diagram at fi-
nite densities [3–5]. Exploring the QCD phase diagram
at large densities also establishes connections between
heavy-ion physics and nuclear astrophysics, for example,
related to recent neutron star merger observations [6, 7].

A crucial ingredient to understanding net-baryon
transport in heavy-ion collisions is the stopping of the
initial-state baryon charge. In addition to incoming nu-
cleons losing their energy and momentum through colli-
sions, their baryon charges are transported toward mid-
rapidity. The baryon stopping can be enhanced by frag-
mentation mechanisms in QCD strings [8–12], or in a
picture where the baryon number is carried by the gauge-
invariant string junctions inside a nucleon as opposed to
the valence quarks [13, 14].

In heavy-ion collisions, the dynamical evolution of con-
served charge currents, encompassing net electric charge,
net baryon number, and net strangeness, is complex and
coupled non-linearly through the QCD equation of state
(EOS) [4, 15–17]. The relative chemical contents in the
final-state hadronic measurements carry information on
the conserved charges’ space-time distributions at freeze-
out [18–20]. Particularly, the net baryon and electric
charge rapidity distributions can elucidate how different
conserved charges are transported along the longitudinal
direction during the collision [21–24]. This multiple con-
served charge transport also allows for probing differences
in the nuclear structure of the colliding nuclei [24, 25].

This work explores the (3+1)D dynamics of multiple
conserved charge currents in relativistic collisions of iso-
baric nuclei. In high-energy collisions, it is crucial to
understand how energy-momentum, net baryon number,
and electric charges are distributed after the initial colli-
sion impact [22, 24]. By studying the difference between

net baryon and net electric charge dynamics in relativis-
tic isobar collisions at the Relativistic Heavy Ion Collider
(RHIC) [21], we explore the effects of having equal or dif-
ferent carriers for net baryon and net electric charge in
nucleons. Comparison with the upcoming experimental
data from the STAR Collaboration will reveal which situ-
ation is preferred and whether there are indications for a
scenario where gluonic string junctions inside the nucleon
carry the baryon charge [13, 14].
We note that the theoretical framework developed in

this work enables the exploration of the QCD phase dia-
gram in four dimensions: temperature, net baryon, elec-
tric charge, and strangeness densities [4]. This opens up
a wide range of studies, such as collisions with various
Z/A nuclei and center of mass energies, which we leave
for future work.
2. Theoretical framework. We simulate the (3+1)D

space-time evolution of ruthenium+ruthenium (Ru+Ru)
and zirconium+zirconium (Zr+Zr) collisions event-by-
event using the iebe-music framework [22]. The initial-
state energy, momentum, and conserved charge trans-
port are modeled by string deceleration within the 3d-
glauber model [22, 26]. This work further extends the
model to parameterize the system’s net electric charge
distribution after the initial impact. All the conserved
quantities, namely the energy-momentum tensor, net
baryon, and electric charges, are fed into hydrodynamic
fields as source terms and evolved with music [18, 27–29].
When the local energy density of fluid cells drops below

esw = 0.35 GeV/fm3, the constant energy density surface
elements are identified with the Cornelius algorithm [30]
and they are converted to hadrons using the Cooper-Frye
particlization procedure [31, 32]. The produced hadrons
are further evolved dynamically until kinetic freeze-out
and decay to stable hadronic states through the hadronic
transport model urqmd [33, 34]. We include strong and
weak decay contributions to the final stable hadrons.
With the extended 3d-glauber model, we can model

the independent initial-state stopping of baryon and elec-
tric charges. As the two colliding nuclei pass through
each other, strings form between quarks from two collid-
ing nucleons and cause the quarks to decelerate. The lost
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energy and momentum are distributed along the string
and become part of the produced medium. The baryon
and electric charges from the participant nucleons are
assigned to be carried by either the produced strings or
the wounded nucleons’ remnants with an equal probabil-
ity. The detailed model implementation can be found in
Ref. [22].

When a baryon (B) or electric charge (Q) is assigned
to a string, we assume that the charge’s rapidity follows
the probability distribution

P (yX) = (1− λX)yP/T + λX
e[y

X−(yP+yT )/2]/2

4 sinh [(yP − yT )/4]
, (1)

where X = B,Q and yP/T are the string ends’ rapidi-
ties in the projectile- and target-going directions. The
model parameter λX controls the relative probability for
the charge to follow the distribution obtained from the
stopping of single string junctions [14]. Ref. [22] demon-
strated for Au+Au collisions that Eq. (1) is an effective
way to account for additional initial state baryon trans-
port over the string deceleration.

In this work, we implement the same description for
electric charges and sample their distribution with Eq. (1)
independently from the incoming baryon charges. This
implementation allows us to study final-state observables
for the scenario (λQ = λB) that baryon and electric
charges lose the same amount of energy during the ini-
tial impact of the two colliding nuclei. Regardless of the
detailed implementation of the stopping mechanism, if
experimental measurements prefer λQ ̸= λB , it would
suggest different initial-state stopping mechanisms for
baryon and electric charges.

