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The deconfined quark-gluon plasma (QGP) created in relativistic heavy-ion collisions enables the
exploration of the fundamental properties of matter under extreme conditions. Noncentral collisions can
produce strong magnetic fields on the order of 1018 G, which offers a probe into the electrical conductivity
of the QGP. In particular, quarks and antiquarks carry opposite charges and receive contrary electro-
magnetic forces that alter their momenta. This phenomenon can be manifested in the collective motion of
final-state particles, specifically in the rapidity-odd directed flow, denoted as v1ðyÞ. Here, we present the
charge-dependent measurements of dv1=dy near midrapidities for π�, K�, and pðp̄Þ in Auþ Au and
isobar (9644Ruþ 96

44Ru and 96
40Zr þ 96

40Zr) collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, and in Auþ Au collisions at
27 GeV, recorded by the STAR detector at the Relativistic Heavy Ion Collider. The combined dependence
of the v1 signal on collision system, particle species, and collision centrality can be qualitatively and
semiquantitatively understood as several effects on constituent quarks. While the results in central events
can be explained by the u and d quarks transported from initial-state nuclei, those in peripheral events
reveal the impacts of the electromagnetic field on the QGP. Our data put valuable constraints on the
electrical conductivity of the QGP in theoretical calculations.

DOI: 10.1103/PhysRevX.14.011028 Subject Areas: Nuclear Physics, Particles and Fields

I. INTRODUCTION

By colliding two heavy nuclei at high center-of-mass
energies (

ffiffiffiffiffiffiffiffi
sNN

p
), experiments at the Brookhaven National

Laboratory (BNL) Relativistic Heavy Ion Collider (RHIC)
and the CERN Large Hadron Collider (LHC) can create a
medium of liberated quarks and gluons, a state of matter
known as the quark-gluon plasma (QGP) [1]. The QGP
dominated the early Universe about a microsecond after the
big bang [2], and its recreation in the laboratory provides a
unique opportunity to study the fundamental properties of
matter under extreme conditions. In these ultrarelativistic
collisions, the nuclear fragments pass by each other,
generating very strong magnetic fields, on the order of
1018 G [3–9], the evolution of which, in the presence of a
QGP, must be described in conjunction with the QGP’s
electromagnetic properties. The presence of a strong
magnetic field also facilitates the study of some novel
phenomena related to the restoration of fundamental sym-
metries of quantum chromodynamics (QCD) [6,10–15]. For
example, the chiral magnetic effect (CME) predicts a charge
separation along the direction of themagnetic field due to the
chirality imbalance and chiral symmetry restoration in the
QGP [16–18]. If confirmed, the CME in heavy-ion collisions
will uncover the local parity and charge-parity violation in

the strong interaction [6]. The strong magnetic field could
also interact with the QCD matter in other ways, such as
providing a catalyst for chiral symmetry breaking [19],
causing the synchrotron radiation from quarks [20], differ-
entiating the chiral and deconfinement phase transitions in
the QCD phase diagram [21], and modifying the collectivity
of a QGP [22–28].
Direct evidence of the electromagnetic field in the QGP

is elusive, because the magnetic field magnitude drops
rapidly with time in the vacuum until the QCD medium is
formed, after which the field couples with the induced
electric current in the QGP. Previously, the Coulomb effect
in asymmetric Cuþ Au collisions was observed via
charge-dependent rapidity-even directed flow, veven1 ðyÞ
[29,30]. Directed flow (v1) is defined as the first Fourier
coefficient of the particle azimuthal distribution relative to
the reaction plane (the x-z plane in Fig. 1) [31,32]:

E
d3N
d3p

¼ 1

2π

d2N
pTdpTdy

�
1þ

X∞

n¼1

2vn cos nðϕ−ΨÞ
�
; ð1Þ

where pT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
x þ p2

y

q
is transverse momentum while ϕ

andΨ are the azimuthal angles of a particle and the reaction
plane, respectively. Note that rapidity (y) and pz bear the
same sign. v1ðyÞ can be uniquely expressed as a combi-
nation of two components: an even function of y and an odd
function. Recent studies suggest that the charge-dependent
vodd1 ðyÞ can serve as a probe to the electromagnetic field in
symmetric heavy-ion collisions [24,26–28]; we explore this
approach below. Hereafter, v1ðyÞ implicitly refers to the
odd component, which comes from the initial tilt of the
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QGP (Fig. 2) and is sensitive to the equation of state
[33,34]. Measurements of v1 have been extensively per-
formed over past decades at both RHIC and the LHC
experiments [29,35–43]. It is common practice to present
dv1=dy because of the linear y dependence of v1 near
midrapidities in those experiments.
Figure 2 illustrates the overhead view of a heavy-ion

collision, where the longitudinal expansion of the QGP
has the same effect on v1 for quarks with opposite charges.
This degeneracy will be lifted by electromagnetic effects.

