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Antiflow of mesons in the high baryon density region
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The E895 and STAR experiments demonstrate that the slopes of directed flow with respect to rapidity
(dv1/dy|y=0) of mesons are negative in the low transverse momentum (pT ) region, pT < 0.8 GeV/c, in Au + Au
collisions at

√
sNN = 3.0–3.9 GeV. Using the transport model JAM, we investigate the directed flow of π±, K±,

and K0 as functions of rapidity, pT , and collision energy in Au + Au collisions at the same energies as those
in the E895 and STAR experiments. We find that the JAM model can qualitatively reproduce the antiflow of
K0

S observed in the E895 experiment. The v1 slopes of pions and kaons are analyzed as functions of the pT

window, revealing a strong pT dependence of the v1 slopes. Negative v1 slopes are observed in the low pT

region, pT < 0.8 GeV/c, while positive slopes are shown in the higher pT region. We find that the shadowing
effect from spectators is crucial in generating the antiflow of mesons at low pT in the high baryon density region.

DOI: 10.1103/PhysRevC.110.034903

I. INTRODUCTION

The collective flow (vn) is the event anisotropy of final
state particles in heavy-ion collisions, which can be defined by
Fourier expansion of the particle distribution with respected to
the reaction plane [1,2]:

E
d3N

d3 p
= 1

2π

d2N

pT d pT dy

(
1 +

∞∑
n=1

2vn cos [n(φ − �r )]

)
,

(1)
where φ, �r , and vn represent the azimuth of final state
particle in the laboratory frame, the azimuth of the reaction
plane, and the nth harmonic coefficient of the Fourier series,
respectively. The collective flow carries the information of
the created medium in heavy-ion collisions [3], and is sen-
sitive to the properties and the equation of state (EoS) of
the medium. The first-order coefficient, known as directed
flow (v1), signifies the sideward collective motion of particles
along the direction of the impact parameter [4]. In the context
of heavy-ion collisions, v1 offers valuable insights into the
behavior of quark-gluon plasma (QGP) and its transition to
a hadronic phase. It acts as a sensitive probe for examining
the properties of strongly interacting matter under extreme
conditions in heavy-ion collisions [5–13]. At the same time,
it can reveal the interplay between initial compression and
tilted expansion [14,15], thereby playing an important role
in exploring the quantum chromodynamics (QCD) phase dia-
gram, especially in the high baryon density region with a large
baryon chemical potential μB [16–27]. Moreover, v1 measure-
ments impose constraints on the EoS and identify its softest
point in the QCD phase diagram [28–36]. Thus, v1 study in
the high baryon density region is pivotal for enhancing our
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understanding of the QCD phase diagram and the nature of
strongly interacting matter at extreme densities.

The sign of v1 is commonly used to describe the deflec-
tion behavior of particles in heavy-ion collisions. A positive
v1 indicates that more freeze-out particles are emitted in
the direction aligned with the spectators, while a negative
v1 indicates that more particles are emitted in the direction
opposite to the spectators [37]. In high energy heavy-ion
collisions, a negative v1 at positive rapidity, leading to a neg-
ative slope at midrapidity (dv1/dy|y=0), known as antiflow,
can be attributed to the tilted expansion prevailing over the
initial compression [14,38–40]. On the other hand, at lower
collision energies (

√
sNN < 10 GeV), the spectator shadow-

ing effect becomes non-negligible, introducing another factor
influencing the flow observable. The shadowing effect gen-
erates negative elliptic flow, as observed in experiments such
as Au + Au collisions at

√
sNN = 3.0 GeV from the STAR

detector at the Relativistic Heavy Ion Collider (RHIC-STAR),
where μB ≈ 720 MeV [41]. Regarding v1, the antiflow of K0

S
was observed in Au + Au collisions at

√
sNN = 3.83 GeV by

the E895 experiment at the Alternating Gradient Synchrotron
(AGS) over two decades ago [42,43]. The kaon antiflow is
widely attributed to the repulsive kaon potential in the high
baryon density region [43–49]. It is also worth studying
whether meson antiflow is possibly caused by the spectator
shadowing effect [50].

