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Experimental results and a detailed analysis are presented of the transverse energy and charged particle
azimuthal distributions measured by the E877 Collaboration for different centralities-oAAwollisions at a
beam momentum of 1088GeV/c. The anisotropy of these distributions is studied with respect to the reaction
plane reconstructed on an event-by-event basis using the transverse energy distribution measured by calorim-
eters. Results are corrected for the reaction plane resolution. For semicentral events we observe directed flow
signals of up to 10%. We observe a stronger anisotropy for slow charged particles. For both the charged
particle and transverse energy distributions we observe a small but nonzero elliptic anisotropy with the major
axis pointing into the reaction plane. Combining the information on transverse energy and charged particle
flow we obtain information on the flow of nucleons and pions. The data are compared to event generators and
the need to introduce a mean field or nucleon-nucleon potential is disciIS8&$6-28187)02903-9

PACS numbdis): 25.75—q

[. INTRODUCTION an average velocity of one-half and one-third of the speed of
light [6], respectively. Recently we found from analyzing the
Collisions between two gold nuclei of aboutAT5eV/lc  azimuthal asymmetry of the transverse energy distribution
momentum at the AGS have been characterized rather conthat the system even remembers the initial collisions geom-
pletely in terms of the global observables, transverse energgtry or the impact parameter: for all but the most peripheral
E+ [1] and charged particle multipliciti. [2]. The picture and the most central collisions a dipole component also
that emerged from these measurements is that the two gotthlled “sideward flow” is observed in the transverse energy
nuclei stop each other to a very high degree. Through comazimuthal distribution forward and backward of midpseudo-
parison to models that reproduce the experimental observapidity [7]. The forward and backward flow effects are back
ables, initial particle and energy densities have been inferretb back or 180° relative to each other. The effect is largest in
and maximum values around ten times normal nuclear mattegemicentral collisions. Integrating over pseudorapidities for-
density and 2 GeV/fri have been founf3—5]. On the other ward of =1.85, about 9% of the transverse energy is car-
hand, hadrons cease to interact strongly and freeze-out atried by this directed flowf7].
density significantly below nuclear matter dendityr Si + Following up on the initial discovery of this sideward
Au collisions at the AGS sef5]). The interesting question flow at AGS energies our goal is to characterize the effect in
arises to what degree the system loses its memory of themore detail in order to eventually gain access to the equation
initial highly compressed phase during the subsequent exsf state of nuclear matter at the extreme densities reached
pansion. initially in gold-gold collisions at 1A GeV/c. In this paper,
While particle yields are consistent with chemical equilib-we present a complete characterization of the flow behavior
rium already for the lighter Si+ Au system[6], particle in transverse energy and charged particle multiplicity with
spectra show that the equilibrium is only local and that over{ine binning in pseudorapidity and as a function of centrality
all the system expands longitudinally and transversely wittof the collision. At the same time we are studying the triple
differential cross section of the emission of identified par-
ticles such as protons and pions in the E877 forward spec-
*On leave from Moscow Engineering Physics Institute, Moscow,trometer{8]. This will be the subject of a future publication.
115409, Russia. In the following section we will briefly describe the experi-
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) ) the correlation betweekR; measured in different ranges of
FIG. 1. Experimental setup of E877. The inset shows, enlargedyseydorapidityy follows the systematics for interactions in
the beam definition and the region surrounding the target. the target(see below
The event characterization is obtained using the trans-
mental setup and conditions, and introduce the analysigerse energy measured in the two calorimeters surrounding
method in Sec. lll. The resulting anisotropies are presentethe target, the target calorimet@Cal) and participant calo-
in Sec. IV. In Sec. V, we analyze the flow signal from one ofrimeter (PCa). The TCal consists of Nal crystals of 5.3 ra-
the cascade codérqQmb [9]) that describe the collisions in diation lengths depth. In the present analysis the pseudora-
terms of individual hadron-hadron collisions and comparepidity range —0.5 < #=0.8 is used to measure transverse
this prediction to the experimental data. In Sec. VI we useenergy in 13X 64 bins in» and azimuthal angley. For
the complementarity of the two measureme(msmultiplic- more details on the TCal and the analysis of TCal data see
ity N, and in transverse enerd¥;) to disentangle the con- [1,10,11. TheEr measurement at central and forward rapid-
tribution of pions and nucleons to the observed flow signaldty is obtained using the PCal, a lead-iron-scintillator sam-