For a positively charged quark, the Lorentz force in the Hall
effect (black solid lines in Fig. 2) increases its v1 at y > 0
and decreases its v1 at y < 0, namely, increasing its
dv1=dy. For a negatively charged quark, the Hall effect
does the opposite and decreases its dv1=dy, contributing a
positive Δðdv1=dyÞ [44]. In addition, the fast decay of the
magnetic field in theQGPwill induce an electric field, known
as the Faraday induction effect, which, together with the
electric field from spectator protons, renders a negative
Δðdv1=dyÞ for quarks (purplish red lines). Theoretical
calculations predict that the Faraday inductionþ Coulomb
effect will dominate over the Hall effect on light quarks
[26–28], and their roles are reversed on charm quarks that
have relatively early formation time and long relaxation
time [24]. The net effect for quarks will be translated into a
finite Δðdv1=dyÞ between positively and negatively
charged hadrons through quark coalescence. In the coa-
lescence picture, the vn of the resulting mesons or baryons
is roughly equal to the summed vn of their constituent
quarks [40,45–47].
As a well-recognized paradigm, constituent quarks refer

to valence quarks enveloped by a cloud of sea quarks and
gluons, effectively gaining an enhanced mass. Mounting
evidence supports the coalescence of two or three con-
stituent quarks within the dense QGP medium, forming
mesons or baryons. Although not understood at a funda-
mental level, this mechanism has demonstrated remarkable
success in elucidating the multiplicity dependence of
yields, spectra, and collective motions in heavy-ion colli-
sions [40,45–50]. In this paper, we differentiate between
two sources of constituent quarks: those generated as qq̄
pairs and those transported from the initial-state nuclei to
midrapidities. Transported quarks convey information from
the incident nucleons and undergo the entire system
evolution. Conversely, produced quarks are likely to form
at various stages. In the high-

ffiffiffiffiffiffiffiffi
sNN

p
limit, most u and d

quarks are produced, whereas in the low-
ffiffiffiffiffiffiffiffi
sNN

p
limit, most

of them are presumably transported. The fraction of trans-
ported uðdÞ in all uðdÞ quarks can be estimated, e.g.,
following Boltzmann statistics with the experimentally
measured temperature and baryon chemical potential of
the collision system [47].
Experimental efforts have been made to search for the

electromagnetic field effect in symmetric collisions, such as
the dv1=dy measurements for D0 and D̄0 in Auþ Au
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV by the STAR experiment
[41]. In addition, the ALICE Collaboration has conducted
similar measurements for charged hadrons and D0 mesons
in Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [51]. While the
Δðdv1=dyÞ results for D0 mesons are limited in signifi-
cance by lack of statistics, those for charged hadrons
(consisting mostly of light quarks) in 10%–40% centrality
show positive values [41,51], which contradicts the theo-
retical expectation for the Faraday inductionþ Coulomb
effect. Positive Δðdv1=dyÞ values between protons and

Hall effect

Hall effect

Faraday induction and

Coulomb effect

Faraday induction and

Coulomb effect

E

E

x

z

FIG. 2. Schematic overhead view (along the y axis) of a heavy-
ion collision in the lab frame. The dashed lines represent the
motion of quarks due to the QGP expansion. The black (purplish
red) curved lines suggest the paths that quarks would follow due
to the Lorentz force (Coulomb and Faraday field) alone.

