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Enhanced Out-of-Plane Emission ofK1 Mesons Observed inAu 1 Au Collisions at1A GeV
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The azimuthal angular distribution ofK1 mesons has been measured in Au1 Au collisions at1A
GeV. In peripheral and semicentral collisions,K1 mesons are emitted preferentially perpendicular
to the reaction plane. The strength of the azimuthal anisotropy ofK1 emission is comparable to
the one of pions. No in-plane flow was found forK1 mesons near projectile and target rapidity.
[S0031-9007(98)06942-7]
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Relativistic nucleus-nucleus collisions provide th
unique possibility to study both the behavior of nuclea
matter at high densities and the properties of hadro
in the dense medium. In particular, the production an
propagation of strange mesons is considered to be se
tive to in-medium effects. Theory predicts kaon-nucleo
potentials in nuclear matter which are repulsive forK1

but attractive for K2 mesons [1–3]. The largeK2

production cross section found in Ni1 Ni collisions [4,5]
has been regarded as evidence for a reduced effec
mass of theK2 meson in nuclear matter [6,7].

The K1 mesons are expected to be repelled from t
nucleons and hence the kaon emission pattern should
anticorrelated with the collective motion of the nucleon
Indirect evidence for such a behavior comes from a me
surement of the averageK1 momentum in the event plane
in Ni 1 Ni collisions at1.93A GeV: the directed in-plane
flow found for protons and lambdas near target rapidi
is absent for kaons [8]. This finding was attributed to
repulsiveK1N potential which compensates the effect o
the directed nucleon flow [9].

At midrapidity the directed flow of nuclear matter van
ishes for symmetry reasons and the protons, neutrons,
light fragments are found to be emitted preferentially pe
pendicular to the reaction plane [10–12]. Such an effe
was predicted as a hydrodynamical “squeeze out” of n
clear matter from the dense reaction zone [13]. Howev
in contrast to the in-plane flow, only a minor fraction o
the participating nucleons—mainly those with large tran
verse momenta—take part in this off-plane collective m
tion [12]. The azimuthal emission pattern of pions wa
also found to be strongly anisotropic at midrapidity. Sim
lar to the nucleons, the pions are emitted preferentia
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perpendicular to the reaction plane [14–16]. This effe
is independent of the pion charge and—as for protons
most pronounced for large transverse momenta and se
central collisions. The pion nonisotropic emission patte
was attributed to shadowing effects caused by rescat
ing off (or absorption by) the spectator fragments [17
The K1 mean free path for rescattering in nuclear matt
is substantially longer than the one of pions. Therefor
much smaller anisotropies of theK1 azimuthal emission
pattern were expected.

In this Letter we present evidence for azimutha
anisotropic emission of K1 mesons measured in
Au 1 Au collisions at a beam kinetic energy of1A GeV.
In-medium effects will be most pronounced in this ver
heavy collision system. The bombarding energy is we
below theK1 production threshold (ENN

thres ­ 1.58 GeV
for free NN collisions). Therefore, the kaons can hardl
be produced in first chanceNN collisions but are created
inside the dense reaction zone by multistep proces
involving more than two nucleons.

The experiment was performed with the kaon spe
trometer at the heavy ion synchrotron at GSI [18]. Th
magnetic spectrometer has a large acceptance in a s
angle and momentum (V ø 30 msr, pmaxypmin ø 2).
The short distance of 5–6.5 m from target to focal plan
minimizes kaon decays in flight. Particle identificatio
and trigger are based on a measurement of momentum
time of flight. Background suppression is performed b
track reconstruction based on three large-area multiw
chambers. Two scintillator hodoscopes are used
event characterization. The centrality of the reactio
is determined by the multiplicity of charged particle
measured with the large-angle hodoscope. This detec
© 1998 The American Physical Society
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consists of 84 modules and covers polar emission ang
between12± and48±. The orientation of the event plane
is reconstructed from the azimuthal emission angles of t
charged projectile spectators. These particles are ide
fied (up toZ ­ 8) by their energy loss and time of flight
measured with the small-angle hodoscope. This detec
array, which consists of 380 modules, is positioned 7
downstream from the target and covers polar angles fro
0.5± to 11±.

The measurement was performed with a197Au beam
accelerated to an energy of1A GeV with an intensity
of about5 3 107 ions per spill. Because of the energ
loss in the 197Au target of 1.93 gycm2 thickness the
beam energy was reduced on the average by 4%. T
K1 mesons are measured at polar angles ofQlab ­
34±, 44±, and 54± over a momentum range of260 ,

plab , 1950 MeVyc. About 25 000K1 mesons have
been registered.