and to again compare to model predictions as well as t®ling calorimeter described ifi,12]. The PCal has full azi-
muthal coverage with a granularity ofA¢$=20°. In

lower energy data.
o pseudorapidity data are obtained for 17 bins covering 0.9
<< 4.2 (see Fig. 2 The four depth sections of the calo-
Il. EXPERIMENT rimeter are not used separately in the present analysis. The
In the experiment presented here a 20@eVic Au beam ori_entation of the reaction plane is determined event by event
of the Brookhaven AGS was impinging on Au targets of 540" Er from the TCal or one of severaj regions of the
A mpinging . 9 PCal. The azimuthal distribution & relative to the reac-
and 980 mg/cm areal dens_|ty corr_espondmg to 1.07 andtion plane is then determined over the full range-00.5
1.94% of a Au+ Au nuclear interaction length. The reaction _ ° 4.2 '
products were detected in the E877 apparatus schematically 7'7I'Ee diétribution of charged particle, is measured in
depicted in Fig. 1. Thg detect_ors used in the present analys{\.j,vo identical silicon pad detectors of BQ&n thickness. The
%szﬁ%vr\]mruenmﬁ;g?g altri]ort1hfer Olrgszg(')t:tn :_[t(;il fi" Alugggl’"_AGSplacgment and segmentgtion of the silic_on detectors is shown
sions was coIIected' sampling .the whole impact paramete'ﬂ Ef.b?ﬁsEiiC; ;j:(tje(;:tg; !c?/psigglwelnégdnlw?t\?vifd)tlhz. _ﬁ’_ﬁgsavzvi':[h 8
jrj thﬁ]glé?ezaerr? (I:I;:I ;?ggserzrrne %L;rrtl&?edlfferent levelstof or muthal distribution of the charged particle emission relative
Every incident beam particle is characterized by the scin:[20 gge Ar\re]a;tr:c;? Spilsar:)ef [cie:unea:jsi::r?k?ult?oizats)lgs ffL?r:c%(?ngof
tillator hodoscope $1-S4), and the horizontal position and .nt;alit in A3/+ AU coIIisiCons is published ifi2]. Details
angle of incidence at the target are measured by a pair Oglfathe ar):al sis technique. e hO\E)V t0 deal V\Btra < mul-
silicon microstrip deteqtorGBVERl,Z. The. me;hoq used 0 le hits geam dis Igce;neﬁt., can be found the);e, and were
correct for the beam displacement and direction is describetP ' P g
in detail in[2]. The angular divergence of the beam is of theadopted for the present analysis as well. The present data are
order of 1 mr and much smaller than the bin widthsjrand not corrected fory conversioncarrying the flow information
; ; ; ; of 7% which in the analysis presented below accounts for
¢ used in the present analysis. Interactions occurring Upébcq)Lt)G% of the hits in tﬁ/e silﬁ:on ad detectors
stream of the target are effectively rejected by requiting P '
that the pulse height measured in a 106 thick silicon Il ELOW ANALYSIS
detector just upstream of the target is consistent with the '
energy loss of a Au ion(ii) that a (beam particle in
BVER1,2 is not accompanied by other tracks, diiid that