Nuclear fragments

Nuclear fragmentsM

ag
netic field

Electric field

Electric field

Quark-gluon plasma

z

x

FIG. 1. Sketch of a heavy-ion collision in the lab frame. The
impact parameter and the beam direction are along the x and z
axes, respectively. The x-z plane is called the reaction plane.
Participating nucleons in the overlap region create a hot and
dense medium of quark-gluon plasma. Spectator nuclear frag-
ments generate strong electromagnetic fields.
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antiprotons have also been obtained in semicentral
Auþ Au collisions at several RHIC energies [39,40] and
are attributed to transported quarks. The transported u and
d quarks acquire different azimuthal anisotropy than the
pair-produced quarks in later stages, and they contribute to
protons (uud) but not antiprotons (ūūd̄). Calculations from
ultra relativistic quantum molecular dynamics (UrQMD)
model [52], A multi-phase transport model [53], and a
hydrodynamic model with an expanding fireball of inho-
mogeneous baryons [54] indicate that transported quarks
have positive dv1=dy and, hence, should give a positive
contribution to Δðdv1=dyÞ between protons and antipro-
tons, as demonstrated in Fig. 3(a). A similar effect in the
elliptic flow (v2) difference between protons and antipro-
tons has also been observed in the RHIC beam energy scan
(BES) data [46,47]. On the other hand, Fig. 3(b) shows the
qualitative trend of the electromagnetic field effect on the
proton Δðdv1=dyÞ, in view of the more spectator protons
in more peripheral collisions. If the Faraday inductionþ
Coulomb effect dominates over the Hall effect and the
transported-quark effect in peripheral collisions, a sign
change of the proton Δðdv1=dyÞ could occur from positive
in central events to negative in peripheral ones, as illustrated
in Fig. 3(c). Therefore, the negative Δðdv1=dyÞ between
protons and antiprotons can serve as a signature of the
Faraday inductionþ Coulomb effect.
Similar to p and p̄ in Fig. 3, the Δðdv1=dyÞ between Kþ

and K− could also change sign as a function of centrality,
since transported u quarks increase the dv1=dy for only
Kþðus̄Þ but not K−ðūsÞ, giving a positive contribution to
the kaon Δðdv1=dyÞ, while the electromagnetic field plays
an opposite role that grows stronger in more peripheral
events. Both πþðud̄Þ and π−ðūdÞ are affected by trans-
ported quarks. Since the gold ion (19779 Au) is neutron (udd)
rich, there are more d quarks than u quarks transported
in Auþ Au collisions, and, thus, π− is more influenced
than πþ [46], leading to a negative contribution to the
Δðdv1=dyÞ between πþ and π−. As a side note, the v2

difference between πþ and π− in the BES data has been
quantitatively explained by the transported-quark effect
[47,55]. Thus, the transported-quark effect and the Faraday
inductionþ Coulomb effect work in the same direction for
the pion Δðdv1=dyÞ and cannot be distinguished. In this
work, we report the dv1=dy measurements for π�, K�, and
pðp̄Þ in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 27 and 200 GeV,
and in isobar (9644Ruþ 96

44Ru and 96
40Zr þ 96

40Zr) collisions at
200 GeV, with the expectation that the large datasets may
reveal a sign change in the proton and kaon Δðdv1=dyÞ as a
function of centrality.

II. EXPERIMENT AND METHODOLOGY

The STAR experiment collected large data samples of
minimum-bias-trigger events of Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV in 2014 and 2016 and of isobar colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV and Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 27 GeV in 2018. The time projection chamber
(TPC) [56] is used for charged particle tracking within
pseudorapidity jηj < 1, with full 2π azimuthal coverage.
For each event, the primary vertex position along the beam
direction (the z axis) is reconstructed with both the TPC
(Vz;TPC) and the vertex position detectors (Vz;VPD) [57]. The
radial distance between the primary vertex and the z axis
(Vr) is evaluated with the TPC. To ensure the event quality,
each event is required to have a vertex position within
jVz;TPCj < 30 cm (< 70 cm), Vr < 2 cm, and jVz;TPC −
Vz;VPDj < 3 cm (< 4 cm) for Auþ Au collisions at
200 GeV (27 GeV) and within −35 < Vz;TPC < 25 cm,
Vr < 2 cm, and jVz;TPC − Vz;VPDj < 5 cm for isobar colli-
sions at 200 GeV. The asymmetric Vz;TPC cuts come from a
negative mean value of hVz;TPCi ¼ −5 cm in isobar colli-
sions. After the vertex selection, we have about 2.2 billion
Auþ Au events at 200 GeV, 400 million Auþ Au events at
27 GeV, 1.7 billion Ruþ Ru events, and 1.8 billion Zr þ Zr
events at 200 GeV. Centrality is defined by matching the
distribution of the number of charged particles (detected by