In order to determine the particle azimuthal emissio
angle, the reaction plane has to be reconstructed. T
is done by the transverse momentum method [19]. T
orientation of the reaction plane is determined for ea
event by the azimuthal direction of the total transver
momentum of all spectator particles detected in the sma
angle hodoscope. The orientation of the event pla
can be determined with an accuracy of36± (standard
deviation) for semicentral collisions and55± for peripheral
and central collisions [12].

Figure 1 shows the azimuthal distribution of kaon
detected with the spectrometer in peripheral (b # 5 fm),

FIG. 1. K1 azimuthal angular distribution for peripheral (b $
10 fm), semicentral (b ­ 5 10 fm), and central (b # 5 fm)
Au 1 Au collisions at1A GeV (from top to bottom). The data
cover normalized rapidities in the interval0.2 # yyyproj , 0.8
and transverse momenta in the interval0.2 # pt , 0.8 GeVyc.
The lines represent fits to the data (see text).
les

he
nti-

tor
m
m

y

he

n
his
he
ch
se
ll-

ne

s

semicentral (b ­ 5 10 fm) and central collisions (b $

10 fm). The anglef is relative to the event plane
The kaons are measured at normalized rapidities
0.2 # yyyproj , 0.8 and within a transverse momentum
range of 0.2 # pt , 0.8 GeVyc. For peripheral and
semicentral events theK1 azimuthal distribution exhibits
clear maxima atf ­ 90± and f ­ 290± corresponding
to an enhanced emission perpendicular to the reac
plane. For near central collisions the event plane
less well defined and therefore the effect becomes
pronounced.

The azimuthal emission pattern can be parametri
by Nsfd ~ 1 1 a1 cosf 1 a2 cos2f. The parametera1
quantifies the in-plane emission of the particles para
(a1 . 1) or antiparallel (a1 , 1) to the impact paramete
vector, whereasa2 stands for an elliptic emission patter
which may be aligned with the event plane (a2 . 0)
or oriented perpendicular to the event plane (a2 , 0).
The parameters were determined by a fit to the d
and corrected for the uncertainty in the reaction pla
reconstruction bya0

1,2 ­ a1,2ykcos2Dfl. The values of
kcos2Dfl have been determined by a Monte Car
simulation and vary between 0.3 for peripheral and cen
collisions and 0.5 for semicentral collisions (for deta
see [12]). The results of the fits including the correcti
are shown in Fig. 1 (solid lines) and the parameters
listed in Table I. The strength of the azimuthal anisotro
is given by the ratioR which is the number ofK1 mesons
emitted perpendicular to the event plane divided by
number ofK1 mesons emitted parallel to the event pla
(for a2 , 0):

R ­
Ns90±d 1 Ns290±d
Ns0±d 1 Ns180±d

­
1 2 a0

2

1 1 a0
2

.

The values ofR for K1 mesons emitted around midra
pidity in peripheral, semicentral, and central collisions a
given in Table I. Note that these values are corrected
the resolution of the reaction-plane determination.

Similar values for the azimuthal asymmetry parame
R have been found for pion emission in the same react
[14,16]. Figure 2 shows the ratioR as a function of the
transverse momentumpt both for p1 and K1 mesons
emitted in semicentral Au1 Au collisions at 1A GeV
around midrapidity. The kaon data are grouped into th
points because of limited statistics. Within the error ba
the kaon azimuthal asymmetry parameterR does not
increase with increasing transverse momentum in cont
to the one for pions. This implies that theK1 transverse
momentum distributions will not vary as a functio
of the azimuthal angle. The centrality dependence
R is different for K1 mesons (see Fig. 1) and pion
[16]: the pion azimuthal asymmetry has a maximu
around semicentral collisions whereas forK1 mesons no
reduction ofR in peripheral collisions is observed. Th
K1 azimuthal asymmetry rather increases weakly w
1577
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TABLE I. Results of the fit Nsfd ~ 1 1 a0
1 cosf 1 a0

2 cos2f to the K1 azimuthal
distributions for normalized rapidities of0.2 # yyyproj , 0.8. The coefficientsa0

1 and a0
2

are corrected for the experimental resolution of the event plane determination. The value
a0

1 are subject to an additional systematical error of 0.06.

Centrality a0
1 a0

2 R x2

Peripheralsb $ 10 fmd 20.063 6 0.048 20.256 6 0.051 1.68 6 0.18 0.79
Semicentrals5 , b , 10 fmd 0.064 6 0.018 20.219 6 0.021 1.56 6 0.06 2.13
Centralsb # 5 fmd 20.066 6 0.014 20.044 6 0.014 1.09 6 0.03 1.5
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increasing impact parameter, i.e., with the increasing s
of the spectator remnants.