The azimuthal anisotropy is analyzed as a function of the
centrality of the collision. Centrality is measured By in
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FIG. 3. Placement relative to the target and segmentation of the o
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the calorimeters. Figure(d) displays for both detectors the
fraction of the geometric cross sectienyEr)/oge 0Ob- :
tained by integrating from a given value Bf; to the maxi- - C
mum E; observed. Here the geometric cross section is de- A &
fined as oge= mr§(AYP+AY92=6.127 b with the mass :
numberA=197 andry=1.2 fm. Both distributions are not i
unfolded for detector response. The shape of the distributions reg : ERERRRR .
is very similar for t_he two detectors except that the falloff for 0 50 100 150 200 250 300 350
very central collisions is somewhat wider for the TCal be- PCal E((GeV)
cause of the smaller; coverage and larger leakage fluctua-
tions. Figure 4b) shows the projection of the correlation  FG. 4. (a) Integral of the measured transverse energy spectrum
between the twdr measurements on either axis with error for the two calorimeters TCatashedl and PCalsolid). The verti-
bars indicating the widtlistandard deviationof the correla-  cal axis is the cross section integrating from a gidnup to the
tion. The correlation is close to linear over most of the rangeop end of the spectrum normalized to the geometric cross section.
and only for collisions in the top 5% range of centrality does(b) Correlation of the measured transverse energies in the two calo-
one or the other centrality measure select different eventsimeters projecting on the PC#bpen circles and on the TCal
Also shown in the figure are tHe; bins used in the analysis. (solid squaresscale. The error bars indicate the widtstandard
The most peripheral bins start at 5 and 50 GeV in TCal andleviation of the correlation. Also indicated are the centrality bins
PCal, respectively, i.e., only the top half of the geometric(horizontal and vertical dashed linassed in the analysitsee text
cross section is studied. The results presented later have bef®h details.
corrected for interactions not occurring in the target and the ) . o ) .
correction to the resulting anisotropies is noticable only forlOWer. In practice, this was limiting our previous analysis to
the more peripheral collisions with PCEF< 100 GeV. threen bins. Since we did indeed see a pronounced @st

In our previous analysis of the azimuthal anisotropy ofdipole) moment with a strong back-to-back correlation of
E; production[7] we have subdivided the data intp bins forward and backwarq; bins we choose a different strategy
and have performed, event by event, a Fourier anafjigs I the present analysis to now study the flow effects in small
of the azimuthal distribution in each bin. This method has 7 Pins. _
the advantage that it involves only onginterval at a time From the data, the azimuthal angle}’ of the nth mo-
and that it does not require one to determine a reaction plan@ent of the transverse energy distribution in thevindow
angle. Hence it is not influenced by the resolution with whichi is obtained via
different detectors can measure the reaction plane angle.
However, since the Fourier analysis is performed for every
event, the size of they bin has to be large enough to allow
one to distinguish a true anisotropy from a statistical fluctua-
tion. In central Au+ Au collisions the total multiplicity ~where the sum runs over thecells with azimuthal angles
reaches indeed large values of 800—900 over the full soligh; of the detector in am window i and the sign is positive
angle. However, first results on the centrality dependence dhegative for cells at# forward (backward of midpseudo-
the anisotropyf 7] found the effect to be maximal in semi- rapidity. Forn=1 this is the equivalent of the directivity
central collisions where the multiplicity is significantly method used ii14], except that we usg; instead ofp, .

Zj(*)Eksimg;  3j(*)Ef,

tan () = = :
" T3 (2)Elcome;  (*)EL,

@
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For every event, the angﬂé(li) of the dipole component is

Al ‘ T T Al

found in theith of four pseudorapidity windows. The most £ | £t
backward windowW21 covers the range-0.5<#=<0.7, g =3
where the TCal has full azimuthal coverage. The windows £ | § | a &8
W2, W3, andW4 label regions of the PCal covering ap- § o | gy 1 2ollte e 838 0 4]
proximately 0.8<7<1.4, 2.6s9<2.7, and 2.%7<4.5. F %00 2%00000508 1 VI [ asarcos

