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L production and flow in Au¿Au collisions at 11.5A GeVÕc
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New data onL production in Au1Au collisions at 11.5A GeV/c are presented. The measurements cover the
rapidity range fromy52.0 to 3.5 and transverse momenta frompt50.15 GeV/c to 1.5 GeV/c. The rapidity
distributions, transverse momentum spectra, and azimuthal distributions are presented for different centralities
of the collision. A strong positive directed flow at forward rapidity is observed for semicentral collisions. The
measured spectra, yields, and directed flow are compared with the predictions of relativistic quantum molecular
dynamics~RQMD! v2.3 model.

DOI: 10.1103/PhysRevC.63.014902 PACS number~s!: 25.75.Dw, 25.75.Ld
e
s
o
a

lea
h

yo
ot
t
th

m
of

m
e

ro
at
al
a
p

iv
t o

om-

on
a-

ua-
as a
are
ess
ess
ctra

ati-

ood

een

i-
lli-
I. INTRODUCTION

Strangeness production in heavy-ion collisions wh
compared to proton-proton collisions is potentially a sen
tive probe of collective energy deposition and therefore
heavy ion reaction mechanisms in general. Its study m
provide insight into the properties of hot and dense nuc
matter @1#. Indeed, enhanced strangeness production
been observed at Alternating-Gradient Synchrotron~AGS!
and Super Proton Synchrotron~SPS! energies@2,3#.

Experimental measurements indicate that high bar
density is reached in central heavy-ion collisions at b
AGS @4,5# and SPS@6#. Via comparisons with models tha
reproduce the experimental data, it has been concluded
one reaches baryon densities of up to 10 times nor
nuclear matter density and energy densities of the order
GeV/fm3 in the center of the fireball@7#. These values are
well into the range where, based on lattice quantum chro
dynamics~QCD! calculations, one expects a baryon-rich d
confined phase. The realization@8,9# that fireballs with satu-
rated strangeness cannot be produced in a purely had
scenario has lent strong support to the interpretation th
deconfined~at least partly! phase has been found in centr
ultrarelativistic nuclear collisions. Consequently it is of gre
importance to investigate further aspects of strangeness
duction, such as, e.g., flow effects.

The experimental and theoretical studies of collect
flow of various types have been an important componen
0556-2813/2000/63~1!/014902~8!/$15.00 63 0149
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the investigation of relativistic heavy-ion collisions@10–13#.
The experimental data on transverse collective flow phen
ena at Bevalac and Heavy Ion Synchrotron~SIS! energies
(1 – 2A GeV! @10#, AGS (4 – 11A GeV! @14–17#, and SPS
energies (150– 200A GeV! @18–21#, have led to a renewed
intense theoretical interest in this topic@22–27#. It was
pointed out that collective flow directly probes the equati
of state of nuclear matter and can provide a useful inform
tion about the possible phase transition@23,25#.

In order to obtain the information about the nuclear eq
tion of state, systematic studies of freeze-out observables
function of collision system size and bombarding energy
necessary@11–13#. These observables include strangen
and antibaryon production. Since the bulk of strangen
produced is carried by kaons, measurements of kaon spe
and their flow in heavy-ion collisions have been system
cally carried out at different energies@10,28,29# and their
in-medium properties have been investigated@30#.

Experimental studies ofL andL̄ production and flow are
now available at SIS@31,32# and at AGS energies@33–40#.
At SIS energies it was found that theL mean field con-
structed on the basis of the quark model leads to a g
description of the observed in-plane transverse flow ofL ’s
@41#. Differences between theK1 and L flow due to their
different mean field potential in dense matter have also b
discussed@42#: while theL flow is basically similar to that
of nucleons, theK1 flow almost disappears. Recently, d
rected flow of neutral strange particles in heavy-ion co
©2000 The American Physical Society02-1
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FIG. 1. Schematic view of the
E877 experimental setup for th
1995 run. Au beam is inciden
from the left.
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sions at AGS has been investigated in a relativistic trans
model~ART! @43#, showing that the smallerL directed flow
relative to the proton flow can be accounted for by a wea
mean-field potential as in the constituent quark model
from hypernuclei phenomenology. Therefore, a detai
study of the directed flow of strange particles in conjunct
with other variables should help in understanding the rela
importance of different reaction mechanisms.

