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Splitting of proton-antiproton directed flow in relativistic heavy-ion collisions
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The rapidity-dependent directed flow of particles produced in a relativistic heavy-ion collision can be gen-
erated in the hydrodynamic expansion of a tilted source. The asymmetry of the pressure leads to a buildup
of a directed flow of matter with respect to the collision axis. The experimentally observed ordering of the
directed flow of baryons, pions, and antibaryons can be described as resulting from the expansion of a baryon
inhomogeneous fireball. An uneven distribution of baryons in the transverse plane leads to a difference in the
collective push for protons and antiprotons. Precise measurements of the collective flow of identified particles as
a function of rapidity could serve as a strong constraint on mechanism of baryon stopping in the early phase of

the collision.
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The creation of a dense, strongly interacting matter in
relativistic heavy-ion collisions manifests itself through the
buildup of collective flow of emitted particles [1-3]. The col-
lective flow reflects the gradient of the pressure in the fireball.
The collective flow is parameterized using the harmonic flow
coefficient for the azimuthal angle dependence of the observed
spectra of produced particles. In particular, the directed flow
with respect to the reaction plane Wy is defined as a rapidity-
dependent first harmonic coefficient v; (y)
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In collisions of symmetric nuclei the directed flow is an odd
function of rapidity.

The observation of the rapidity odd directed flow v; of
charged particles produced in symmetric heavy-ion collisions
[4-7] shows that the forward-backward symmetry is broken.
In dynamic models of collisions it is due to an asymme-
try of the initial conditions [8-20]. In noncentral collisions
the initial state is expected to break the forward-backward
symmetry. In the hydrodynamic model the directed flow can
be explained by the expansion of a fireball tilted with re-
spect to the collision axis [12]. This phenomenological model
can describe the measured directed flow of charged parti-
cles. However, it cannot explain the observed splitting of
the directed flow of identified particles [6,21]. In particular,
the measured directed flow is different for protons and an-
tiprotons, while in the hydrodynamic model particles of the
same mass are expected to have a similar collective flow.
Dynamical or hybrid models of heavy-ion collisions cannot
explain the observed directed flow for identified particles at
different energies [13,15,18,22-25]. Hybrid models using a
cascade followed by a hydrodynamic model [15,26,27] pre-
dict a splitting in the final spectra, the directed, or the elliptic
flow of baryons, antibaryons, and protons, without imposing a
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phase transition. However, no calculation exists that predicts
the right ordering of the splitting of the rapidity-dependent
directed flow of baryons, pions, and antibaryons at higher
RHIC energies. For /sy > 30 GeV, effects of a possible
phase transition are expected to be small, while the exper-
iment shows a clear ordering (protons, pions, antiprotons)
of the directed flow. This longstanding problem can be re-
solved assuming that the baryon distribution in the fireball
is inhomogeneous. The baryon chemical potential is not only
rapidity dependent [28], but also depends on the position in
the transverse plane. The correlation between the position of
the stopped baryon in the transverse plane and the position
of the participant nucleon leads to a tilt of the baryon distribu-
tion. In the following, I show how this mechanism can explain
the observed hierarchy of the directed flows of pions, protons,
and antiprotons.

Dynamical models of the initial state are developed for the
description of the creation and subsequent hydrodynamic evo-
lution of a three-dimensional fireball in heavy-ion collisions
[27,29-32]. In this Letter, the difference of the average flow
of baryons, antibaryons, and pions is discussed. The effect on
the average flow can be understood using a simple model with
smooth initial conditions. The initial conditions are chosen in
the form of a tilted fireball in the Glauber model [12]. The
participant densities in the transverse plane (x, y) for the right
(+) and left (—) going nuclei colliding at impact parameter
b are

Te(x,y) =AT(x£b/2,y)[1 — (1 —oTxFb/2,y))].
2

where
TG, y) = / dzp(/3T T2+ 2), 3)

p is the normalized nuclear density profile
C
1 +expl(r — R)/al’

p(r) = “
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f d*rp(r) = 1. For the case studied in this letter, Au+
Au collisions at ,/syy = 200 GeV, the parameters are A =
197, 0 =42 mb, R=6.37 fm, a = 0.54 fm. The num-
ber of participant nucleons at impact parameter b is
Npare = [ dxdy[Ty(x,y) + T_(x, y)]. The average multiplic-
ity of produced particles is proportional to a combination
(1 = a)Npart + 20tNon, where the number of binary col-
lisions Neon = 0A? [ dxdyT (x + b/2, )T (x + b/2,y). The
three-dimensional distribution of the initial entropy den-
sity in the transverse plane and space-time rapidity
m = 5 In(2) is

sQey, ) o< [ = o) (T (x, ) fr(ns) + T-(x, ) f~(n5))
+ 200 AT (x + b/2, )T (x + b/2, Y)IH (1))
%)

