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Azimuthally Anisotropic Emission of Pions in Symmetric Heavy-Ion Collisions
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Triple differential cross sections d3o/dp3 for charged pions produced in symmetric heavy-ion collisions
were measured with the KaoS magnetic spectrometer at the heavy-ion synchrotron facility SIS at GSI.
The correlations between the momentum vectors of charged pions and the reaction plane in

Au+ ' Au collisions at an incident energy of 1 GeV/nucleon were determined. We observe, for the
first time, an azimuthally anisotropic distribution of pions, with enhanced emission perpendicular to the
reaction plane. The anisotropy is most pronounced for pions of high transverse momentum in semicen-
tral collisions.

PACS numbers: 25.75.+r

One of the central goals in the study of relativistic
nucleus-nucleus collisions is to extract information about
the dynamics of hot and compressed nuclear matter. The
study of the decompression features is expected to yield
information about the compressional energy built up by
the two colliding nuclei. Theoretical models predict that
collective observables of the expanding system represent
suitable probes for a description of nuclear matter under
extreme conditions [1,2]. Indeed, a number of experi-
ments have found that part of the compressional energy
reappears in the form of directed and collective liow
effects of the nucleons [3-7]. A sidewards deflection of
the spectator fragments ("bounce off") is found as well as
directed flow of nucleons from the overlap region between
the colliding nuclei (participants) in the reaction plane
("side splash" ). Additionally, an azimuthally anisotropic
emission perpendicular to the event plane is observed for
protons, neutrons, and light nuclei ("squeeze out")
[7-10].

In addition to the participant and spectator nucleons,
newly created hadrons, predominantly mesons, are ob-
served in relativistic nucleus-nucleus collisions. The
study of the multiplicity, emission pattern, and momen-
tum distribution of these mesons provides important in-
formation about hot and compressed nuclear matter
[1,11,12]. Previous studies have shown that resonance
excitation of nucleons becomes increasingly important
around 1 GeV/nucleon bombarding energy [13,14]. The
most important processes in this energy domain are h, 33

production and decay which are responsible for the
creation, rescattering, and absorption of pions via the
channels Nz 5 and hN NN. These processes are re-
sponsible for the short mean free path of pions in nuclear
matter. The probability of an interaction in the nuclear
medium depends on the geometry of the collision. Ab-

sorption and rescattering influence the experimental ob-
servables such as, for example, the pion emission pattern.
For a better understanding of the above mechanisms, tri-
ple differential cross section measurements with respect
to the reaction plane and as a function of impact parame-
ter are necessary. First measurements of the emission
pattern of pions in symmetric as well as in asymmetric
heavy-ion collisions were done with the streamer chamber
at the LBL Bevalac [15]. These studies have shown evi-

dence of in-plane correlation in the x emission pattern.
Similar findings for asymmetric systems were reported by
the DIOGENE group [16]. These measurements indicat-
ed a preferential in-plane emission of charged pions on
the projectile side. This behavior was attributed to a
stronger pion absorption by the heavier target spectator
remnant on the side opposite to the projectile. In contrast
to these in-plane Aow effects no preferred out-of-plane
emission of pions comparable to the nucleon squeeze out
has been observed up to now.

In this Letter we present results on measurements of
the correlation between the reaction plane and the
momentum vectors of pions emitted in symmetric heavy-
ion collisions. We observe, for the first time, an azimu-
thally anisotropic distribution of pions with enhanced
emission perpendicular to the reaction plane.

The experiment was performed at the heavy-ion syn-
chrotron (SIS) facility at GSI using the KaoS magnetic
spectrometer [17]. This spectrometer is a double-
focusing quadrupole-dipole configuration with large solid
angle (15-30 msr) and wide momentum acceptance.
Particle identification is obtained by measuring momen-
tum and velocity. The momentum is determined from the
focal plane position of the particle, whereas the velocity is
deduced from time of flight.

Two scintillator detector arrays external to the spec-
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TABLE I. The momentum ranges and the number of pions
in the corresponding event sample.