In this paper we present new experimental results onL
production obtained from the 1995 run of the E877 expe
ment. In Sec. II, we briefly describe the experimental set
In Sec. III, the analysis steps forL identification are dis-
cussed. The experimental results, including the rapidity
tributions, invariant mass spectra, and azimuthal distri
tions, and their comparison with relativistic quantu
molecular dynamics~RQMD! v2.3 model are presented i
Sec. IV. Discussion and conclusion will be given in the la
section.

II. E877 APPARATUS

A schematic view of the E877 apparatus is shown in F
1. For the 1995 run, the silicon beam vertex detect
~BVER’s! were upgraded from single-sided silicon wafe
with one-dimensional pitch of 50mm to double-sided wafers
with a 200mm pitch in both thex andy directions~see Fig.
1!. Using these detectors the position and angle of be
particles at the target were determined with an accurac
300 mm in coordinates and 60mrad in angle. The centrality
of the collision and reaction plane orientation were obtain
from the transverse energy distribution measured in the
get calorimeter~TCAL! and participant calorimeter~PCAL!.
Both calorimeters had 2p azimuthal coverage and combine
provided nearly complete polar angle (u) coverage: TCAL
and PCAL covered the pseudorapidity regions20.5,h
,0.8 and 0.8,h,4.2, respectively, where h5
2 ln@ tan(u/2)#. The centrality selection was quantified by th
ratio s top/sgeom, wheres top5*Et

` (ds/dEt8)dEt8 andsgeomis
01490
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the geometrical cross section of the colliding Au1Au nuclei.
The analysis of anisotropic transverse collective flow
quires the precise determination of the reaction plane wh
is defined by the impact parameter vector and the beam a
The reaction plane orientation was determined event
event from the azimuthal anisotropy in the transverse ene
distribution @44#. The reaction plane resolution was eval
ated by studying the correlation between flow angles m
sured in different pseudorapidity intervals@45,44#.

Charged particles emitted in the forward direction a
passing through a collimator~2134 mrad,uhorizontal,16
mrad,211 mrad,uvertical,11 mrad! were analyzed in a high
resolution magnetic spectrometer. The spectrometer ac
tance covered mostly the forward rapidity region. The m
mentum of each particle was measured using two drift cha
bers, DC2 and DC3, whose pattern recognition capab
was aided by four multiwire proportional chambe
~MWPC!. The average momentum resolution wasDp/p
'3% limited by multiple scattering. A time-of-flight hodo
scope~TOFU! located directly behind the tracking chambe
provided the time of flight with an average resolution of
ps @46#. Energy loss information from TOFU was used
determine the particle charge.

For the 1995 run, two identical highly segmented catho
pad detectors~VTX ! were instrumented and installed b
tween the PCAL/collimator and the spectrometer mag
~Fig. 2!. They provided a precise measurement of thex co-
ordinate~bending plane coordinates! of the track before de-
flection in the magnetic field. This allowed to reconstruct t
decay vertices of the particles such asL baryons and im-
prove the signal-to-background ratio for identification of ra
particles such asK2 and antiprotons. The active area of ea
pad chamber consisted of 10 rows of chevron shape p
with each row having 53 pads and one anode wire pla
above each row. The position resolution along thex direction
was about 300mm, while the resolution iny direction
was determined by the wire spacing~5 mm!. A detailed
2-2
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L PRODUCTION AND FLOW IN Au1Au COLLISIONS AT . . . PHYSICAL REVIEW C 63 014902
description of the design, implementation, and performa
of the vertex chambers can be found in@47#.

III. DATA ANALYSIS

In our data analysisL ’s were identified by reconstructin
(p,p2) pairs from their characteristicV0 decay topology
L→p1p2. Single tracks were first reconstructed by t
standard E877 tracking program ‘‘Quanah’’@48# which as-
sumed that the particle originates from the target. The inv
ant mass of (p,p2) pair was calculated usingL-decay kine-
matic hypothesis only and was used for theL identification.
To separate theL ’s from a large combinatorial backgroun
of the directly producedp andp2, we performed the follow-
ing analysis steps.