The two terms in the density correspond to the participant and
binary collisions contributions to the overall multiplicity of
produced particles. The longitudinal profile is

_ 02
H(ny) = exp (—e(mm - nﬂ)M>, ©)

2
20,7

with nﬂ = 1 and o,, = 1.3. The average entropy deposited in
the interaction region by a participant nucleon is asymmetric
in the longitudinal direction [11,33,34]. The corresponding
profiles for left- and right-going participants are

17i n > nr
Sy = %, —nr <N <Nt . @)
0, n < -—nr

The linear form of the asymmetric profiles fi can describe
the tilt of the fireball in the central rapidity region. Other
Ansdtze used [20,35] for the tilted fireball are very similar
in this central rapidity region. The tilted fireball scenario has
been successful is describing the observed charged particle
directed flow [12]. The component of the initial density cor-
responding to the binary collision contribution is not tilted.
The tilt of the fireball in the central region is determined by
two parameters ny = 2.4 and o = 0.1. Please note that the
asymmetric entropy deposition is an average description of
of fluctuating string initial conditions [29,36]. The tilted and
nontilted component reflects qualitatively the possibility of
different kind of strings formed in the initial state, involving
valence and see quarks from the participant nucleons.

The hydrodynamic expansion is performed using the three-
dimensional version of the hydrodynamic code MUSIC [37-39]
with shear viscosity n/s = 0.08 and an equation of state for
quark-gluon plasma at finite baryon density [40]. The freeze-
out takes place at the density €, = 0.5 GeV/ fm>. In a more
realistic setup an earlier freezeout combined with a latter
hadronic cascade stage could be used (ideally a hadronic cas-
cade with a detailed balance between annihilation and creation
of baryon-antibaryon pairs should be used). The effect of the
hadronic stage on the directed flow is partly included in the
calculation using an effective, delayed freezeout condition,
but without hadronic afterburner. As long as both approaches
reproduce the experimentally observed ratio of protons and
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FIG. 1. Rapidity dependence of the directed flow of pions (stars
and gray band), protons (full circles and red band), and antiprotons
(squares and blue band) in 1040 % centrality Au + Au collisions.
The symbols represent the STAR Collaboration data [21] and the
bands the results of the hydrodynamic expansion of a baryon homo-
geneous fireball.

antiprotons (or equivalently between transported and pro-
duced baryons), the predicted directed flow would be similar.
Moreover, a possible change in the relative number a produced
baryon due to annihilation, could change the magnitude of the
splitting, but not the ordering in the predicted hierarchy of the
slopes of the directed flow d”—ly(antiprotons) < ‘Lly‘(pions) <
‘Lly‘(protons).

In the very early stage of the collision a preequilib-
rium expansion is usually assumed. However, the existing
implementations of the preequilibrium expansion use a two-
dimensional, boost-invariant geometry [41]. Whereas, the
early stage of the buildup of the directed flow is very sensitive
to the relative values of the transverse and longitudinal effec-
tive pressures in the fluid [42]. In hybrid model calculations at
energies ,/syy < 27 GeV it has been found that the directed
flow can be generated already in the early hadronic phase of
the dynamics [24]. The investigation of the details of such a
very early three-dimensional evolution is beyond the scope of
the present phenomenological study. Instead, a viscous hydro-
dynamic evolution is imposed from an early initialization time
0.2fm/c.

The expansion of the tilted fireball generates the rapidity-
dependent directed flow. The model results reproduce rea-
sonably well the directed flow of charged particles [12], but
not the splitting of directed flows of protons and antiprotons
[6,21]. The same kinematic cuts are used for pions and protons
as in the experimental analysis. The directed flow of pions as
a function of rapidity can be reproduced by the model using
a tilted source initial conditions for the bulk of the matter
(Fig. 1). In the calculation there is no baryon current and
the flow of protons and antiprotons is similar. This is not
surprising, as in this version of the hydrodynamic model the
predicted flow depends only on the particle mass. The model
cannot predict the observed splitting of the directed flow of
baryons and antibaryons. At lower energies the splitting of
baryon and antibaryon flow in hydrodynamic models could
be related to a possible phase transition [15,18,23,24], to an
effect of the spectator matter [43], or to the electromagnetic
effect [44]. At the energy ,/syy =200 GeV these effects
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FIG. 2. Initial entropy density s(x, 0, 1) (solid contours) and
baryon density p,(x, 0, 1) (dashed contours).

cannot explain the observed splitting of directed flow. The
baryon-antibaryon splitting of the directed flow indicates that
the baryons transported from the initial colliding nuclei have
effectively a different flow than the produced baryons and
antibaryons [45].