Momentum range p~, b (MeV/c)

270-470
410-730
640-1140

Number of x+

90000
25 000
12000

trometer provide information to characterize the event by
global variables [17,18]. A large-angle hodoscope gives
information on the particle multiplicity which is a mea-
sure of the impact parameter. This detector consists of
96 modules and accepts charged particles in the polar an-
gular range 12' &ei,b & 48 . Particles detected in this
angular range are predominantly participating protons
and charged pions. The second external detector, the
small-angle hodoscope, is located 7 m downstreain of the
target. This array is composed of 380 modules and cov-
ers polar angles 0.5' &e~,b& 11 . Most of the particles
emitted to this angular range are spectator nucleons.
This detector system provides information on position,
charge, and time of flight. Projectile spectators are
identified by the AE signal in the scintillator modules and
by time of flight. The position information of the
identified spectators is used to reconstruct the event
plane.

We used ' Au projectiles of 1 GeV/nucleon with a
beam intensity of 10 particles per spill and a gold target
with a thickness of 1.93 g/cm . The pions are measured
over a momentum range of 270 & pi, b & 1140 MeV/c and
within a polar angular range of 40' &ei,b& 48 . This
angular range corresponds to an interval in normalized
rapidity of 0.55 & y/y~„; & 0.75. The measurements were
done with three different magnetic field settings corre-
sponding to the different momentum ranges listed in
Table I.

The impact parameter distribution for each event sam-
ple was studied using the correlation of the particle multi-
plicity in the large-angle hodoscope and the summed nu-
clear charge Z,„of spectator fragments in the small-
angle hodoscope [17,18]. To classify the reaction central-
ity we have divided the multiplicity distribution into three
bins corresponding to peripheral, semicentral, and central
collisions.

For the reconstruction of the event plane the transverse
inomentum method is used [3]. This method yields a re-
action plane for each event defined by a vector Q which is
the vector sum of the transverse momenta of all spectator
particles observed in the small-angle hodoscope. The ac-
curacy in this determination of the event plane is estimat-
ed by subdividing each event randomly into two subevents
and by subsequently evaluating the correlation of these
two subevents. The uncertainty obtained by this method
as a function of normalized multiplicity is shown in Fig.
1. The reconstructed azimuthal angle of the event plane
has a dispersion of 20-25 degrees for semicentral col-
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lisions. For peripheral collisions the dispersion increases
due to the low multiplicity of detected particles in the
small-angle hodoscope. For central collisions the disper-
sion increases due to the intrinsic azimuthal symmetry of
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FIG. 2. Azimuthal distributions of the vector Q for peri-

pheral, semicentral, and central collisions (from top to bottom).
The ordinate is linear starting at zero. Shown on the left are
~+ in the range 160 & pT & 260 MeV/c, on the right, x+ in the
range 260 &pT &600 MeV/c. The solid lines are fits with
cos(y) and cos(2y) terms. y 0' represents an in-plane emis-
sion of pions parallel to the Q vector, v +'180 an in-plane
emission antiparallel to the Q vector. g ~ 90 corresponds to
an emission of pions perpendicular to the reaction plane.
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FIG. 1. Mean value of the absolute azimuthal angle dif-

ference between the measured and the true reaction plane as
calculated by the transverse momentum method. The values
are shown as a function of the normalized multiplicity of the
large-angle hodoscope (M,„-65).
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the reaction geometry. A possible experimental bias in

the determination of the event plane is investigated by
studying the proton azimuthal distributions [19]. From a
comparison with earlier measurements [9] we conclude
that the experimental bias is negligible.

Figure 2 shows for three different centralities the az-
imuthal distributions of the vector Q for events in which
a z+ is observed in the spectrometer. The angle shown is

the relative azimuthal angle between the measured reac-
tion plane and the emitted pion. The left-hand side cov-
ers the transverse momentum range 160 & pT & 260
MeV/c, the right-hand side 260 (pT (600 MeV/c. The
azimuthal distribution of the peripheral collisions shows a
strong anticorrelated flow component for high momentum
pions. This behavior is consistent with the result of re-
cent Vlasov-Uehling-Uhlenbeck calculations predicting
anticorrelated pion flow caused by the rescattering of
pions on spectator matter [20]. The anticorrelation
disappears for more central collisions due to the decreas-
ing number of spectators.