From the information provided by the VTX detector
which are not part of the standard E877 tracking progra
we determined the track segments upstream of the spect
eter magnet forp and p2 and reconstructed the assum
decay vertex (Vx ,Vy ,Vz) of the pair by finding the crossing
point of thep andp2 tracks. Since the tracking detectors h
a better position resolution in the bend plane (x–z plane! of
the spectrometer, only the valuesVx and Vz were used for
the elimination of the combinatorial background.

A set of conditions was applied to reduce the backgrou
First, it was required that thez position of the decay vertex
was between 25 and 180 cm downstream of the target.
minimum value was limited by the VTX chambers resoluti
and the maximum value was limited by the geometric po
tion of the first VTX chamber. This condition drastical
reduced the large combinatorial background but also reje
about 28% of the trueL ’s in our acceptance. The proton an
pion tracks were also required to point away from the int
action point in the target in thex direction. We rejected the
proton tracks which, after projecting back to the target, w
less than 4 mm away from thex coordinate of the interaction
point. For pions we required thex coordinate to be more tha
14 mm away from the interaction. These cuts were very
fective in rejecting pairs containing primary protons a
pions but they also eliminatedL ’s whose decay product
were emitted along theL momentum vector.

FIG. 2. Schematic layout of upstream detectors of the spectr
eter.
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Besides the above selections, we also required that
upstream track segment determined by the VTX detec
and downstream track segment identified by the track
program matched at the center of the spectrometer magn
3s cut was applied on the difference inx positions obtained
from fitting the upstream and downstream track segme
The reconstructed momentum vector of the pair was a
required to point back to the interaction point within 2.0 m
(3s cut! in x direction.

All described cuts were optimized using a Monte Ca
simulation@49#. After filtering by this set of conditions, the
combinatorial background is dramatically reduced, so theL
peak is well identified in the invariant mass distribution.
further improvement was obtained by recalculating the p
ton and pion momenta using as origin the decay vertex
sition obtained from VTX detectors. This significantly im
proved the mass resolution of theL peak as well as the
signal-to-background ratio~see Fig. 3!. The remaining back-
ground under theL peak is mainly due to the accident
combination of proton and pion tracks passing our cuts.

In order to reconstruct theL spectra, the data need to b
corrected for the spectrometer acceptance and the effec
the various conditions introduced in the analysis. The sin
track efficiency of the spectrometer downstream of the m
net was discussed in@50#. We studied the efficiency of the
upstream VTX detectors by looking into the proton yie
ratio with and without the VTX cut. The obtained efficienc
of VTX detectors was about 85% for single tracks in t
sensitive area of the detectors.

The acceptance corrections forL distributions were cal-
culated using a detailed Monte Carlo simulation. Au1Au
events were generated using the RQMD v2.3 event gener
@51,52#. The acceptance corrections on the final data sam
were calculated as a function of rapidityy and transverse
momentumpt by propagating the generated particles throu
the E877 apparatus. All the known effects of the spectro
eter geometry, detector resolutions, kinematics and cuts w
included into the calculation. The acceptance forL hyperons
is of the order 1023 for beam rapidity region 3.0,y,3.2,
where there is relatively high reconstruction efficiency, a
1024 or less for rapidity range 2.2,y,2.5. The uncertain-
ties in the estimation of the acceptance corrections, e

- FIG. 3. Invariant mass distribution of (p,p2) pairs.
2-3
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J. BARRETTEet al. PHYSICAL REVIEW C 63 014902
ciency of the VTX detectors, and background subtracti
result in an overall systematic uncertainty of the order
15% in the estimatedL yield. After the background subtrac
tion, we identified 2644L ’s from 32 million events with
centralitys top/sgeom,10 %.

Figure 4 shows theL acceptance in the (pt ,y) phase
space. The E877 spectrometer covers a rapidity rang
2.2,y,3.4 and transverse momentapt.0.15 GeV/c. L ’s
at low pt were not reconstructed due to the dead zones in
VTX detectors near the beam axis.