As we study collisions at top RHIC energy and ob-
servables at mid-rapidity, we do not need to perform
the fully dynamical initialization [26], but feed all source
terms into the hydrodynamic simulations at one given
time τ = 0.5 fm.

Net baryon and electric charge currents are dynami-
cally evolved along with energy and momentum by solv-
ing the conservation equations,

∂µT
µν = 0 (2)

∂µJ
µ
X = 0, (3)

where Tµν is the energy-momentum tensor and
Jµ
X ≡ ρXuµ denotes for conserved charge currents with

X = B,Q. These hydrodynamic equations of
motion are coupled through the equation of state,
P = P(ϵ, ρB , ρQ, ρS). For this work, we developed a four-
dimensional extension of the EOS model neos [15], which
is built from a Taylor expansion employing susceptibil-
ities from Lattice QCD calculations up to the 4th or-
der and matched to a hadron resonance gas model. In
our simulations, we assume local strangeness neutrality,
ρS = 0.

TABLE I. The Wood-Saxon parameters for ruthenium (Ru)
and zirconium (Zr) used in this work [38, 40].

Rp (fm) ap (fm) Rn (fm) an (fm) β2 β3

Ru 5.09 0.46 5.105 0.47 0.16 0

Zr 5.02 0.52 5.12 0.57 0.06 0.2

During the hydrodynamic evolution, we consider
shear and bulk viscous effects on the system’s energy-
momentum tensor. The shear and bulk viscous ten-
sors are evolved according to the Denicol-Niemi-Molnar-
Rischke (DNMR) hydrodynamic evolution equations
[18, 35]. The specific shear and bulk viscosities are
parametrized as

ηT

e+ P = η0

[
1 + s

(
µB

µB,0

)a]
(4)

ζT

e+ P = ζ0 exp

[
−
(
T − Tpeak

Twidth,≶

)]
, (5)

where Twidth,< = 0.01 GeV for T < Tpeak,
and Twidth,> = 0.08 GeV for T > Tpeak with
Tpeak = 0.17 GeV and ζ0 = 0.1. For the specific
shear viscosity, we set η0 = 0.08, s = 2, µB,0 = 0.6 GeV,
and a = 0.7.
We briefly return to the discussion of the modeling

of the initial condition to emphasize that detailed nu-
clear structure information is crucial for understanding
the observable ratios between the RHIC isobar collision
systems [36–39]. In particular, the electric charge-related
observables are expected to be sensitive to the neutron
skin of the colliding nuclei. To model the nuclear density,
including the neutron skin, we consider spatial configu-
rations of protons and neutrons with different Woods-
Saxon profiles

ρp,n(r, θ, ϕ) =
1

1 + e(r−Rp,n(θ,ϕ))/ap,n
(6)

with Rp,n(θ, ϕ) = Rp,n(1 + β2Y
0
2 (θ, ϕ) + β3Y

0
3 (θ, ϕ)).

Here, the index p, n denotes protons and neutrons, re-
spectively, and Rp,n is the half-density radius, ap,n is the
surface diffuseness, and β2,3 are the magnitudes of the
quadrupole and octupole deformation parameters. The
numerical values of all parameters used in this study are
summarized in Table I.
3. Results. We begin by constraining the model pa-

rameters related to initial-state baryon transport using
net proton measurements in Au+Au collisions. Fig-
ure 1(a) shows a comparison between the midrapid-
ity net-proton yields measured at STAR [41, 42] (black
squares) and the model results from the iebe-music
framework (solid and dashed lines) for 0-5% most central
Au+Au collisions from 7.7 to 200 GeV. The results are
plotted as a function of rapidity loss δy = ybeam − yCM,
where the beam rapidity ybeam ≡ arccosh(

√
sNN/(2mN ))
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FIG. 1. (Color online) Panel (a): The midrapidity net-proton
yields for 0-5% most central Au+Au collisions as a function
of the rapidity loss δy. The STAR measurements [41, 42] are
compared with theory results with λB = 0 and λB = 0.2.
Panel (b): The fitted slope parameter α as a function of the
centrality. (See text for the definition)

and the center of mass rapidity yCM = 0 for Au+Au col-
lisions. The nucleon mass mN = 0.938 GeV and

√
sNN is

the center of mass energy per nucleon pair in GeV. The
model results with λB = 0.2 in Eq. (1) show good agree-
ment with the experimental data, while the results with
λB = 0 underestimate the measured net proton yields for√
sNN ≥ 10 GeV.

The collision energy dependence of the mid-rapidity
net proton yields can be characterized by a fitted slope
parameter α as in dNp−p̄/dy ∝ exp(−αδy). Figure 1(b)
shows α as a function of the collision centrality for theory
calculations and the STAR measurements. Our simula-
tions with λB = 0.2 yield the slope parameter α ∼ 0.6,
in line with the STAR measurements over all centrality
bins. The fact that the STAR measurements disfavor the
λB = 0 case in Eq. (1) suggests that the baryon trans-
port from string deceleration is not enough. Additional
charge stopping, as achieved for example by assigning the
baryon charge to a gluonic string junction, is needed to
reproduce the experimental measurements.