In the hydrodynamic model the difference in the flow of
baryons and antibaryons indicates that the net baryon density
is finite and baryon currents are present in the expanding
fireball. The initial baryon density is assumed to be of the form

o, y, myp) o< (T (x, y) fo- () + T-(x, y) f-(1n5))]
x H(n)Hp(n))) (8)

where Hg(n)) = exp(—%) + exp(—%), with pa-
rameters ng = 4.4 and op = 2.2. The ratio of the transported
and produced baryons at central rapidities [46] is reproduced
with these initial conditions, which is essential for the descrip-
tion of the proton-antiproton splitting of directed flow. Please
note, that the parametrization [Eq. (8)] of the baryon density
is tilted with respect to the collision axis, but the tilt is slightly
larger than for the bulk of the matter [Eq. (5)]. The ansatz
used is phenomenological, but qualitatively justified in string
models of the initial state [29,47,48]. The net baryon num-
ber transported to central rapidities must originate from the
valence quarks in the participant nucleons. Therefore, the net
baryon density in the transverse plane is strongly correlated to
the density of participant nucleons. On the other hand, the de-
posited entropy is expected to originate from strings involving
valence and sea quarks. This implies that the tilt of the initial
entropy density could be smaller than the tilt of the initial
baryon distribution. In Fig. 2 are shown the contour plots for
the initial entropy and baryon number density distributions for
a Au + Au collision at b = 5 fm. The larger tilt of the initial
baryon density generates inhomogeneities in the proton and
antiproton distributions in the fireball. At positive space-time
rapidities the proton density is larger in the upper part of the
fireball on the figure, the reverse is true for the antiproton
density.

The initial energy and baryon distributions are propagated
using a viscous hydrodynamic evolution with baryon current
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FIG. 3. Rapidity dependence of the directed flow of pions (stars
and gray band), protons (full circles and red band), and antiprotons
(squares and blue band) in 1040 % centrality Au + Au collisions.
The symbols represent the STAR Collaboration data [21] and the
bands the results of the hydrodynamic calculation with baryon
current.

using the MUSIC code. At the freezeout particles are emitted
following the local temperature, flow velocity, and baryon
chemical potential in a fluid cell, as well as shear viscosity cor-
rections. As a result, the final proton directed flow of protons
(antiprotons) is larger (smaller) than directed flow of pions at
positive rapidities (Fig. 3). The model calculation reproduces
well the rapidity-dependent directed flow for pions, similarly
as for the calculation without baryon current (Fig. 1).

The tilt of the bulk of the fireball matter and the tilt of
the baryon density change with the centrality of the colli-
sion. The slope of the rapidity dependence of the directed
flow dv;(y)/dy is fitted in the central rapidity region y €
[—1, 1] for each particle species at a range of centralities from
0%—70%. The result as a function of centrality is shown in
Fig. 4 and compared to STAR Collaboration data. In semicen-
tral collisions the model and the experimental data show the
largest splitting between the slopes of the directed flow for
the three particle species studied. The splitting is reduced for
semiperipheral collisions in the experiment. Qualitatively this
is also seen in the model calculation. The calculation is based
on a phenomenological ansatz. The same phenomenological
parameters determining the tilt of the fireball are used at
all centralities and the experimental directed flow slopes for
identified particles at different centralities are reproduced only
qualitatively.
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FIG. 4. The slope of the rapidity dependence of the directed flow
of pions, protons, and antiprotons as function of centrality in Au +
Au collisions. Symbols as in Fig. 3.
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The analysis demonstrates the origin of the observed split-
ting of the baryon-antibaryon directed flow, but cannot replace
microscopic models of the initial state. The directed flow of
identified particles could serve as strong experimental con-
straint in the development of such realistic models of the
initial state. The proposed mechanism could qualitatively ex-
plain the observed splitting of the baryon-antibaryon directed
flow also at lower energies [21] (with adjusted parameters).
Again, a detailed study of the energy dependence of the di-
rected flow splitting should be rather based on more realistic
models. For ,/syy < 30 GeV effects due to phase transition,
shadowing by spectators or a mean field could also play a role.

This Letter presents a mechanism, which generates the
splitting of the directed flow for protons and antiprotons in
hydrodynamic models. This scenario strongly suggests that
the distribution of baryons in the fireball is inhomogeneous
in the transverse plane. This characteristic of the initial state
could serve as a constraint for dynamical models of the initial

state involving stopped baryons. This effect could have con-
sequences for precise studies of the collective flow harmonics
for identified particles or of the polarization for baryons and
antibaryons [49,50]. The effects of splitting of the triangular
v3 or elliptic v, flow of protons, pions, and antiprotons at
nonzero rapidity could also be studied. Similarly, other con-
served charges could be unevenly distributed in the fireball.
However, for strangeness the most important effect to be
considered could be the different rate of strangeness satura-
tion between the core and corona of the fireball and not the
inhomogeneities of the net strangeness. Finally, let us note
that a similar experimental and theoretical analysis could be
performed for collision of asymmetric nuclei to gain addi-
tional information on the initial state of the hydrodynamic
evolution.

This research is partly supported by the National Science
Centre Grant No. 2018/29/B/ST2/00244.
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