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Abstract

An event-by-event analysis of the azimuthal angular correlation with respect to the reaction plane has been carried out for
K* and #* emission near mid-rapidity in 158 A-GeV Pb + Pb collisions. In semi-central collisions, K™ mesons are
found to be preferentially emitted out of the reaction plane, while 7= mesons are emitted in the reaction plane. The results
suggest that the kaon emission is influenced by in-medium potential effects in addition to collective flow effects. © 1999

Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Relativistic heavy ion collisions provide a unique
tool for the study of nuclear properties at high
temperature and density. The study of collective
motion in the final state of the produced hadrons is
expected to provide information on both the dynam-
ics of heavy-ion collisions and the equation of state
[1]. The observation of collective behavior in the
system provides a validation of a hydrodynamical
description of the dynamics. Once a hydrodynamical

interpretation is established the collective motion
will result from pressure gradients in the matter,
which will reflect the compressibility of the underly-
ing eguation of state. In the case of a phase transition
from ordinary matter to quark-gluon plasma, it is
expected that the compressibility should exhibit a
softening due to the increased number of degrees of
freedom [2].

A standard way to search for collective motion in
the final state is to analyze the azimuthal distribution
of particle emission with respect to the reaction



32 M.M. Aggarwal et al. / Physics Letters B 469 (1999) 30—36

plane in terms of a Fourier expansion. The first two
coefficients in the Fourier decomposition are termed
the directed and elliptic flow components. The im-
portance of collective motion measurements has been
emphasized by several authors [2-5] and measure-
ments have been reported over a range of energies;
directed and elliptic flow at 0.1~ 1 A-GeV [6-9],
at 10 A-GeV [10] and also at 158 A - GeV [11,12].
One of the striking features of these results is the
change of the elliptic flow direction from out-of-plane
(squeeze-out) to in-plane in the region between 1
A-GeV and 100 A- GeV incident energy.

The azimuthal distribution of a particular particle
species in the fina state is also expected to be
sensitive to the in-medium potential of the particle.
Namely, it is interesting to study the distributions of
K* and K~ mesons because the kaon-nucleon po-
tential in nuclear matter is expected to be repulsive
for K* but attractive for K~ mesons [13-15].

Recently, the dlliptic emission of nucleons, pions,
and K" mesons has been observed in the mid-rapid-
ity region in 0.8~1 A-GeV “Au+¥Au and
209Bj 4-299B;j collisions [7-9]. The observed out-of-
plane emission of K™ mesonsis claimed as a conse-
quence of the repulsive K*-nucleon potential. On the
other hand, pions and nucleons also show out-of-
plane emission at this energy, which is interpreted as
dominantly due to the shadowing effect of the spec-
tator nucleons [7,16,17].

At higher incident energies, particles produced
near mid-rapidity are not expected to interact with
the spectator matter due to the short crossing time of
the collisions. Therefore, the in-medium potential
effects might be more clearly visible at SPS energies
[18]. In this letter we present the azimuthal distribu-
tions, relative to the reaction plane, of K* and ="
mesons near mid-rapidity in 158 A-GeV Pb + Pb
collisions. This is the first observation of the elliptic
emission of K™ mesons at SPS energies.

2. Experimental setup

The data presented here were taken with a subset
of the WA98 experiment detector system using the
158 A- GeV 2%8Ph beams of the CERN-SPS on a Pb
target of 213 wm thickness. In the WA98 setup the
incident Pb beam provides a trigger by a valid signal
in a gas Cherenkov start counter with a timing

resolution of 30 ps and no signa in a downstream
veto counter with a 3 mm diameter hole. The mini-
mum bias trigger and centrality of the collision is
determined by the total transverse energy, E;, mea-
sured with the mid-rapidity calorimeter (MIRAC)
which covers the pseudo-rapidity range of 3.5 < n <
5.5. The Plastic Bal detector has full azimutha
coverage in the pseudo-rapidity range of —1.7 <7
< 0.5. It identifies pions, protons, deuterons, and
tritons with kinetic energies of 50 to 250 MeV by
simultaneous AE and E measurement using the
mass and energy dependence of dE/dx [11]. The
measurement of identified particles near mid-rapidity
is performed using two tracking spectrometer arms
with a large (1.6 m) aperture dipole magnet
(GOLIATH) which provides 1.6 Tm bending power.
The particle identification is based on a measurement
of momentum and time-of-flight.