(a) Transported-quark effect (b) Electromagnetic field (c) Observed 

PeripheralCentral Central Peripheral PeripheralCentral

FIG. 3. Illustration of different contributions to the proton Δðdv1=dyÞ versus centrality. (a) depicts the transported-quark effect.
(b) sketches the electromagnetic field contribution, dominated by the Faraday inductionþ Coulomb effect. (c) speculates the
superposition of the two effects in the final observable.
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the TPC within jηj < 0.5) and the one obtained from MC
Glauber simulations [58–60]. We focus on the centrality
range of 0%–80%, where 0 refers to head-on collisions and
80% represents very peripheral collisions.
In this analysis, tracks within the TPC acceptance are

required to have at least 15 space points (Nhits) and a
distance of closest approach (DCA) to the primary vertex
less than 2 cm in Auþ Au collisions and less than 3 cm in
isobar collisions. π�, K�, p, and p̄ are identified based
on the truncated mean value of the track energy loss
(hdE=dxi) in the TPC and time-of-flight (TOF) informa-
tion from the TOF detector [61]. Figure 4 (left) presents
an example of hdE=dxi versus magnetic rigidity for
charged particles in Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Pions, kaons, and protons show sep-
arate bands below 1 GeV=c and gradually merge at higher
momenta. For a specific particle type i, the measured
hdE=dxi can be described by the corresponding Bichsel
function [62] hdE=dxithi (solid lines), and we select those
candidates with jnσij < 2, where

nσi ¼
1

σR
ln

� hdE=dxi
hdE=dxithi

�
: ð2Þ

Here, σR is the momentum-dependent hdE=dxi resolution.
To improve the particle identification at higher momenta,
the TOF detector is employed to deduce the mass squared
of charged particles. The distribution of mass squared
versus momentum in Fig. 4 (right) shows the separation
between pions, kaons, and protons. To ensure the purity of
identified particles, the upper bounds of momentum are
set to be 2 GeV=c for protons and 1.6 GeV=c for pions
and kaons, and the lower bounds of transverse momentum
are 0.4 GeV=c for protons and 0.2 GeV=c for pions
and kaons.

In practice, v1 is measured with respect to the event plane
(ΨEP), an estimated reaction plane, and corrected for its
finite resolution (RfΨEPg) [31]:

v1 ¼ hcosðϕ −ΨEPÞi=RfΨEPg: ð3Þ

The average is taken over all particles of interest in an event
and then over all events. In collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV,
ΨEP is determined from the sideward deflection of spectator
neutrons registered by the zero degree calorimeter shower-
maximum detectors (ZDC-SMD, jηj > 6.3) [63], and
RfΨEPg is calculated using the correlation between the
two ZDC-SMD event planes at forward and backward
rapidities [31]. In Auþ Au collisions at 27 GeV, the event
plane detector (EPD, jηj > 3.8) [64] instead of the ZDC-
SMD is used to estimate ΨEP, since the latter has a low
efficiency. To account for the nonuniform EPD perfor-
mance, we expand Eq. (3) into four terms:

vf;c1 ¼ 1

hcos2 ϕi ·
hcos ϕ cos Ψfi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hcos Ψf cos Ψbi

p ; ð4Þ

vf;s1 ¼ 1

hsin2 ϕi ·
hsin ϕ sin Ψfi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hsin Ψf sin Ψbi

p ; ð5Þ

vb;c1 ¼ 1

hcos2 ϕi ·
hcos ϕ cos Ψbi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hcos Ψf cosΨbi

p ; ð6Þ

vb;s1 ¼ 1

hsin2 ϕi ·
hsin ϕ sin Ψbi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hsin Ψf sin Ψbi