The passing time of spectators (∼2R/γ β) closely matches
the average time of particle freeze-out [50–52], where R
is the radius of nuclei, γ is the Lorentz contraction factor,
and β is the velocity of the spectators as a fraction of the
speed of light. It leads to freeze-out particles being shad-
owed by the spectators. Table I lists the spectator passing
times tp in the center-of-mass frame for Au + Au collisions
at

√
sNN = 3.0, 3.2, 3.5, and 3.9 GeV. The average time

of particle freeze-out tm is estimated using the JET AA
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TABLE I. Rapidity y, velocity β, the spectator passing time tp,
the hadron freeze-out mean time tm in the JAM model, and their ratio
tp/tm from Au+Au collisions at

√
sNN = 3.0, 3.2, 3.5, and 3.9 GeV.

Note that tm is calculated from all hadrons over |η| < 1.

√
sNN (GeV) y β (c) tp (fm/c) tm (fm/c) tp/tm

3.0 1.06 0.79 11.00 16.99 0.65
3.2 1.13 0.81 10.07 16.68 0.60
3.5 1.25 0.85 8.72 16.34 0.53
3.9 1.37 0.88 7.59 16.01 0.47

Microscopic Transport Model (JAM) [53]. The ratio of tp to
tm indicates that the spectator passing time is about half of
the average time of particle freeze-out in Au + Au collisions
at

√
sNN = 3.0–3.9 GeV. Furthermore, this ratio increases as

the collision energy decreases, suggesting that the spectator
shadowing effect becomes more significant at lower collision
energies. Using the JAM model, we investigate the shadowing
effect on the v1 of pions and kaons in Au + Au collisions at√

sNN = 3.0–3.9 GeV, corresponding to a μB coverage from
630 to 720 MeV. We find that antiflow is observed not only for
K0 but also for charged pions and kaons in the low pT region.

The rest of this paper is organized as follows. We introduce
the JAM model in Sec. II. Then, in Sec. III, we present a
comparison of K0

S antiflow from the E895 experiment to JAM
calculations, along with a detailed study of v1 slopes of pions
and kaons with the JAM model at the same collision energies
as the STAR experiment [54]. To study the shadowing effect
from spectators, we compare the results with and without
spectators from JAM model. Finally, we provide a summary
in Sec. IV.

II. JAM MODEL

The JAM model is a hadronic transport model capa-
ble of simulating the evolution of relativistic heavy-ion
collisions [53]. In this model, particle production includes
resonance excitation, string production, and their decay con-
tributions, similar to other transport models such as RQMD,
AMPT, and PHSD [55–58]. Two different approaches are
used to describe the effect of the EoS in JAM. One is the cas-
cade method based on the modified two-body scattering [59],
while the other involves the nuclear mean-field method im-
plemented with the relativistic quantum molecular dynamics
approach [60].

It has been demonstrated that the baryonic mean-field po-
tential plays a significant role in the high baryon density
region. JAM model calculations cooperating with baryonic
mean-field have successfully described the v1 and v2 of
baryons in Au + Au collisions at

√
sNN = 3.0 GeV from

RHIC-STAR [41,61]. However, the mean-field mode is not
suitable for the v1 of mesons in the high baryon density region,
probably due to the implementation of the strong repulsive
baryonic potential [62]. The cascade mode describes the v1

of pions and kaons better than the baryonic mean-field mode
at

√
sNN < 4.5 GeV, as illustrated in Refs. [15,34,41,62–64].

Therefore, we will focus on the JAM model in cascade mode
for the following meson v1 study. Additionally, JAM provides
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FIG. 1. The directed transverse flow 〈px〉 of K0 from JAM cal-
culations (red circles), and that of K0

S from E895 experiment (black
circles) as a function of rapidity in Au + Au collisions at

√
sNN =

3.83 GeV. Note that the normalized rapidity from E895 data has been
converted to the center-of-mass frame to enable a direct comparison.

an option to retain or remove spectators during the nuclear
matter evolution in heavy-ion collisions. We take advantage
of this feature to investigate the nontrivial shadowing effect
caused by spectators in the high baryon density region.

