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New data omA production in Aut-Au collisions at 11.8. GeV/c are presented. The measurements cover the
rapidity range fromy=2.0 to 3.5 and transverse momenta frpg 0.15 GeVE to 1.5 GeVE. 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.
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[. INTRODUCTION the investigation of relativistic heavy-ion collisiohs0—13.
The experimental data on transverse collective flow phenom-

Strangeness production in heavy-ion collisions wherena at Bevalac and Heavy lon Synchrotri@1S) energies
compared to proton-proton collisions is potentially a sensi{1-2A GeV) [10], AGS (4-11A GeV) [14-17, and SPS
tive probe of collective energy deposition and therefore ofenergies (150—208 GeV) [18-21], have led to a renewed
heavy ion reaction mechanisms in general. Its study majntense theoretical interest in this topj@2—27. It was
provide insight into the properties of hot and dense nucleapointed out that collective flow directly probes the equation
matter [1]. Indeed, enhanced strangeness production hagf state of nuclear matter and can provide a useful informa-
been observed at Alternating-Gradient Synchrott&®S)  tion about the possible phase transit[@3,25.
and Super Proton Synchrotr¢8PS energieqd2,3]. In order to obtain the information about the nuclear equa-

Experimental measurements indicate that high baryofion of state, systematic studies of freeze-out observables as a
density is reached in central heavy-ion collisions at bothfunction of collision system size and bombarding energy are
AGS [4,5] and SPS6]. Via comparisons with models that Necessaryf11-13. These observables include strangeness
reproduce the experimental data, it has been concluded th@hd antibaryon production. Since the bulk of strangeness
one reaches baryon densities of up to 10 times normdproduced is carried by kaons, measurements of kaon spectra
nuclear matter density and energy densities of the order of 2nd their flow in heavy-ion collisions have been systemati-
GeV/fir? in the center of the fireball7]. These values are Cally carried out at different energi¢d0,28,29 and their
well into the range where, based on lattice quantum chromgl-medium properties have been investigggd].
dynamics(QCD) calculations, one expects a baryon-rich de- Experimental studies ok andA production and flow are
confined phase. The realizatip®,9] that fireballs with satu- now available at SI$31,32 and at AGS energiel83—40.
rated strangeness cannot be produced in a purely hadronid SIS energies it was found that th® mean field con-
scenario has lent strong support to the interpretation that structed on the basis of the quark model leads to a good
deconfined(at least partly phase has been found in central description of the observed in-plane transverse flowA&f
ultrarelativistic nuclear collisions. Consequently it is of great[41]. Differences between th* and A flow due to their
importance to investigate further aspects of strangeness prdifferent mean field potential in dense matter have also been
duction, such as, e.g., flow effects. discussed42]: while the A flow is basically similar to that

The experimental and theoretical studies of collectiveof nucleons, theK* flow almost disappears. Recently, di-
flow of various types have been an important component ofected flow of neutral strange particles in heavy-ion colli-
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sions at AGS has been investigated in a relativistic transpothe geometrical cross section of the colliding-A8u nuclei.
model(ART) [43], showing that the smallek directed flow The analysis of anisotropic transverse collective flow re-
relative to the proton flow can be accounted for by a weakeguires the precise determination of the reaction plane which
mean-field potential as in the constituent quark model angs defined by the impact parameter vector and the beam axis.
from hypernuclei phenomenology. Therefore, a detailedrhe reaction plane orientation was determined event by
study of the directed flow of strange particles in conjunctioneyent from the azimuthal anisotropy in the transverse energy
with other variables should help in understanding the relativgjistribution [44]. The reaction plane resolution was evalu-
importance of different reaction mechanisms. ated by studying the correlation between flow angles mea-
In this paper we present new experimental results\on ¢ ,rad in different pseudorapidity intervdis,44.