Because the Ru and Zr nuclei have the same mass num-
ber A but different charge numbers Z, the RHIC isobar
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FIG. 2. (Color online) The baryon to electric charge ratio r
for the RHIC isobar collisions as a function of centrality with
different initial-state electric charge stopping.

collisions allow one to study the baryon stopping dynam-
ics relative to the electric charge transport with the fol-
lowing ratio [21]:

r =
(NRu

B +NZr
B )

2(NRu
Q −NZr

Q )
× ∆Z

A
. (7)

We compute the net baryon number of each collision
system as NB ≡ (Np − Np̄) + (Nn − Nn̄) and the net
electric charge NQ ≡ (Nπ+ − Nπ−) + (NK+ − NK−) +
(Np −Np̄). For the RHIC isobar collisions, we normalize
the ratio of net baryon to electric charges by the factor
∆Z/A = (ZRu − ZZr)/A = 4/96. A ratio r > 1 indicates
stronger stopping for baryon charges compared to electric
charges.
Figure 2 shows the normalized baryon to electric

charge ratio r (in Eq. (7)) as a function of the collision
centrality defined by the charged hadron multiplicity in
Ru+Ru collisions. We adjust the centrality boundaries
of Zr+Zr collisions so that the two collision systems have
the same averaged charged hadron multiplicity in every
centrality bin. This re-binning of the Zr+Zr collision cen-
trality is essential to eliminate the bias on the number of
participants introduced by the nuclear structure differ-
ence in the two nuclear species. We verify that our simu-
lations with equal baryon and electric charge stopping in
the initial state (λQ = λB = 0.2) reproduce a ratio r ≈ 1
up to 50% collision centrality. The ratio r < 1 in periph-
eral collisions beyond 50% centrality can be understood
as caused by the difference in neutron skin between the
two different nuclei (see later discussion).
As we reduce the initial-state electric charge transport
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by requiring electric charges to remain at the string ends
(in the valence quarks), which corresponds to λQ = 0
(solid line), the final-state baryon to electric charge ratio
r increases significantly. The value of r stays roughly con-
stant up to 30% in centrality and decreases in more pe-
ripheral collisions. Because we constrained λB in Au+Au
collisions, this result presents a quantitative prediction
whose experimental confirmation would strongly support
the picture where baryon charges are carried by baryon
junctions while electric charges rest in the valence quarks.

To understand the centrality dependence of the nor-
malized baryon to electric charge ratio r, we perform
simulations without neutron skin in the isobars (dashed
line). In this case, the ratio r stays constant in pe-
ripheral collisions. A finite neutron skin leads to more
neutrons populating the edge of the nucleus. Because
the events in peripheral centralities correlate to collisions
with large impact parameters, there are more neutrons
than protons among the participant nucleons, which re-
duces the total net electric charges available to be trans-
ported. Because the Zr nucleus has a larger neutron skin
than the Ru nucleus, the net electric charge difference
∆NQ = NRu

Q − NZr
Q is larger for peripheral collisions

leading to a smaller ratio r. The same neutron skin ef-
fect on the centrality dependence of the baryon to elec-
tric charge ratio r is present in the equal stopping case
(λQ = λB = 0.2) discussed above.

4. Conclusion. Motivated by the possibility that
the string junction in a nucleon could carry the baryon
charge, we explore potential experimental observables in
relativistic heavy-ion collisions sensitive to early-stage
baryon transport. The collision energy dependence of the
net proton yields in Au+Au collisions and the baryon to
electric charge ratio in the isobar collisions can elucidate
the early-stage baryon transport and its mechanism.

We computed the net baryon number and net charge
at midrapidity using the iebe-music framework with the
3d-glauber initial state, an equation of state that de-
pends on temperature and three conserved charge den-
sities (net baryon, electric charge, and strangeness), and
final state hadronic rescattering. We employed a baryon-
stopping probability inspired by the rapidity dependence
of baryon junction stopping and constrained by the mea-
sured net-proton distribution in Au+Au collisions. Com-
paring two scenarios, one using the same description for
electric charge stopping, the other corresponding to elec-
tric charge following the valence quarks, we found a dra-
matic difference in the scaled ratio of net baryon number
to electric charge difference between the isobars at midra-
pidity. Agreement of experimental data with the predic-
tion for different stopping mechanisms will strongly sup-
port a scenario in which the baryon number is not carried
by the valence quarks.

Another striking result of our analysis is the studied
observable’s strong sensitivity to the colliding nuclei’s
neutron skin. This demonstrates that measurements of

electric charge transport in isobar collisions can be used
to constrain the neutron skin very directly, without the
need for measuring, e.g. parity-violating asymmetries in
polarized electron scattering [43], or extracting the neu-
tron skin from a constrained nuclear mass distribution
[44].
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