p ; ð7Þ

where Ψf and Ψb are the event planes reconstructed at
forward and backward rapidities, respectively. The hcos2 ϕi
and hsin2 ϕi factors as a function of rapidity compensate for
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FIG. 4. Left: ionization energy loss (hdE=dxi) of charged particles in the TPC versus magnetic rigidity in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Solid lines denote the Bichsel functions. Right: mass squared (m2) from the TOF versus momentum. Dashed boxes
indicate the selection criteria for pions, kaons, and protons.
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the detector acceptance effect, and they should be con-
stantly 1=2 for perfect detectors. The event planes from the
ZDC-SMD and the EPD are further corrected to have
uniform distributions with the method in Ref. [65]. The
four terms in Eqs. (4)–(7) are averaged to give the final
v1fEPDg results. The event plane reconstructed from
spectator nucleons registered by the ZDC-SMD and
EPD detectors minimizes the nonflow contributions that
are unrelated to the reaction plane orientation and arise
from resonances, jets, strings, quantum statistics, and final-
state interactions.
The systematic uncertainties of the v1 measurements are

assessed by varying each of the analysis cuts (as listed in
Table I) within a reasonable range. We estimate the absolute
difference (jΔij) between results with the default cut and
with a particular cut variation. In addition, we also quote
the absolute difference between the v1ðyÞ slopes measured
at forward and backward rapidities as a source of system-
atic uncertainty. For the analysis of protons, we examine the
effect of protons emitted from the beam pipe in secondary
interactions and find that it contributes less than 1% to the
systematic error. The uncertainty due to the particle
detection efficiency is found to be negligible. The final
systematic error is the quadrature sum of the systematic
errors from all the sources under consideration, each of
which is calculated with jΔij=

ffiffiffiffiffi
12

p
, assuming a uniform

probability distribution.

III. RESULTS AND DISCUSSION

Figure 5 presents v1ðyÞ for protons and antiprotons in
Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, isobar collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, and Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
27 GeV in the centrality range of 50%–80%. Since the
observed difference between the isobaric systems is very
small (approximately 1σ difference), the Ruþ Ru and
Zr þ Zr data are merged to increase statistics. In general,
both protons and antiprotons have negative dv1=dy values,

mainly caused by the expansion of the tilted emission
source [66] as demonstrated in Fig. 2. In Figs. 5(d)–5(f), we
show the v1 difference Δv1 between protons and anti-
protons as a function of rapidity. Linear fits (solid lines) that
extrapolate to the origin are applied within −0.8 < y < 0.8
and yield negative dΔv1=dy, with the significance levels of
5.2σ (5.4σ) in Auþ Au (isobar) collisions at 200 GeV and
14.3σ in Auþ Au at 27 GeV. Note that Δðdv1=dyÞ and
dΔv1=dy are equivalent to each other, and we stick to the
notation Δðdv1=dyÞ in the following discussion. This is the
first observation of significantly negative Δðdv1=dyÞ
between protons and antiprotons in heavy-ion collisions
and qualitatively agrees with the predictions of the afore-
mentioned electromagnetic field effect, i.e., the dominance
of the Faraday inductionþ Coulomb effect over the
Hall and transported-quark effects. The more negative
Δðdv1=dyÞ value at 27 GeV could be partially explained
by the slower decay of the spectator-induced electromag-
netic field at lower energies due to the longer passage time
of incident nuclei. Moreover, the shorter lifetime of the
QGP at lower energies causes a stronger remaining mag-
netic field at the time of chemical freeze-out [26]. At lower
beam energies, antiprotons are more susceptible to anni-
hilation in the baryon-rich environment. Nevertheless, the
effect on antiproton v1 should be marginal, since the
antiproton flow measurements [40,55] still meet coales-
cence expectations.
Figure 6 shows the Δðdv1=dy) between positively and

negatively charged hadrons [π�,K�, and pðp̄Þ] as a function
of centrality in Auþ Au (a) and isobar (b) collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV and Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
27 GeV (c). The Δðdv1=dyÞ values for each particle species
are extracted with the same linear-function fit as in Fig. 5.
For all the collision systems and energies, the proton results
(closed crosses) display a decreasing trend: positive in
central collisions and negative in peripheral ones. This sign
change resembles the scenario speculated in Fig. 3(c).
In central collisions, the magnetic field and the spectator

TABLE I. The default and variation cuts in the estimation of systematic uncertainties for the v1 analyses of
Auþ Au, Ruþ Ru, and Zr þ Zr events at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV and Auþ Au at 27 GeV.