Here the region around midrapidity is intentionally skipped I ©000000 1 Z 0.8<n<L.4

i H H H i ) 2.0<n<2.7 ]
since the dipole component is expected to cross zero inthat | (@) | 0 27mes () ]
region. We denote by the angle the reaction plaride- i SV AN EAE B ) A N S B
; ; - ; i 100 200 300 100 200 300
fined by the impact parametér and the beam direction) PCal E(GeV) PCal E(GeV)

makes with the laboratoryx axis (see Fig. 1L The angles

v are the experimental measure\bk . A remaining two- FIG. 5. Inverse correction factor for the first moment(a) and

fold ambiguity is solved by defining tbat in thf forward the second moment, (b) due to the finite resolution of the reaction

hemispherel'; points in the direction ob, whereb points  plane anglel'y measurement in four different bins of pseudorapid-

from target to projectile. This is consistent with the assumpity [see Eq.(5)]. Solid histogram: correction factors for the most

tion that the projectile scatters away from the tar@epul- forward pseudorapidity bin obtained after normalizing to the

sive trajectory. The angle¥, is shifting by a phase ofr at ~ “Mmixed event” distribution (see text

midrapidity. We have experimentally verified this back-to-

back correlatiori7]. Neglecting the phase informatiot,; is v

generally called the reaction plane angle and we will stay U”:|(cosw(\lf“)—\I'R)>|' (5

with this terminology. Since there is only one reaction plane !

orientation for every collision a comparison of the anglesagain the brackets indicate the event average evaluated for a

‘I’(ll) measured in the foun windows allows one to extract given pseudorapidity window and a given event clésan-

the resolution with whichV' is measured in each window. trality). The measurement o]f(li) in three or more pseudo-
The azimuthal distribution with respect to the reactionrapidity windows(four in our casg allows one to evaluate

plane angle of a global observabieis expanded in terms of  the correction factorécom(¥—Wp)) directly from the data

its Fourier components without further assumptions. We have, e.g., fior 1,

d2x cogd W) — iy =cog W) — ) cog W) —p
drd(b=—Ta) YO 1+ D 2v,c00(p—VR) |, (2 ! 1) =cog ¥y | R)COY 1 R)
nd(¢ R) n=1 +Sin(‘l'(1l)_‘l’R)Sin(‘l’(lJ)—\IfR), ©6)

wherev,=(X),/27 and(X), is the average of the observ- Taking the event average, using the reflection symmetry of
able X in the pseudorapitiy interval . Note that sine terms the ¢ distribution with respect to the reaction plane and as-
are missing because of the necessary reflection symmetsuming that the only correlation between pseudorapidity
with respect to the reaction plane. This expansion is equivawindowsi andj is via the flow effect we obtain
lent to a decomposition into multipole components in a plane _ _ . ,
(transverse to the beam directjon (cog W =w))y=(cog Wi~ Wg))(cog W' —Wp)).
A Fourier decomposition of the distributiod measured (
with respect to the reaction plane angle determined in th
ith window yields

7)

%ombining these equalities for the four pseudorapidity win-
dows we can evaluate the effect of the finite reaction plane
resolution in window as a function of centrality. The results
—vo| 1+ 2 2v,§cosn(¢—\lf(l”) 3) are shqwn in Fig. 5._T.he resolutio_n in a giveninterval is .
n>1 determined by the finite granularity, the energy resolution
and leakage fluctuation of the detector, and the magnitude of

and for practical reasons we limit the analysisite1,2 (see  the anisotropy in thisy interval. The symbols in Fig. (&)

below). The Fourier coefficients in this series are evaluatedeflect the correction to be applied to the measured dipole
by fitting Eq. (3) to the data or from component. The correction is smallest for semicentral colli-

sions(PCalE;~ 220 Ge\} where we found the flow effect to
be larges{7]. Comparing the different pseudorapidity win-
v , (4)  dows, the resolution is best for the most forward window
(ZX5) W4 but W3 andW1 also give satisfactory results. In the
window W2 the correction is rather sizable as expected,
where the sum is taken over all cells of the detector belongmore than a factor of 2 for all centralities, and we discard for
ing to a pseudorapidity bin under study, and the bracketshe following analysis this window for purposes of reaction
refer to the event average evaluated for a given event clagslane determination. The signs of the correction factors re-

d?X
dpd(p—¥Y)

, (EX*con( ¢ —PY))