production obtained from the 1995 run of the E877 experi-  cpargeq particles emitted in the forward direction and
ment. In Sec. Il, we briefly describe the experimental SetuPpassing through a collimatof—134 mrack 6y iena< 16

e el e a1 M1 11 e s it
SO P : 9 PIAItY QIS:0 solution magnetic spectrometer. The spectrometer accep-
tributions, invariant mass spectra, and azimuthal distribu-

tions, and their comparison with relativistic quantumtance covered mostly the forward rapldlty_ region. The mo-
molecular dynamic§RQMD) v2.3 model are presented in mentum of each particle was measured using two drift cham-

Sec. IV. Discussion and conclusion will be given in the lastP€rs: DC2 and DC3, whose pattern recognition capability
section. was aided by four multiwire proportional chambers

(MWPC). The average momentum resolution wAP/p
~3% limited by multiple scattering. A time-of-flight hodo-
Il. E877 APPARATUS scope(TOFU) located directly behind the tracking chambers

A schematic view of the E877 apparatus is shown in Fig_provided the time of flight with an average resolution of 85
1. For the 1995 run, the silicon beam vertex detectords [46]. Energy loss information from TOFU was used to
(BVER’s) were upgraded from single-sided silicon wafersdetermine the particle charge.
with one-dimensional pitch of 5@m to double-sided wafers ~ For the 1995 run, two identical highly segmented cathode
with a 200um pitch in both thex andy directions(see Fig. pad detectordVTX) were instrumented and installed be-
1). Using these detectors the position and angle of beartween the PCAL/collimator and the spectrometer magnet
particles at the target were determined with an accuracy ofFig. 2). They provided a precise measurement of xhm-
300 um in coordinates and 6@rad in angle. The centrality ordinate(bending plane coordinatesf the track before de-
of the collision and reaction plane orientation were obtainedlection in the magnetic field. This allowed to reconstruct the
from the transverse energy distribution measured in the tardecay vertices of the particles such Asbaryons and im-
get calorimeteXTCAL) and participant calorimetéPCAL).  prove the signal-to-background ratio for identification of rare
Both calorimeters had2 azimuthal coverage and combined, particles such ak ™~ and antiprotons. The active area of each
provided nearly complete polar anglé@)(coverage: TCAL  pad chamber consisted of 10 rows of chevron shape pads
and PCAL covered the pseudorapidity regionr.5<#z  with each row having 53 pads and one anode wire placed
<0.8 and 0.8#%<4.2, respectively, where 5= above each row. The position resolution alongxtikrection
—In[tan(#/2)]. The centrality selection was quantified by the was about 300um, while the resolution iny direction
ratio oop/ 0'geom: Whereo g, = fEt(do/d E/)dE{ andogemis ~ was determined by the wire spaciri§ mm). A detailed
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FIG. 2. Schematic layout of upstream detectors of the spectrom- FIG. 3. Invariant mass distribution op( ) pairs.
eter.

Besides the above selections, we also required that the
description of the design, implementation, and performanc@pstream track segment determined by the VTX detectors

of the vertex chambers can be found[47]. and downstream track segment identified by the tracking
program matched at the center of the spectrometer magnet. A
IIl. DATA ANALYSIS 3o cut was applied on the difference xpositions obtained

from fitting the upstream and downstream track segments.

In our data analysid.’s were identified by reconstructing The reconstructed momentum vector of the pair was also
(p,7~) pairs from their characteristi¥/, decay topology required to point back to the interaction point within 2.0 mm
A—p+a~. Single tracks were first reconstructed by the (3¢ cut) in x direction.
standard E877 tracking program “Quanaf48] which as- All described cuts were optimized using a Monte Carlo
sumed that the particle originates from the target. The invarisimulation[49]. After filtering by this set of conditions, the
ant mass of |, ) pair was calculated using-decay kine-  combinatorial background is dramatically reduced, soAhe
matic hypothesis only and was used for thedentification.  peak is well identified in the invariant mass distribution. A
To separate thé’s from a large combinatorial background further improvement was obtained by recalculating the pro-
of the directly produceg and =™, we performed the follow- ton and pion momenta using as origin the decay vertex po-
ing analysis steps. sition obtained from VTX detectors. This significantly im-