IV. RESULTS

A. Lambda yield and spectra

The data were divided into constantpt bins of 100 MeV
and rapidity bins of 0.3 unit width fromy52.2 to y53.4.
The lambda yield was obtained from the invariant mass
tributions in each (y,pt) bin after corrections for acceptanc
efficiency, and background subtraction as described in S
III. In Fig. 5, L transverse mass spectra are presented for
most central collisions (s top/sgeom,4%) and for semicen-
tral collisions (4%,s top/sgeom,10%). The error bars in-
clude statistical errors and the errors from the backgro
subtraction procedure. The range inmt reflects the accep
tance of the spectrometer in the different rapidity bins. T
solid lines represent the best fits to the spectra using Bo
mann distribution:

1

mt
2

d2N

dmtdy
5

NB

mL
expS 2

mt2mL

TB~y! D , ~1!

whereTB(y) is the inverse slope of the spectrum. The e
perimentalmt spectra are in good agreement with this exp
nential shape.

The RQMD model@51# has been widely used in describ
ing relativistic heavy-ion collisions. It combines the classic
propagation of all hadrons with string, and resonance exc
tions in the primary collisions of nucleons from the targ

FIG. 4. The measured range forL ’s in phase space after th
applied cuts.
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and projectile. Overlapping color strings may fuse into s
called ropes. Subsequently, the fragmentation products f
rope, string, and resonance decays interact with each o
and with the original nucleons, mostly via binary collision
These interactions drive the system towards equilibrium@52#
and are responsible for the development of collective flo
even in the preequilibrium stage. If baryons are surroun
by other baryons they acquire effective masses. The effec
masses are generated by introducing Lorentz-invariant q
sipotentials into the mass-shell constraints for the mome
which simulates the effect ofmean field@24#. There are no
potential-type interactions in the so-calledcascade modeof
RQMD.

A comparison with RQMD v2.3 model run incascade
~dashed histograms! and mean fieldmodes ~dotted histo-
grams! is also presented in Fig. 5. We can see that the c
ventional transport hadronic model reproduces the data r
tively well in magnitude and shape over the measu
rapidity and centrality intervals. We note, however, esp
cially in the forward rapidity region, significant~up to a fac-
tor of 2! differences between the cascade and mean-fi
modes of RQMD.

The derived lambda inverse slopesTB(y) are shown in
Fig. 6. The data forL hyperons are also compared to th
slopes obtained from the proton spectra analysis@50#. Error
bars on the fit parameters are statistical only. Except for
first data point for which the effect of the systematic error
large due to the limited range of the measuredmt spectra, the
inverse slope parameters extracted from theL spectra are
similar to those of the protons. This is consistent with p

FIG. 5. MeasuredL transverse mass spectra for the most cen
~0–4 % sgeom—left side! and semicentral (4 – 10 %sgeom—right
side! Au1Au collisions. Beginning with rapidity biny53.1– 3.4
spectra have been multiplied by a successive factor of 10. The s
lines are the exponential Boltzmann fits to the data. The das
lines and dotted lines are the predictions of RQMD v2.3 model
in cascadeandmean-fieldmodes, respectively.
2-4



r-

a
t

ls.

gra-
2.3
the
del

ge
a

ns
is
D

om
r
ld
e

ive
y-
is
as

and
nce
he
ntal

zi-

n
-

e-
cted

i-

u-
t
ck-
hal
e
in
tle
n-

r-

ier
aly-

he

di

d

d

L PRODUCTION AND FLOW IN Au1Au COLLISIONS AT . . . PHYSICAL REVIEW C 63 014902
tons andL ’s having a similar collective flow which is supe
imposed on the thermal motion at freeze-out.

By integrating the transverse mass spectra where data
available and using the results from the Boltzmann fits
extrapolate to infinity and topt50 we obtain theL rapidity
distributions shown in Fig. 7 for the two centrality interva

FIG. 6. The inverse slope parameters as a function of rapi
for central (0 – 4 %sgeom—upper panel! and semicentral (4 – 10 %
sgeom—lower panel! Au1Au collisions. The data are represente
by solid symbols and reflected about midrapidity~open symbols!.
The proton data are extracted from the 1995 data samples.