In this work, we use version 2.1 of the JAM model to
generate Monte Carlo event samples for Au + Au collisions
at

√
sNN = 3.0, 3.2, 3.5, and 3.9 GeV. We employ the default

cascade mode and the cascade mode without spectators to
study the antiflow of mesons in heavy-ion collisions within
the high baryon density region. Event centrality is defined
by the reference multiplicity, which counts the total number
of charged pions, charged kaons, protons, and antiprotons
within the pseudorapidity region of |η| < 0.5, which is same
as STAR experimental analysis [54]. The azimuth of the reac-
tion plane is zero in the model, thus the directed flow can be
calculated by v1 = 〈cos(φ)〉. In experiments, as the reaction
plane is unknown, the event plane method is used for the
v1 measurements [1]. Using the JAM model, we compare
the results from the event plane method, following the STAR
experiment [41], to those of 〈cos(φ)〉. The results from the two
methods exhibit good consistency in the model. The statistical
error is smaller in the case of 〈cos(φ)〉 as it does not require
resolution correction due to the event plane estimate. We will
present the results of 〈cos(φ)〉 in the following.

III. RESULTS AND DISCUSSIONS

We compare the measurements of directed transverse flow
〈px〉 as a function of rapidity from the E895 experiment with
JAM calculations. The experimental measurement of 〈px〉 ex-
tracted from Au + Au collisions at

√
sNN = 3.83 GeV by the

E895 Collaboration [42,43] is shown as black circles in Fig. 1.
To facilitate a direct comparison, the normalized rapidity from
E895 data has been converted to the rapidity in the center-of-
mass frame [42,43]. The JAM calculations with cascade mode
are denoted by red circles, and they are constrained by the
same impact parameter range and transverse momentum cut
as the data. Note that K0 in JAM includes both K0

S and K0
L

since the model cannot separate K0
S and K0

L . The model can
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FIG. 2. The directed flow as a function of rapidity in 10–40%
most central Au + Au collisions at

√
sNN = 3.9 GeV from the JAM

cascade mode, where black solid and open circles denote the particles
whose freeze-out times are less and more than 8 fm/c, respectively.
The left and right panels depict results of particles (π+, K+, and K0)
and the corresponding antiparticles (π− and K−), respectively.

reproduce the antiflow of K0
S in midrapidity but underesti-

mates the v1 strength. The discrepancy between the model and
the data might be due to the lack of a kaon potential in the JAM
cascade mode. Since the model can reproduce the negative v1

slope of K0
S in midrapidity as observed in the experimental

data, we will further investigate the impact of the shadowing
effect with the JAM model, which is important for the meson
v1 in the high baryon density region.

First, we explore the time evolution of directed flow. As
shown in Table I, the spectator passing time is about 8 fm/c
in Au + Au collisions at

√
sNN = 3.9 GeV. It is anticipated

that particles with a freeze-out time of less than 8 fm/c would
be shadowed by the passing spectators, potentially influencing
the development of directed flow. Figure 2 depicts the freeze-
out time dependence of v1(y) for pions (π+ and π−) and
kaons (K+, K−, and K0) in the 10–40% most central Au + Au
collisions at

√
sNN = 3.9 GeV from JAM calculations. The

solid circles represent the particles that freeze out prior to
the passage of the spectator, and the open circles represent
those that freeze out after the spectator has passed. Distinct
negative v1 slopes around midrapidity are observed for pi-
ons and kaons with a freeze-out time of less than 8 fm/c,
and the v1 slopes approach zero for pions and kaons with
freeze-out times exceeding 8 fm/c. This implies that particles
freezing out earlier experience a significant shadowing effect
from spectators, leading to the observed antiflow. As time
progresses and the shadowing effect weakens, the v1 slopes
approach zero for particles with later freeze-out times.
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FIG. 3. The directed flow as a function of pT in 10–40% most
central Au + Au collisions at

√
sNN = 3.9 GeV from the JAM cas-

cade mode, where black solid circles are for particles in midrapidity
(|y| < 0.5) and open circles are for forward rapidity (0.5 < |y| < 1).
The left and right panels depict results of particles (π+, K+, and K0)
and the corresponding antiparticles (π− and K−), respectively.