U=

(centrality). flect the phase shift byr in the angles¥; at midpseudora-
From the measured Fourier coefficienfsthe true values pidity.
v, can be obtaine@see alsq13]) by unfolding for the finite The effect of the finite reaction plane resolution becomes

resolution with whichWz is measured, using more significant for higher multipole components as dis-
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FIG. 6. Pseudorapidity of the particles depositing energy in a
PCal cell as compared to the value corresponding to the geometric 1 0¥
center of each cell. The error bars indicate the range of primary '

pseudorapidities contributing to energy deposit in a given cell FIG. 7. (a) Double differential charged particle distribution for

played in Fig. b) for the quadrupole component. There, the intermediate TCal centrality bih) Three pseudorapidity bins
only the two forward PCal windows yield manageable cor-Of the same distribution. The solid line is a distribution with Fourier
rections of about a factor 2 for semicentral collisions and eoefficientsvg,vs,v2.

factor 4—6 for central collisions. This shows the difficulty to o o _ _
extract any multipole components witi= 3 from the data contributing to the energy deposit in a given tower. This
by methods involving the determination of a reaction plane9ives an indication that structures in the azimuthal anisot-
Our previous metho(i7] of event-by-event Fourier decom- fOPY of theE- distribution cannot be resolved to better than

position does not have this limitation but is limited by the @bout 0.5 units of pseudorapidity. Using different, realistic
finite multiplicity in an event which depends, e.g., on the €vent generators and different centralities of the collision we

beam energy and centrality of the collision. checked that the assigned pseudorapidity values are not vis-

One may ask to what extent the accuracy of the correctiofPly model or centrality dependent. The differences in mean
is affected by remaining detector imperfections such as, e.gvalues for different event generators-centralities are much
miscalibrated or missing calorimeter channels which may€ss than the widths shown in the figure, and for the midra-
bias the distribution of ¥{)—¥{). We have studied this Pidity region were found to be less than 0.05.
guestion by generating a probability distribution in angle dif-
ference normalized to a probability distribution from “mixed IV. AZIMUTHAL DISTRIBUTIONS OF CHARGED
events” where the two angles are from different events. Us- PARTICLES AND TRANSVERSE ENERGY
ing this probability distribution in the averaging procedure
yields, forW4, for instance, the histogram presented in Fig.
5 as compared to the points. The differences are small, typi- The azimuthal distribution of the charged particle multi-
cally 5% or less for all four pseudorapidity windows. plicity is studied for five bins in centrality and with a reac-

In analyzing the calorimeter data care has to be taken ttdon plane orientation determined using the TCal and the
assign the proper pseudorapidity value to each tower of thenost forward PCal section to avoid autocorrelations. As an
calorimeter. The spread of showers, the nonprojective geonexample of such a double differential distribution the data for
etry of a detector, and the variation in tlg distribution the intermediate centrality bin are shown in Fig. 7 both in a
over the solid angle covered by a detector cell will, in gen-three-dimensional representatipRig. 7(a)] and as a few
eral, result in an effective mean pseudorapidity, which isslices at certainy values[Fig. 7(b)]. A pronounced dipole
different from the pseudorapidity of the center of the tower.component and its sign change at midpseudorapidity are im-
As in [1] we have simulated the PCal performance using thenediately obvious. Closer inspection reveals in addition a
GEANT [15] package combined with an event generator thajuadrupole component, easily visible, e.g., in Fig. 7 around
reproduces the measurdsl distribution and with a fast #=1.7 where the dipole moment vanishes. Figur@) 8
shower deposition coderROPHET[16]. The pseudorapidity shows the corrected first and second moments of the Fourier
distributions of the particles which contribute to each PCaldecomposition for all five centrality bins. The error bars re-
tower were calculated. The mean value of pseudorapiditflect for each centrality the typical statistical errors as well as
weighted with the deposited energy was determined and usexystematic errors connected to variations of the experimental
later in the analysis as the tower pseudorapidity. In Fig. 6 wesonditions during the rure.g., beam position These were
show how the assigneg values differ from the pseudora- obtained by subdividing the entire data sample into sub-
pidity of the cell geometrical center. We also show in thissamples(runs of 100 k evenjsand obtaining the standard
figure the spread of values(standard deviatiorof particles  deviation of the results from these subsamples. The two dif-