The present analysis has been performed on the
full sample of WA98 positive charged particle track-
ing arm data. This data sample is limited due to the
fact that the positive charged particle tracking arm
was installed only for the final run period of WA98.
The tracking arm has a momentum resolution of
Ap/p = 0.97% + 0.16%p + 0.023%p? (p in
GeV /c¢) and a time-of-flight resolution of < 90 ps.
The rapidity and transverse momentum (y, p;) cov-
erages of the Plastic Ball and the tracking arm are
shown in Fig. 1. The (y,p;) coverages for the

1.0
( Plastic Ball ) ( TrackingiArm )
0.8 | !
:;‘ L
D
2 06f
o L
0.4 F
proton
0.2 F
0 1 1
-1 0 1 5

Rapidity

Fig. 1. The rapidity and transverse momentum (y, p,) coverages of
the Plastic Ball detector and the tracking arm. The midrapidity of
the callisions is shown as dashed line.
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Table 1

Results of the Fourier andlysis of K* and 7" mesons for
semi-central 158 A-GeV Pb + Pb collisions. The values are
integrated over the indicated y and p; ranges. Positive v,
corresponds to an emission in the same direction as nucleons.
Observed negative value of v, for #* indicates so-called anti-flow
of pions. Positive and negative v, corresponds to an in-plane and
out-of-plane elliptic emission, respectively. The values are ob-
tained numerically by evaluating {cos(¢ — ®)) and {cos(2(¢p —
@,))), with corrections of the reaction plane resolution at each E;
bin. The errors include the statistical errors and the errors of the
experimental resolution of the reaction plane determination

Particle 'y pr (GeV /0 vy vy

K* 22-28 0.05-0.60 —0.004+0.031 —0.24+0.14
wt 24-34 0.05-0.80 —0.010+0.006 0.047+0.024

present analysis are listed in Table 1. Detailed infor-
mation about the positive tracking arm [20] and the
experiment can be found elsewhere [11,19].

3. Experimental results

The reaction plane is determined from the az-
imuthal direction of the total transverse momentum
vector of fragments (p, d, and t) observed by the
Plastic Ball detector [11]. The azimutha angle of the
reaction plane, @, in the laboratory is determined as

N

Z Prisin( ¢;)
Oy=tan 1| A |, (1)
Pricos( ¢;)

Mz

i=1

where the sum runs over al fragments. Here ¢, and
pr; are the azimuthal angle in the laboratory and the
transverse momentum of the i-th fragment, respec-
tively. The multiplicity of protonsin the Plastic Ball
detector is around 8 in semi-central collisions and a
minimum of three protons is required for this analy-
sis. The @,'s accumulated for many events should
be uniformly distributed if there is no detector bias.
The observed @, distribution has a variation of less
than 2% due to the detector biases such as dead
channels and inefficiency. In the following analysis,
we have corrected for this effect by weighting with
the inverse of the yield although there is no signifi-
cant difference in the results obtained with or with-
out this correction.

The angular correlation between the azimuthal
angle ¢ of K™ and #* near mid-rapidity and the
@, determined in the target rapidity region has been
studied. Since the acceptance of 7+ crosses mid-
rapidity, @, was rotated by 180° for particles in the
region forward of mid-rapidity. Otherwise, the ex-
tracted value of the directed flow would be underes-
timated since it changes sign at mid-rapidity. Fig. 2
shows the azimuthal distributions of K™ and #*
mesons with respect to the reaction plane for semi-
central (50 < E; < 250 GeV in MIRAC) and central
(320 < E; < 500 GeV) Pb + Pb collisions. For 7*
mesons in semi-central collisions, the azimuthal dis-
tribution indicates weak maximaat ¢ — @, = 0° and
+180°, which indicates an enhanced emission in the
reaction plane. On the other hand, the K* azimuthal
distribution in semi-central collisions exhibits max-
imaa ¢— &,= +90° which demonstrates an en-
hanced emission out of the reaction plane. Although
the statistics is limited, the results provide evidence
that the K* emission axis is orthogonal to the
in-plane emission axis of the #*. In central colli-
sions, as shown in Fig. 2, the azimuthal distributions
for both particle types are nearly flat, as expected
from the near azimuthal symmetry of the collision
system at small impact parameter.