Cuts

Systems Default Variation

Auþ Au 200 GeV −30 < Vz;TPC < 30 cm −30 < Vz;TPC < 0 cm
Nhits ≥ 15 Nhits ≥ 20

DCA ≤ 2 cm DCA ≤ 1 cm

Ruþ Ru and Zr þ Zr 200 GeV −35 < Vz;TPC < 25 cm −35 < Vz;TPC < 0 cm
Nhits ≥ 15 Nhits ≥ 20

DCA ≤ 3 cm DCA ≤ 2 cm

Auþ Au 27 GeV −70 < Vz;TPC < 70 cm −70 < Vz;TPC < 0 cm
Nhits ≥ 15 Nhits ≥ 20

DCA ≤ 2 cm DCA ≤ 1 cm
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Coulomb field are small, since there are few spectator
protons, and the dominance of the transported-quark effect
leads to the positive v1 splitting. Toward more peripheral
collisions, the electromagnetic field effect becomes stronger,

keeps decreasing Δðdv1=dyÞ, and finally changes the sign.
The lavender band in Fig. 6(a) shows UrQMD simulations
[67], which include no electromagnetic fields and give
positive Δðdv1=dyÞ for protons due to transported-quark
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FIG. 5. v1 for protons and antiprotons as a function of rapidity in (a) Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, (b) isobar (Ruþ Ru
and Zr þ Zr) collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, and (c) Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 27 GeV in the centrality interval of 50%–80%.
Protons and antiprotons are marked with solid and open circles, respectively. (d)–(f) show Δv1 ≡ vp1 − vp̄1 versus rapidity. The dΔv1=dy
values are obtained with linear fits (solid lines). Systematic uncertainties are indicated with shaded boxes.
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FIG. 6. Δðdv1=dyÞ between positively and negatively charged pions, kaons, and protons as a function of centrality in (a) Auþ Au
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, (b) isobar collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, and (c) Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 27 GeV. The
lavender band indicates UrQMD simulations, without any EM-field effect, of the proton Δdv1=dy in Auþ Au collisions at 200 GeV. In
comparison, a solid curve is added correspondingly for the iEBE-VISHNU calculation with the electromagnetic field devoid of
transported quarks [26].
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contributions. In Fig. 6(a), the solid curve gives the Event-
By-Event Viscous Israel Stewart Hydrodynamics aNd
UrQMD (iEBE-VISHNU) calculation of the electromag-
netic-field contributions to the proton Δðdv1=dyÞ without
transported quarks in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV [26]. The iEBE-VISHNU calculation adopts the
electrical conductivity of the QGP at equilibrium, σ ¼
0.023 fm−1, which is estimated from lattice QCD calcula-
tions [68–71] with a temperature of T ¼ 255 MeV. Since
transported quarks are generally believed to provide positive
contributions to the protonΔðdv1=dyÞ [52–54], the negative
Δðdv1=dyÞ values in peripheral events reveal the Faraday
inductionþ Coulomb effect. In view of the potential inter-
play between transported quarks and the electromagnetic
field, we abstain from simply adding these two models for a
direct quantitative comparison with our data. However, it is
noteworthy that the literal sum of the two model outcomes
appears to align closely with the measurements, implying
that the assumed electrical conductivity lies within a
plausible interval.
The decreasing trend and the sign change of Δðdv1=dyÞ

are also observed between Kþ and K− (closed triangles) in
Fig. 6, especially at 27 GeV. Kaons behave in a similar
manner as protons, as only Kþðus̄Þ could be affected
by transported u quarks. Quantitatively, we expect the
Δðdv1=dyÞ for kaons to have a smaller magnitude than that
for protons for several reasons. As shown in Fig. 4(right),
kaons have lower mean momentum and, hence, lower
mean pT than protons, which can be translated into lower
transported quark v1 as well as weaker electromagnetic
field effects [26]. On average, kaons also have a later
formation time than protons due to their lighter mass, and
the later-stage quark scatterings could reduce the existing
v1 splitting caused by the electromagnetic field. A factor
that may complicate the interpretation of the kaon data is
the potential asymmetry between s and s̄ quarks. For
example, the associated strangeness production pp →
pΛð1115ÞKþ [72] effectively converts net protons (the
excess of p over p̄) into ΛðudsÞ and Kþðus̄Þ, and, thus, Kþ
receives additional contributions relative to K−. Similar to
the charm quarks, the sðs̄Þ quarks are heavier and produced
earlier than the uðūÞ and dðd̄Þ quarks and could be
dominantly affected by the Hall effect, which reduces
the splitting between Kþ and K− in peripheral collisions.
The v1 splitting between πþ and π− (closed circles) is