It is unlikely that the pion and the kaon azimuthal asym
metries are both caused by pure rescattering on the sp
tator fragments because of the very different mean fr
paths ofK1 mesons and pions in nuclear matter. The t
tal cross section forp1p scattering with pion momenta
of 0.4 0.5 GeVyc is 80–40 mb [20] corresponding to a
mean free path oflp ­ 0.8 1.6 fm in normal nuclear
matter. In contrast theK1p total cross section is about
12 mb for kaon momenta below 1 GeVyc [20] resulting
in a mean free path oflK1 ø 5 fm. Indeed, transport
models predict a very small azimuthal anisotropy for sem
central (b ­ 7 fm) Au 1 Au collisions at1A GeV when
considering onlyK1 rescattering [21]. The result of this
relativistic Boltzmann-Uehling-Uhlenbeck (RBUU) calcu
lation is shown in Fig. 3 (dashed line) together with th
data taken around midrapidity (0.4 # yyyproj , 0.6). On
the other hand, the pronouncedK1 out-of-plane emis-
sion of the experimental data is reproduced by the calcu
tions if an additional repulsive in-mediumK1N potential

FIG. 2. Azimuthal anisotropy parameterR as a function of
transverse momenta for pions andK1 mesons measured in
semicentral Au1 Au collisions at1A GeV. The data cover
normalized rapidities in the interval0.2 # yyyproj , 0.8 and
transverse momenta in the interval0.2 # pt , 0.8 GeVyc.
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is taken into account (solid line in Fig. 3). Similar con
clusions are obtained from a quantum molecular dynam
calculation [22].

Another experimental evidence for an in-medium
change in the kaon-nucleon potential was predict
to be the disappearance ofK1 directed flow into the
reaction plane [9]. Related information on the in-plan
emission of K1 mesons is obtained by dividing our
K1 sample into intervals of rapidity. TheK1 azi-
muthal distributions for semicentral collisions nea
target rapidity (0.2 # yyyproj , 0.4), midrapidity (0.4 #

yyyproj , 0.6), and projectile rapidity (0.6 # yyyproj ,

0.8) are parametrized with the functionNsfd ~

1 1 a1 cosf 1 a2 cos2f. The resulting parameters
(corrected for the uncertainty in the reaction plane r
construction) are given in Table II. The coefficienta0

1
which measures the strength of the in-plane emission
subject to a systematical error of 0.06 which is due
the uncertainty of the beam position at the small-ang
hodoscope. Within the statistical and systematical erro
the a0

1 values in Table II are compatible with zero for al

FIG. 3. K1 azimuthal angular distribution measured in sem
central (b ­ 5 10 fm) Au 1 Au collisions at1A GeV around
midrapidity (0.4 # yyyproj , 0.6) for K1 transverse momenta
of 0.2 # pt , 0.8 GeVyc. The lines represent results o
RBUU calculations for an impact parameter ofb ­ 7 fm [21]
without (dashed line) and with an in-mediumK1N potential
(solid line). Both calculations take into account kaon-nucleo
rescattering.
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The
TABLE II. Results of the fit Nsfd ~ 1 1 a0
1 cosf 1 a0

2 cos2f to the K1 azimuthal
distributions for semicentral collisions and for three ranges of rapidity. The coefficientsa0

1
and a0

2 are corrected for the experimental resolution of the event plane determination.
values ofa0

1 are subject to an additional systematical error of 0.06.

yyyproj a0
1 a0

2 R x2

0.2 0.4 0.084 6 0.027 20.20 6 0.028 1.48 6 0.08 2.06
0.4 0.6 0.043 6 0.025 20.257 6 0.029 1.68 6 0.1 2.35
0.6 0.8 0.038 6 0.029 20.174 6 0.030 1.42 6 0.08 0.95
.

-

rapidity bins. We find no signature for the existence o
enhanced in-plane emission ofK1 mesons near target or
projectile rapidity. This result is in agreement with th
absence ofK1 flow as measured in a lighter system a
higher bombarding energies [8]. In the case of pion
a small antiflow has been found in Au1 Au collisions
[23]. This effect was explained by pion rescattering o
the spectators in the late stage of the collision [24].

In summary, we have measuredK1 triple differen-
tial cross sections in Au1 Au collisions at 1A GeV.
The K1 azimuthal angular distribution is found to be
anisotropic in peripheral and semicentral collisions. Th
kaons are emitted preferentially perpendicular to the r
action plane. TheK1 azimuthal anisotropy increases
weakly with an increasing impact parameter. In con
trast to pions, no variation of the azimuthal asymmet
with transverse momentum of theK1 mesons was found
within the large experimental errors. No in-plane flow o
K1 mesons was observed close to target and projec
rapidity.
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by the German Federal Government (BMFT), by th
Polish Committee of Scientific Research (Contra
No. 2P03B11109), and by the GSI fund for Universit
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