158A GeV Pb+Pb collisions
Semi-central Central

1.2E K’ 7 K
= 1j Q‘TJ S —% fa%%\ oy ,,,‘L,#
e
g 08 3
S e N
g 1.04i T S

-
) RERRS

- F « real events
0.96 E .-~ mixed events
E | I 1 PRV RS Ew NI B Lo by
-90 0 90 -90 0 90

¢ — @, (degree)

Fig. 2. The azimuthal distributions of K* and 7+ mesons with
respect to the reaction plane for semi-centra and central 158
A-GeV Pb + Pb collisions. Solid circles with error bars show the
real events and dashed histograms show the results of the mixed
events. The solid curves show the fits using Eq. (2). The (y,py)
coverages for this analysis are listed in Table 1.
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To test for detector effects, such as geometrical
acceptance and detector efficiency, fake events were
created using a mixed-event method which were then
analyzed in the same manner as the real events. The
mixed-event results are shown as histograms in Fig.
2. The azimuthal distributions for the mixed-events
are flat which indicates that the observed anisotropies
are not due to detector effects.

The strength of the azimuthal anisotropy is evalu-
ated by means of a Fourier expansion [21,22]. The
Fourier coefficients v,(n=1,2) can be extracted
from the azimuthal distribution of identified particles
with respect to @;

1 dN

Nm = 1+2U/1COS((1)— d)o)

+ 2v5c08(2( p — Py)), (2)

where ¢ is the azimuthal angle of the particle in the
laboratory frame. The Fourier coefficient v quanti-
fies the directed flow, whereas v, quantifies the
elliptic flow. Positive v corresponds to an emission
in the same direction as nucleons. (Please note that
this definition is opposite to our previous reports
[11].) The coefficient o), is negative for an out-of-
plane emission and positive for an in-plane emission.

The observed distributions are affected by the
experimental resolution of the reaction plane deter-
mination. Since the measured Fourier coefficients are
reduced by this effect, they should be corrected as
[21-23]

U/

T {cos(nAD)) ' (

where A® is the deviation from the true reaction
plane and ¢ ) indicates the mean value summed over
al events. The reaction plane resolution is deter-
mined by randomly subdividing the full event into
two equa size subevents and extracting {cos(A®))
~V2 - \[{cos(®,— ®,)), where &, and ®, are
the azimuthal angles of the reaction plane of two
equal size subevents. Using the more accurate inter-
polation formula of Ref. [22] one obtains {coS AD))
= 0.360 + 0.018, {cos(2A4®¥)) = 0.084 + 0.005
for semi-central collisions.

The values of the Fourier coefficients v,(n=1,2)
are obtained numericaly by evaluating {cos(¢ —
@,)> and {cod2(¢p — D))y, respectively. The re-

n=1,2), (3)

obfE.
02 [ -

04 [ -

[ mv,r nv,
-0.6_— OVZ__ oV,
Lottt B b v b g b way
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
P, (GeV/c)

Fig. 3. The p; dependence of the v; and v, values of K* and
7" mesons for semi-central 158 A-GeV Pb + Pb collisions. The
rapidity coverages are listed in Table 1. The results are corrected
for the experimenta resolution of the reaction plane determina-
tion. Solid squares are used for v, and open circles for v,.

sults for semi-central collisions are listed in Table
1 . The values have been corrected for the reaction
plane resolution according to Eq. (3) at each E; bin.
The value of v,, indicating the strength of the di-
rected flow, is negative for #*, which corresponds to
the direction opposite to the nucleons. This so called
anti-flow of pions has been previously reported
[11,12]. The value of v, for the K* meson is
compatible with zero. The value of v, for the K*
meson is negative with a 1.70- separation from zero,
while the value of v, for the #* mesonsis positive
with a 1.90 separation from zero. Under the assump-
tion of gaussian errors these results correspond to
confidence levels of 95.7% and 97.5% for the as-
signment of the sign of v, for K* and =+, respec-
tively. Although the significance of the result is
limited by statistics, one may conclude at the 93%
confidence level that the elliptic emission planes for
K* and #* are oriented orthogonally to one an-
other. The systematic errors on the v, values due to
the contamination from other particle species are
estimated to be less than 8% for K* and 2% for ™.