From the information provided by the VTX detectors, proved the mass resolution of the peak as well as the
which are not part of the standard E877 tracking programsignal-to-background ratitsee Fig. 3. The remaining back-
we determined the track segments upstream of the spectrorground under the\ peak is mainly due to the accidental
eter magnet fop and 7~ and reconstructed the assumed combination of proton and pion tracks passing our cuts.
decay vertex Y,V ,V,) of the pair by finding the crossing In order to reconstruct tha spectra, the data need to be
point of thep and =~ tracks. Since the tracking detectors hadcorrected for the spectrometer acceptance and the effects of
a better position resolution in the bend plame-¢ plane of  the various conditions introduced in the analysis. The single
the spectrometer, only the valu¥s andV, were used for track efficiency of the spectrometer downstream of the mag-
the elimination of the combinatorial background. net was discussed ib0]. We studied the efficiency of the

A set of conditions was applied to reduce the backgroundupstream VTX detectors by looking into the proton yield
First, it was required that the position of the decay vertex ratio with and without the VTX cut. The obtained efficiency
was between 25 and 180 cm downstream of the target. Thef VTX detectors was about 85% for single tracks in the
minimum value was limited by the VTX chambers resolution sensitive area of the detectors.
and the maximum value was limited by the geometric posi- The acceptance corrections far distributions were cal-
tion of the first VTX chamber. This condition drastically culated using a detailed Monte Carlo simulation. AAu
reduced the large combinatorial background but also rejecteglvents were generated using the RQMD v2.3 event generator
about 28% of the trud’s in our acceptance. The proton and [51,52. The acceptance corrections on the final data sample
pion tracks were also required to point away from the interwere calculated as a function of rapidijyand transverse
action point in the target in the direction. We rejected the momentunyp, by propagating the generated patrticles through
proton tracks which, after projecting back to the target, werghe E877 apparatus. All the known effects of the spectrom-
less than 4 mm away from thecoordinate of the interaction eter geometry, detector resolutions, kinematics and cuts were
point. For pions we required thecoordinate to be more than included into the calculation. The acceptance/fohyperons
14 mm away from the interaction. These cuts were very efis of the order 10° for beam rapidity region 30y<3.2,
fective in rejecting pairs containing primary protons andwhere there is relatively high reconstruction efficiency, and
pions but they also eliminated’s whose decay products 10 “ or less for rapidity range 2:2y<2.5. The uncertain-
were emitted along thd momentum vector. ties in the estimation of the acceptance corrections, effi-
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ciency of the VTX detectors, and background subtraction,
result in an overall systematic uncertainty of the order of FIG.5. Measured\ transverse mass spectra for the most central
15% in the estimated yield. After the background subtrac- (0—4 % ogeor—left side) and semicentral (4—10 % geom—right
tion, we identified 2644A°’s from 32 million events with Sid® Au+Au collisions. Beginning with rapidity biy=3.1-3.4
centrality o/ 0 gooni< 10 %. s_,pectra have been mult_lplled by a successive factor of 10. The solid

Figure 4 shows the\ acceptance in thep(,y) phase I!nes are the exponentlal Boltzmgnq fits to the data. The dashed
space. The E877 spectrometer covers a rapidity range él]nes and dotted Ilnes.are the predlctlon§ of RQMD v2.3 model run
2.2<y<3.4 and transverse momenpa>0.15 GeVE. A’s n cascadeandmean-fieldmodes, respectively.
at low p; were not reconstructed due to the dead zones in the
VTX detectors near the beam axis. and projectile. Overlapping color strings may fuse into so-
called ropes. Subsequently, the fragmentation products from
rope, string, and resonance decays interact with each other
and with the original nucleons, mostly via binary collisions.
A. Lambda yield and spectra These interactions drive the system towards equilibfiGg&]
and are responsible for the development of collective flow,
even in the preequilibrium stage. If baryons are surrounded
The lambda yield was obtained from the invariant mass dispy other baryons they acqu?re effec.tive Masses. The.effective
tributions in eachy,p;) bin after corrections for acceptance, masses.are_generated by introducing ITorentz-|nvar|ant qua-

glpotentlals into the mass-shell constraints for the momenta,

efficiency, and background subtraction as described in Sec.