At semicentral impact parameters the distributions
show maxima at + 90 with respect to the event plane.
This pattern represents a preferred emission of pions out
of the reaction plane. Such a behavior has been previous-
ly found for nucleons at midrapidity and was called "off-
plane squeeze out" [8,9]. For central collisions the reac-
tion geometry approaches azimuthal symmetry which is
reflected in an almost azimuthally isotropic spectrum
shown in the bottom part of Fig. 2.

The distributions shown in Fig. 2 can be parametrized
by the expression N (p) —1+P t cos(p) +P2cos (2&p). Fits
lead to g per degree of freedom ranging from 0.6 to 1.8.
The value of P2 is used to quantify the ratio R of the
number of pions emitted perpendicular to the reaction
plane to the number of pions emitted in the reaction
plane.

N(90')+N( —90') 1 P2
N (0' )+N (180 ) 1+P2

A value of R larger than unity implies preferred out-of-
plane emission. The dependence of R on the pion trans-
verse momentum is shown in Fig. 3 for semicentral col-
lisions. The value of R is larger than 1 for all transverse
momenta and shows an approximate linear dependence
on transverse momentum. The solid line in Fig. 3 repre-
sents a linear fit. The numerical value found for the slope
parameter is (1.26+ 0.04) X 10 [MeV/c] ' for x+.
The same analysis done for low-statistics z data yields a
similar value of (1.25 ~0.08) X 10 [MeV/c] '. The
two slope parameters agree within 1 standard deviation.
It is important to note that the fitted values of P2 are
affected by the uncertainty in determining the reaction
plane. The true values of P2 can, however, be derived by
multiplying the fitted P2 values with a correction factor.
In our case, this correction factor is about 1.6. For exam-
ple, in the case of semicentral collisions we find that for
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FIG. 3. The out-of-plane/in-plane ratio R for z+ as a func-
tion of the transverse momentum for semicentral collisions.
The dashed line at R =1 indicates no preferred out-of-plane
emission. Only statistical error bars are shown. Note that the
values R are not corrected for the uncertainty in determining
the reaction plane.

the corrected value of P2 is about —0.15 at pT =200
MeV/c and about —0.4 at pT =600 MeV/c.

The anisotropy can be a consequence of the dynamical
squeeze out of the nucleons due to the pressure buildup in

the hot interaction zone. Since the 6 resonances are ex-
pected to flow with the nucleons similar anisotropy effects
could be exhibited by their decay products, the pions.
However, such a flow effect will be diluted by the decay
kinematics of h, 1Vz. On the other hand, theoretical
studies show that in the case of in-plane flow of pions the
effect is not mainly caused by the flow of the 4 reso-
nances [21]. In another interpretation the anisotropy is
caused by shadowing effects. Reabsorption and rescatter-
ing of pions is stronger in plane than out of plane due to
the nuclear matter located in the reaction plane. Pions
emitted into the reaction plane can be absorbed and
reemitted isotropically with, however, a lower average ki-
netic energy. This causes a net decrease of pion abun-
dance in the event plane for high momentum pions. This
interpretation is consistent with our observed momentum
dependence of the measured azimuthal asymmetry as
shown in Fig. 3. Recent calculations using an extension
of the quantum molecular dynamics model [22] predict
similar asymmetries in the pion emission pattern as ob-
served in our experiment. An alternative and more
speculative interpretation of the enhanced out-of-plane
yield is the correlated emission of pions [23].

In summary, we have determined the correlation be-
tween the reaction plane and the momentum vectors of
charged pions emitted in relativistic heavy-ion collisions.
An enhanced emission of charged pions perpendicular to
the reaction plane is observed. The ratio of pions emitted
out of plane to those emitted in plane increases as a func-
tion of transverse momentum. The high-energy pions
emitted perpendicular to the event plane are little
affected by comoving expanding matter and spectators.
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Since these pions originate predominantly from the hot
and dense collision zone, they might be best suited to pro-
vide further information of the equation of state of nu-

clear matter.
We thank Pawel Danielewicz for many stimulating dis-

cussions and his fruitful cooperation.
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