Fig. 3 showsthe v, and v, values as afunction of
the transverse momentum p; for K* and =*
mesons in semi-central collisions. For the K* data

! One can obtain the values of v, and v, from fitting the
azimutha distribution with Eg. (2). Within the errors, the fit
vaues agree with those listed in Table 1.
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only two bins are shown due to the limited statistics.
The magnitude of v, for K¥ and =" mesons tends
to increase with p;, while the v; values remain
close to zero for both particles.

4, Discussion

To compare the present results with other mea-
surements the v, values for protons, pions, and
kaons near mid-rapidity are plotted as a function of
the beam energy in Fig. 4. For both protons and
pions a transition from out-of-plane to in-plane emis-
sion occurs around 5-10 A- GeV. At SPS energy,
results from NA49 [12] have shown that protons and
pions exhibit in-plane emission near mid-rapidity.
Our =+ data agree with the NA49 results within
errors. Unlike the case for protons and pions, the
present results indicates that K™ mesons exhibit
out-of-plane emission, which is similar to observa-
tions for 1A- GeV Au + Au collisions [8].

>
01F In-Plane
"k
proton A B 9
0 S
A -
4 . AA Present Data
A F A o
ok A - . K
. " Other Experiments
_ K‘;\"‘u A proton
o n*
02 oK
k RQMD v2.3
; . ¢ proton
o nt
03 K
Out-of-Plane K"
041
BEVALAC, SIS AGS SPS
10" 1 10 10° 10°
Beam Energy (A GeV)

Fig. 4. Beam energy dependence of the v, value near mid-rapidity
[6-8,10,12]. Solid symbols indicate the present data. Note that the
region in (y,py) is different for each experiment. The RQMD
(v2.3 cascade mode) calculations for proton, 7+ and K* in 158
A-GeV Pb + Pb collisons are aso shown for the impact
parameter range b= 6.5-12 fm with the filter of experimental
acceptance. The data points are shifted horizontally where they
overlap.

Results of RQMD model calculations (v2.3 cas-
cade mode) [24] filtered with the experimental accep-
tance are also shown in Fig. 4. The RQMD results
show in-plane emission for 7™, proton, and also for
K*. The RQMD calculation agrees with the mea
sured results for #+ and proton, but it fails to
reproduce the out-of-plane eliptic emission of K*.
These results might suggest that a new ingredient to
the calculation such as the in-medium potentials of
the K* and K~ mesons is required [13-15]. A
simple model calculation [25] in which K™ mesons
propagate through a static anisotropic distribution of
nucleons with a repulsive K*N potential demon-
strates that a final out-of-plane élliptic emission pat-
tern can emerge from an initially isotropic azimuthal
distribution of K*.

It is clear that if the azimuthal distribution of the
pions reflects their preferential in-plane collective
motion, then the out-of-plane K* azimuthal distribu-
tion would indicate that the kaons carry little direct
information about the collective motion of the pion
matter. The results therefore appear to question the
assumption of a common collective flow velocity for
pions and kaons.

5. Summary

In summary, we have measured the eliptic emis-
sion patterns of K* and 7" mesons near mid-rapid-
ity in 158 A-GeV Pb + Pb collisions. In semi-
central collisions, the K™ mesons are found to be
emitted preferentialy perpendicular to the reaction
plane, while 7+ mesons tend to be emitted in the
reaction plane. The RQMD cascade calculation re-
produces the v, values for 7= and protons, but it
fails to explain the out-of-plane emission of K™
mesons. The results suggest that the kaon emission is
influenced by in-medium potential effects in addition
to collective flow effects.
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