[ll. In Fig. 5, A transverse mass spectra are presented for thvevhICh simulates the effect ahean field 24]. There are no

most central collisions o/ o'geoni<4%) and for semicen- E%?\;]Sal-type interactions in the so-calledscade modef
tral collisions (4%< 0o/ 0geonri<10%). The error bars in- .

- A comparison with RQMD v2.3 model run inascade
clude statistical errors and the errors from the backgrounc(idashed histogramhsand mean fieldmodes (dotted histo-
subtraction procedure. The range rim reflects the accep- 9

- . N ramg is also presented in Fig. 5. We can see that the con-
ts?)rI]i((:jeli?]fetshfesfee;etrr?[r?ﬁetetr)elgttz; c:(l)ffter:gnst r:ggt{js?:]nsézne\?entional transport hadronic model reproduces the data rela-
mann diStribLFl)tiOI’]' P 9 Ztively well in magnitude and shape over the measured

rapidity and centrality intervals. We note, however, espe-
1 dN N _ cially in the forward rapidity region, significaftp to a fac-
B m;— My . ,
e ,{_—) (1) tor of 2) differences between the cascade and mean-field
Ta(y) modes of RQMD.

The derived lambda inverse slop@g(y) are shown in
where Tg(y) is the inverse slope of the spectrum. The ex-Fig. 6. The data forA hyperons are also compared to the
perimentalm, spectra are in good agreement with this expo-slopes obtained from the proton spectra analys®. Error
nential shape. bars on the fit parameters are statistical only. Except for the

The RQMD model51] has been widely used in describ- first data point for which the effect of the systematic error is
ing relativistic heavy-ion collisions. It combines the classicallarge due to the limited range of the measumgdpectra, the
propagation of all hadrons with string, and resonance excitanverse slope parameters extracted from thespectra are
tions in the primary collisions of nucleons from the targetsimilar to those of the protons. This is consistent with pro-

IV. RESULTS

The data were divided into constamt bins of 100 MeV
and rapidity bins of 0.3 unit width frony=2.2 toy=3.4.

— =—=8X
mZ dmdy  my
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I~ The error bars include the errors associated with the integra-
2 0olb 010 gpom = 0-4% t oA ] tion procedure. The data are compared with the RQMD v2.3
Py o = mp predictions. The data are, within the systematic errors on the
S 200¢ S b ] absolute cross section, in good agreement with the model
ﬁ 50k o0 - ] predictions. In the experimentally covered rapidity range
o o % . :
- & _+_ _+_ KR (2.2<y<3.4), cascade and mean field calculations show a
Z 10 o = ] similar A yield. A discrepancy between the two predictions
50| e _$" ] of RQMD v2.3 appears in the midrapidity region, which is
not covered by our experiment. A similar effect in RQMD
300 1 1 l ! ! ! 1 1 l calculations of proton yield has been recently ndtes].
250[ OfOgeom=410%  ° +l ] Figure 7 also includes a comparison with the results from
o b the E891 experiment38] at AGS, which covered a similar
200 - - - ] rapidity range. The E891 Collaboration reported a yield
150 .0 - ] which is higher than ours, with a difference at the limit of the
— + _+_+'i— systematic errors of both experiments.
100 o - ]
50 [ . B. Lambda directed flow
0 w w : . . ' w w : At lower beam energies<{2A GeV), theoretical studies
-1 -0.5 0 0.5 1 1.5 2 25 3 3.5 4 . . .
Rapidity, y show that directed flow of lambda hyperons is very sensitive

to the A potential in dense nuclear matter formed in heavy-
FIG. 6. The inverse slope parameters as a function of rapiditjon collisions[54]. The calculations also show that, at this
for central (0—4 %o geom—upper pangland semicentral (4-10% energy, the primordial lambda hyperons have a weak flow as
ogeorr—lower panel Au+Au collisions. The data are represented compared to nucleons. However, final-state interactions, and
by solid symbols and reflected about midrapidigpen symbols  especially the propagation in mean-field potentials, enhance
The proton data are extracted from the 1995 data samples. the lambda flow in the direction of nucleons and bring the
theoretical results in good agreement with the experimental
tons andA’s having a similar collective flow which is super- data from the FOP|31] and EOS32] Collaborations.
imposed on the thermal motion at freeze-out. For an emission dominated by directed flow, the azi-