In addition to the spectator shadowing effect being ev-
ident in the time evolution, it is expected that particles in
the forward rapidity region exhibit greater sensitivity to the
shadowing effect compared to those in the midrapidity region,
as the former are in closer proximity to the spectator [31,64].
Note that the spectator rapidity is 1.37 at

√
sNN = 3.9 GeV,

as shown in Table I. Figure 3 illustrates the transverse mo-
mentum dependence of v1 from midrapidity (solid circles)
and forward rapidity (open circles) in 10–40% most cen-
tral Au + Au collisions at

√
sNN = 3.9 GeV, obtained from

JAM calculations. There is a clear negative v1 at low pT for
pions (π+ and π−) and kaons (K+, K−, and K0) at midra-
pidity (|y| < 0.5). The value of v1 in the forward rapidity
region (0.5 < |y| < 1), close to the spectator rapidity, shows
more negativity. This indicates that a well-defined antiflow
is formed at low pT . Furthermore, The v1 values for pions
exhibit more negativity at low pT compared to those for kaons,
which could be attributed to the significantly larger scattering
cross-section of pions relative to kaons (σK0+p ≈ 10 mb and
σπ+p ≈ 100 mb) [43].

The time evolution and pT dependence of v1 suggest a neg-
ative contribution to v1 of mesons arising from the spectator
shadowing effect. Further study is carried out by removing
the spectators in the JAM model. We investigate the v1 of
pions and kaons in an overall transverse momentum (pT )
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FIG. 4. The directed flow as a function of rapidity in 10–40%
most central Au + Au collisions at

√
sNN = 3.9 GeV from JAM in

default cascade mode (red solid circles) and in cascade mode without
spectator (open circles). The left and right panels depict results of
particles (π+, K+, and K0) and the corresponding antiparticles (π−

and K−), respectively.

window (0.2 < pT < 1.6 GeV/c), which is the same as the
acceptance range of the STAR experiment [54]. In Fig. 4, the
rapidity dependence of directed flow for particles (π+, K+,
and K0) and their corresponding anti-particles (π− and K−) in
10–40% Au + Au collisions at

√
sNN = 3.9 GeV is shown for

JAM calculations in default cascade mode and cascade mode
without spectators. It is observed that JAM in cascade mode
predicts negative midrapidity v1 slopes for pions and kaons.
On the other hand, JAM in cascade mode without spectators
shows positive v1 slopes, in contrast to the one with specta-
tor interactions. This implies that the shadowing effect from
spectators leads to antiflow of mesons in heavy-ion collisions
in the high baryon density region. We studied dv1/dy|y=0 of
pions (π+ and π−) and kaons (K+, K−, and K0) in JAM,
and found that there is no strong charge dependence for the
formation of antiflow. To facilitate the following discussion,
we take π+ and K0 as examples.

Then, we investigate the v1 distribution in the narrow trans-
verse momentum windows. The rapidity dependence of π+
and K0 v1 within different pT windows in 10–40% Au + Au
collisions at

√
sNN = 3.9 GeV is presented in Fig. 5. JAM

in cascade mode depicts negative v1 slopes at midrapidity
for π+ and K0 v1 at pT < 0.8 GeV/c. The magnitude of v1

slopes from the cascade mode without spectators decreases
compared to those with spectators in the top two panels of
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FIG. 5. The directed flow as a function of rapidity in different pT

windows for π+ (left panels) and K0 (right panels) in 10–40% most
central Au + Au collisions at

√
sNN = 3.9 GeV from JAM cascade

mode (red solid circles) and cascade mode without spectator (open
circles).

Fig. 5 (with a pT window of 0 < pT < 0.2 GeV/c). As the pT

increases, v1 slopes of π+ and K0 from cascade mode without
spectators turn positive rapidly, and clear positive v1 slopes
can be observed when 0.6 < pT < 0.8 GeV/c as shown in
the bottom two panels of Fig. 5. Meanwhile, the v1 slopes of
π+ and K0 from default cascade mode remain negative. The
pT dependence of v1(y) and the discrepancy between cascade
mode with and without spectators indicate that the shadowing
effect from spectators is one of the important reasons for the
antiflow of π+ and K0.

Besides the pT window, the shadowing effect is also sen-
sitive to the collision centrality. The number of spectator
nucleons is larger in more peripheral collisions, thus suggest-
ing that the shadowing effect should be stronger. Figure 6
shows the pT dependence of v1 slope at midrapidity for
K0 across three event centralities (0–10%, 10–40%, and 40–
60%) in Au + Au collisions at

√
sNN = 3.9 GeV. It is clearly

observed that antiflow for K0 occurs at low pT in three
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FIG. 6. The v1 slopes at midrapidity (dv1/dy|y=0) as a function of pT window for K0 in 0–10%, 10–40%, and 40–60% most central
Au + Au collisions at

√
sNN = 3.9 GeV from the JAM cascade mode (red solid circles) and cascade mode without spectators (open circles).