less obvious than kaons and protons, but the pion
Δðdv1=dyÞ is statistically significant, −0.0028� 0.0002,
in 50%–80% Auþ Au at 27 GeV. As mentioned before in
the discussions related to Fig. 3, when transported quarks
have positive dv1=dy, they should give negative contribu-
tions to the pion Δðdv1=dyÞ. However, since πþ and π− are
both affected by transported quarks, the net effect is much
smaller than those for kaons and protons due to the
cancellation. In a scenario where transported quarks have
negative dv1=dy [73], their contribution to the Δðdv1=dyÞ

between πþ and π− should be positive, and then the
negative pion Δðdv1=dyÞ values at 27 GeV support the
dominance of the Faraday inductionþ Coulomb effect
over the Hall effect. Therefore, the combined Δðdv1=dyÞ
measurements for protons and pions favor the Faradayþ
Coulomb effect regardless of the sign of transported-quark
v1 in peripheral collisions. In principle, the electromagnetic
effect should give rise to a negative Δðdv1=dyÞ between πþ
and π− [26,74], but the aforementioned mechanisms, such
as mean pT and the formation time, are even more severe
for pions than for kaons. The pions from neutral resonance
decay may dilute the electromagnetic field effects, whereas
the protons fromΔþþ decay will enhance this effect, asΔþþ
has two units of electric charge [26]. Therefore, the small
magnitudes of the pion Δðdv1=dyÞ are understandable.

IV. CONCLUSION

The charge-dependent directed flow provides a probe to
the transported quarks, as well as the Hall, Faraday, and
Coulomb effects in heavy-ion collisions. We have pre-
sented the v1 measurements for π�, K�, and pðp̄Þ in Auþ
Au and isobar (Ruþ Ru and Zr þ Zr) collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV and Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 27 GeV. The
slope difference Δðdv1=dyÞ between protons and antipro-
tons, as well as between Kþ and K−, changes from positive
values in central collisions to negative in peripheral
collisions. The measured proton Δðdv1=dyÞ values in the
centrality range of 50%–80% are ½−1.89� 0.35ðstatÞ �
0.09ðsystÞ� × 10−3 in Auþ Au collisions at 200 GeV,
½−3.28� 0.53ðstatÞ � 0.27ðsystÞ� × 10−3 in isobar colli-
sions at 200 GeV, and ½−1.91� 0.13ðstatÞ � 0.03ðsystÞ� ×
10−2 in Auþ Au collisions at 27 GeV. While the positive
Δðdv1=dyÞ for protons and kaons in central collisions can
be attributed to the transported-quark contributions, the
significant negative values in peripheral events are con-
sistent with the electromagnetic field effects with the
dominance of the Faraday inductionþ Coulomb effect
[26–28]. The observed v1 splitting for protons in Auþ
Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV is comparable in mag-
nitude with the theoretical expectation incorporating both
transported quarks [52–54] and the electromagnetic field
[26]. The electrical conductivity of the QGP at equilibrium,
σ ¼ 0.023 fm−1, given by lattice QCD calculations [68–71]
with a temperature of T ¼ 255 MeV, is found to be
compatible with the measurements reported in this work.
This charge splitting is stronger in collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 27 GeV, corroborating the idea that the electro-
magnetic field decays more slowly at low energies.
Compared with protons, pions and kaons have smaller
Δðdv1=dyÞ magnitudes, which is understandable in view
of factors such as mean pT and the formation time. A
companion STAR analysis [75] assumes the coalescence
sum rule using combinations of hadrons without trans-
ported quarks and concludes that the presence of the
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EM-field dominated by the Hall effect in midcentral events
explains the observed v1 splitting. The combined inference
from Ref. [75] and the current work is that a competition
between the Hall effect and the Faradayþ Coulomb effect,
its flavor, and centrality dependence may lead to the
observed v1 splittings. Further studies on the beam energy
dependence of this observable are underway, with more
data accumulated in the RHIC BES-II program.
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