By integrating the transverse mass spectra where data agguthal distribution can be parametrized by
available and using the results from the Boltzmann fits to

extrapolate to infinity and tp,=0 we obtain the\ rapidity 1 dN

distributions shown in Fig. 7 for the two centrality intervals. No do 1+2v, cose, @
) * T E877 date wherep=¢— i, , ¢ is the azimuthal angle of the particle in
g wf E891 data - the lab frame, and, is the reaction plane angle. The param-

- RQMD2.3 casc

ROMD2.3 meon eterv, quantifies directed flow of particles parallel;(>0)

or antiparallel ¢,<<0) to the impact parameter vector.
1 We studied the azimuthal angular distribution with re-
e spect to the reaction plane to extract the average directed
flow parameten ; estimated in the experimentp| accep-
b 1 tance for different rapidity and centrality windows. We di-
N vided the azimuthal angle range fromil80° to 180° into six
' ' equal bins. In order to obtain the azimuthal angular distribu-
1 tion of A’s, the A yield was extracted from the invariant
mass distribution in each azimuthal angle bin after back-
ground subtraction. The obtained semi-inclusive azimuthal
1 angular distributions oA ’s with respect to the reaction plane
are presented in Fig. 8. In the most central bin
(<4% 04eom, as can be expected, there is no or very little
1 anisotropy in the azimuthal distributions. But in the semicen-
tral bin (4—10 %y, , the azimuthal distributions exhibit a
directed flow signal which becomes significant for the for-
ward rapidity window.

FIG. 7. Lambda rapidity distribution in the most central A8 We also studied the differential flowp( dependence of
collisions (0—4 %0 geo,—upper pangland semicentral (4—10 % vq) as a function of rapidity and ce_ntrality using the Fourier
0 geoni—lower panel Au+Au collisions. The data are represented expansion method which was previously used for the analy-
by solid symbols and reflected about midrapidibpen symbols  sis of proton and pion directed flopb5]. The results are
The histograms correspond to RQMD v2.3 predictions. presented in Fig. 9. The error bars are statistical only. The

1 1 1 1 1 [ >
-1 -0.5 0 0.5 1 15 2 25 3 3.5_ ) 4
Rapidity
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FIG. 8. Lambda azimuthal angular distributions measured in Rapidity

transverse momentum range 015, <1.5 GeVk for different ra-
pidity and centrality bins. The distributions are normalized to unity.

The solid lines are the fits using E(). The obtained values af; : _
are uncorrected for the reaction plane resolution. The error barthe RQMD modekv2.3) run in cascademode(dashed histograms
correspond to the statistical uncertainties only.

systematic errors im, for lambda due to the uncertainty in
the reaction plane determination is estimated to be smallef
than this statistical error. In agreement with the inclusive
azimuthal angular distributions within statistical errors data®

show no directed flow for central collisions<@% o geon) -

A positive and statistically significant signal is observed for
the semicentral collisions and forward rapidities 28

<3.4).

Since nucleons are the major carriers of flow signal an

directed flow of protons has been well studigib,16, it

provides a good reference for comparison with flow of othe

FIG. 10. Proton and lambda directed flows in#A8u collisions
(b<10 fm) at 11.5A GeV/c as a function of rapidity predicted by

and mean-fieldmode (dotted histograms

particles. The predictions of RQMD model v2.3 for proton
ndA directed flow in Aut+Au collisions are shown in Fig.
10. As it has recently been shown, RQMD well describes the
mplitude of the experimentally measured proton flow if the
effects of mean field are included. However, RQMD predic-
tions for differential flow differ significantly from the data,
both for cascade and mean-field modl&s,16|.