FIG. 7. Lambda rapidity distribution in the most central Au1Au
collisions (0 – 4 %sgeom—upper panel! and semicentral (4 – 10 %
sgeom—lower panel! Au1Au collisions. The data are represente
by solid symbols and reflected about midrapidity~open symbols!.
The histograms correspond to RQMD v2.3 predictions.
01490
re
o

The error bars include the errors associated with the inte
tion procedure. The data are compared with the RQMD v
predictions. The data are, within the systematic errors on
absolute cross section, in good agreement with the mo
predictions. In the experimentally covered rapidity ran
(2.2,y,3.4), cascade and mean field calculations show
similar L yield. A discrepancy between the two predictio
of RQMD v2.3 appears in the midrapidity region, which
not covered by our experiment. A similar effect in RQM
calculations of proton yield has been recently noted@53#.

Figure 7 also includes a comparison with the results fr
the E891 experiment@38# at AGS, which covered a simila
rapidity range. The E891 Collaboration reported a yie
which is higher than ours, with a difference at the limit of th
systematic errors of both experiments.

B. Lambda directed flow

At lower beam energies (,2A GeV!, theoretical studies
show that directed flow of lambda hyperons is very sensit
to theL potential in dense nuclear matter formed in heav
ion collisions @54#. The calculations also show that, at th
energy, the primordial lambda hyperons have a weak flow
compared to nucleons. However, final-state interactions,
especially the propagation in mean-field potentials, enha
the lambda flow in the direction of nucleons and bring t
theoretical results in good agreement with the experime
data from the FOPI@31# and EOS@32# Collaborations.

For an emission dominated by directed flow, the a
muthal distribution can be parametrized by

1

N0

dN

dw
5112v1 cosw, ~2!

wherew5f2c r , f is the azimuthal angle of the particle i
the lab frame, andc r is the reaction plane angle. The param
eterv1 quantifies directed flow of particles parallel (v1.0)
or antiparallel (v1,0) to the impact parameter vector.

We studied the azimuthal angular distribution with r
spect to the reaction plane to extract the average dire
flow parameterv1 estimated in the experimentalpt accep-
tance for different rapidity and centrality windows. We d
vided the azimuthal angle range from2180° to 180° into six
equal bins. In order to obtain the azimuthal angular distrib
tion of L ’s, the L yield was extracted from the invarian
mass distribution in each azimuthal angle bin after ba
ground subtraction. The obtained semi-inclusive azimut
angular distributions ofL ’s with respect to the reaction plan
are presented in Fig. 8. In the most central b
(,4% sgeom), as can be expected, there is no or very lit
anisotropy in the azimuthal distributions. But in the semice
tral bin (4 – 10 %sgeom), the azimuthal distributions exhibit a
directed flow signal which becomes significant for the fo
ward rapidity window.

We also studied the differential flow (pt dependence of
v1) as a function of rapidity and centrality using the Four
expansion method which was previously used for the an
sis of proton and pion directed flow@55#. The results are
presented in Fig. 9. The error bars are statistical only. T

ty
2-5
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J. BARRETTEet al. PHYSICAL REVIEW C 63 014902
systematic errors inv1 for lambda due to the uncertainty i
the reaction plane determination is estimated to be sma
than this statistical error. In agreement with the inclus
azimuthal angular distributions within statistical errors d
show no directed flow for central collisions (,4% sgeom).
A positive and statistically significant signal is observed
the semicentral collisions and forward rapidities (2.8,y
,3.4).

Since nucleons are the major carriers of flow signal a
directed flow of protons has been well studied@15,16#, it
provides a good reference for comparison with flow of oth

FIG. 8. Lambda azimuthal angular distributions measured
transverse momentum range 0.15,pt,1.5 GeV/c for different ra-
pidity and centrality bins. The distributions are normalized to un
The solid lines are the fits using Eq.~2!. The obtained values ofv1

are uncorrected for the reaction plane resolution. The error
correspond to the statistical uncertainties only.