The dv1/dy|y=0 is characterized by the linear term in a fit of the function v1(y) = ay + by3; the fit range is −1 < y < 0.

centralities (pT < 0.8 GeV/c for 0–10%, pT < 0.6 GeV/c for
10–40%, and pT < 0.4 GeV/c for 40–60%) in JAM cascade
mode both with and without spectator interactions. JAM with
spectators pushes the v1 slopes of K0 to be more negative
compared to the same model without spectators. Moreover,
the magnitude of the v1 slope in peripheral collisions (40–
60%) is greater than that in central collisions (0–10%) in the
low pT region, due to a stronger shadowing effect caused
by the increased number of spectators in peripheral collisions.
The strong centrality dependence of the v1 slope confirms that
the observed antiflow of K0 at low pT could be attributed
to the shadowing effect from spectators.

The STAR experiment recently presented preliminary re-
sults on identified particle v1 in Au + Au collisions at√

sNN = 3.0, 3.2, 3.5, and 3.9 GeV, where antiflow of mesons
was observed at low pT in these preliminary results [54]. Fig-
ure 7 shows v1 slopes at midrapidity of K0 as a function of pT

in Au + Au collisions with 10–40% centrality at
√

sNN = 3.0,
3.2, 3.5, and 3.9 GeV from JAM model calculations. The an-
tiflow of K0 at low pT (pT < 0.8 GeV/c) is captured at these
four collision energies by JAM in cascade mode. However,
for the JAM cascade mode without spectators, the v1 slopes
are closer to zero from negative direction compared to those
with spectators. In particular, the antiflow of K0 cannot be
observed at all in the shown pT range at

√
sNN = 3.0 GeV in

JAM without spectators, and the difference in v1 slope is more
evident between JAM with and without spectators. This is
probably because the strongest shadowing effect experienced
by K0, characterized by the largest tp/tm ratio in Table I
among the four collision energies, is not accounted for in JAM
without spectators. The comparison between JAM mode with
and without spectators implies that the shadowing effect from
spectators plays an important role in the kaon antiflow at low
pT in noncentral heavy-ion collisions within the high baryon
density region.

IV. SUMMARY

In summary, we present calculations of the directed flow
of π±, K±, and K0 in Au + Au collisions at

√
sNN = 3.0, 3.2,

3.5, and 3.9 GeV using the hadronic transport model JAM.

The JAM cascade mode can qualitatively reproduce the K0
S

antiflow observed by the E895 experiment in Au + Au colli-
sions at

√
sNN = 3.83 GeV. Pions and kaons exhibit negative

midrapidity v1 slopes in the low pT region, pT < 0.8 GeV/c,
while the slopes become positive in the higher pT region. The
time evolution of v1 reveals that the pions and kaons with ear-
lier freeze-out time exhibit distinct negative v1 slopes around
midrapidity, contrasting with a flat v1 distribution from those
with later freeze-out time. And the v1 values in the forward ra-
pidity are more negative compared to those in the midrapidity.
Furthermore, the centrality dependence of the v1 slope shows
that slopes are more negative in more peripheral collisions,
which aligns with the expected spectator shadowing effect.
To investigate the shadowing effect, we analyze the v1 slopes
of mesons using the JAM model in cascade mode with and
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FIG. 7. The v1 slopes at midrapidity (dv1/dy|y=0) as a function
of pT window for K0 in 10–40% most central Au + Au collisions
at

√
sNN = 3.0, 3.2, 3.5, and 3.9 GeV form JAM cascade mode (red

solid circles) and cascade mode without spectator (open circles).
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without spectator. The findings indicate that the shadowing
effect from spectators turns positive v1 slopes into negative
ones in the low pT region at

√
sNN = 3.0–3.9 GeV.

It suggests that in heavy-ion collisions in the high baryon
density region, the shadowing effect, arising from the pres-
ence of spectators, influences the motion of particles, leading
to an antiflow phenomenon of mesons where these particles
move opposite to the normal flow direction. The kaon poten-
tial, often considered as a significant factor in understanding
kaon antiflow, may not be the sole or primary source. The
shadowing effect could also contribute significantly. It also
implies that the dynamics of high-density nuclear collisions

are complex, with multiple factors influencing the collective
flow observable. The shadowing effect from spectators plays
an important role in understanding the observed phenomena.
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