In general, RQMD predicts that flow should be very

(jsimilar to proton flow. Both cascade and mean-field calcula-

tions predict that flow of\’s is very small at midrapidity and

fthat it becomes larger and comparable with the proton flow

aty>2.5. This is the region well covered by our experimen-
tal measurements. A close inspection of the midrapidity re-

9-;0_4 - 410% o + 4% . gion in Fig. 10 reveals that a very small antiflow is predicted
> geom geom by the mean-field calculations with a transition from nega-
02 - ou] 1 tive to positive flow occurring aroung=2.4.
_{: ™ - ﬂt** The comparison between the measured data and. RQMD
0 & it _=+_‘—'4_?_' " | v2.3 predlct|ons is presented in F|g_. ;l. The fIl_Jctuan_ns in
+ the histograms are due to the statistics associated with the
0.2 | 2.2<y<2.8 T ] limited number of events in the calculations. Although the
I = I l I = I I interpretation of the ;(p,) dependence is limited due to low
04 r T iy data statistics, one observes that the measpreépendence
" of lambda directed flow is consistent with the model predic-
0.2 #::* T 4 tions.
ﬁ‘ig +‘#:t - At lower beam energie@round 2A GeV), theoretical cal-
0 | culations from the relativistic transport models indicate that
+ ’ mean-field potentials play a major role in development of
0.2 | 2.8<y<3.4 T | K* and A flows [56]. Without any final-state interaction,

0 025 05 075 1

0 025 05 0.75 1
p, (GeVic)

both K™ and A flow in the same direction as nucleons, but
with much smaller flow amplitudes. The inclusion of rescat-

tering with the dense matter just enhances the floviK 6f
andA in the direction of nucleons, as a result of thermaliza-
tion effects. However, the propagation f andA in their

FIG. 9. Comparison ob((p;) data betweem\’s (solid circleg
and protongsolid squares The error bars are statistical only.
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02 e L}t — FIG. 12. Comparison oK™ flow data with the predictions of
o L I _i_ I G the RQMD v2.3 model. The histograms are the predictions of the
| [ ——l_ RQMD model run incascade(dashed histogramsand mean-field
(full histogramsg modes. The figure is taken frof87].
0.2 2.8<y<3.4 -

ties. The spectra are well described by an exponential with
inverse slopes decreasing with increasing rapidity. The de-
rived lambda inverse slopes are similar to those obtained

0 025 05 075 1
p, (GeV/c)

0 025 05 0.75 1

FIG. 11. Comparison of\ flow data (solid circles with the
predictions of the RQMD v2.3 model, run tascade(dashed his-
togram$ andmean-fieldfull histogramg modes. The error bars are
statistical only.

mean-field potentials leads to significantly different flow pat-
terns forK* and A. Kaons are pushed away from nucleons

by their repulsive potential while lambda hyperons are pullecifv

towards nucleons by their attractive potential. This leads to
predicted small antiflow of kaons with respect to nucleons

and to a flow of lambda hyperons of amplitude very close to

the flow of nucleons.

Figure 12 shows the comparisonkf directed flow data
[57,58 with the RQMD v2.3 predictions. The cascade cal-
culations give a consistently better description of the data.

Since A production is mainly associated with kaons in
hadronic scenario, wheth&r* andA medium effects persist

from the protonm, spectra. This is consistent with the pic-
ture of A’s originating from a fireball in local thermal equi-
librium.

We have observed, for the first time at AGS, a significant

positive directed flow of lambda hyperons at forward rapidi-
ties (2.8<y<3.4) in semicentral AtrAu collisions. The av-
erage flow amplitude for lambda hyperons is comparable
ith that for protons for the same acceptance region. This
esult is consistent with the measurements performed at
Fower energies € 2A GeV), and suggests that lambda flow
follows the flow of nucleons.
The measurements have been compared to the predictions
of RQMD model (v2.3) run in cascadeand in mean-field
modes. In the covered rapidity range, the model describes the
spectra rather well and the measured differential flow
(v1(py)) is consistent with the model predictions.
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