FIG. 9. Comparison ofv1(pt) data betweenL ’s ~solid circles!
and protons~solid squares!. The error bars are statistical only.
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particles. The predictions of RQMD model v2.3 for proto
andL directed flow in Au1Au collisions are shown in Fig.
10. As it has recently been shown, RQMD well describes
amplitude of the experimentally measured proton flow if t
effects of mean field are included. However, RQMD pred
tions for differential flow differ significantly from the data
both for cascade and mean-field modes@15,16#.

In general, RQMD predicts thatL flow should be very
similar to proton flow. Both cascade and mean-field calcu
tions predict that flow ofL ’s is very small at midrapidity and
that it becomes larger and comparable with the proton fl
at y.2.5. This is the region well covered by our experime
tal measurements. A close inspection of the midrapidity
gion in Fig. 10 reveals that a very small antiflow is predict
by the mean-field calculations with a transition from neg
tive to positive flow occurring aroundy52.4.

The comparison between the measured data and RQ
v2.3 predictions is presented in Fig. 11. The fluctuations
the histograms are due to the statistics associated with
limited number of events in the calculations. Although t
interpretation of thev1(pt) dependence is limited due to low
data statistics, one observes that the measuredpt dependence
of lambda directed flow is consistent with the model pred
tions.

At lower beam energies~around 2A GeV!, theoretical cal-
culations from the relativistic transport models indicate th
mean-field potentials play a major role in development
K1 and L flows @56#. Without any final-state interaction
both K1 andL flow in the same direction as nucleons, b
with much smaller flow amplitudes. The inclusion of resc
tering with the dense matter just enhances the flow ofK1

andL in the direction of nucleons, as a result of thermaliz
tion effects. However, the propagation ofK1 andL in their

n

.

rs

FIG. 10. Proton and lambda directed flows in Au1Au collisions
(b,10 fm! at 11.5A GeV/c as a function of rapidity predicted by
the RQMD model~v2.3! run in cascademode~dashed histograms!
andmean-fieldmode~dotted histograms!.
2-6
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L PRODUCTION AND FLOW IN Au1Au COLLISIONS AT . . . PHYSICAL REVIEW C 63 014902
mean-field potentials leads to significantly different flow p
terns forK1 andL. Kaons are pushed away from nucleo
by their repulsive potential while lambda hyperons are pul
towards nucleons by their attractive potential. This leads
predicted small antiflow of kaons with respect to nucleo
and to a flow of lambda hyperons of amplitude very close
the flow of nucleons.

Figure 12 shows the comparison ofK1 directed flow data
@57,58# with the RQMD v2.3 predictions. The cascade c
culations give a consistently better description of the dat

Since L production is mainly associated with kaons
hadronic scenario, whetherK1 andL medium effects persis
at the AGS or even higher energies is still an open quest

V. SUMMARY AND CONCLUSION

The lambda spectra have been measured as a functio
transverse mass and rapidity for different collision centr

FIG. 11. Comparison ofL flow data ~solid circles! with the
predictions of the RQMD v2.3 model, run incascade~dashed his-
tograms! andmean-field~full histograms! modes. The error bars ar
statistical only.
.
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ties. The spectra are well described by an exponential w
inverse slopes decreasing with increasing rapidity. The
rived lambda inverse slopes are similar to those obtai
from the protonmt spectra. This is consistent with the pic
ture of L ’s originating from a fireball in local thermal equi
librium.

We have observed, for the first time at AGS, a significa
positive directed flow of lambda hyperons at forward rapi
ties (2.8,y,3.4) in semicentral Au1Au collisions. The av-
erage flow amplitude for lambda hyperons is compara
with that for protons for the same acceptance region. T
result is consistent with the measurements performed
lower energies (,2A GeV!, and suggests that lambda flo
follows the flow of nucleons.

The measurements have been compared to the predic
of RQMD model ~v2.3! run in cascadeand in mean-field
modes. In the covered rapidity range, the model describes
spectra rather well and the measured differential fl
(v1(pt)) is consistent with the model predictions.
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FIG. 12. Comparison ofK1 flow data with the predictions of
the RQMD v2.3 model. The histograms are the predictions of
RQMD model run incascade~dashed histograms! and mean-field
~full histograms! modes. The figure is taken from@57#.
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