A. Charged particles
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ferent windows used to determine the reaction plane lead, In a further analysis step, we determine the anisotropy of
after correction for resolution, to very similar results. Fromonly those tracks that deposit more than four times the mini-
this comparison we conclude that the relative systematic efmum ionizing energy loss in the silicon pad detector. This
rors in the corrected coefficients andv, which are mostly  selects mostly low momentum particles, preferentially slow
determined by the correction for the reaction plane resolutioprotons. The resulting anisotropy parameters are displayed in
are less than 10 and 20 %, respectively. For very small valgig. gb). Two general trends are noticeable as compared to
ues ofv; andv, we estimate absolute systematic errors ofihe results for all charged particles displayed in Fig) &)
0.005. o . ] The magnitude of the anisotropy is significantly bigger,
~The finite dipole componenty; represents directed reaching values up to 10%ii) The location of the zero

sideward flow of charged particles in qualitatively the SaMexrossing shifts forward in pseudorapidity. This is expected

way as seen in our previous study Bf [7]. The dipole  pacayse of the difference between rapidity and pseudorapid-
component shows a characteristic zero crossing aroungl, for more massive(less relativistit particles combined

midpseudorapidity and is nonzero elsewhere for all centraliyiih the fact that protons dominate this data sample while

ties chosen. The sign of the charged particle flow is such thahey account overall for roughly 1/3 of all charged particles.
on average charged particles go in the same direction as tRg¢ jarger magnitude of the anisotropy for more heavily ion-

transverse energy. However, the anisotropy is small, at mog}ing particles could indicate that protons exhibit a stronger
0.03. There is a subtle change in shape of ghdependence gjgeward flow effect than pions.

and in the location of the zero crossing with centrality.

We also find a nonzero quadrupole component which is
even smaller, at most 2% after correction. But the deviation B. Transverse energy
from zero is significant as can be judged from the projection
in Fig. 7. There is no visible pseudorapidity dependence of A similar event shape analysis was performed on the
v,. The positive values of, imply enhanced yields in the transverse energy combining data from the two calorimeters
reaction plane. Hence, the small quadrupole component wECal and PCal thus covering the rangeé.5< »<4.2. We
find is oriented perpendicular to the “squeezeout” observedit the experimentadp distribution ofE+ relative to a reaction
at lower beam energies in the 1A%eV/c range[17] where  plane determined with any of the three windoWa, W3,
preferential emission out of the reaction plane was estabandW4 that do not overlap in pseudorapidity with tBe bin
lished. with the functional form
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FIG. 9. Flow parameters, of the E; azimuthal distribution FIG. 10. Flow parameters, of the E; azimuthal distribution

after correction of contributions other than from the target for se-for selected centrality bins.
lected centrality bingPCalEy).

cept for the two most peripheral bins where more forward
values are observed. The dependence;obn pseudorapid-
=vo| 1+ X 2v/cos(p—¥{H34) | ity is characterized by as-shaped curve with a minimum
! ) around »=~0 and a maximum aroundy~3.0. Inspecting
these extrema i, as function of centrality, they reach
maximum values in the range 130-270 GeV corresponding
This is done for 15 centrality bins gating on P@&l ranges  to collisions in the top 30—5 % centrality region. The maxi-
as indicated in Fig. 4. After unfolding the coefficiemt$for =~ mum flow values backward and forward are 7 and 12 %
the reaction plane resolution two or three values are availableespectively. Furthermore, the shape of the distributions in
for every  from the reaction plane measurements not overfig. 9 changes with centrality; the extrema of tishaped
lapping in#. This provides a good check on the systematicscurve move closer to midrapidity for increasing centrality.
In order to correct for any asymmetries caused by interac- At lower beam momenta the slope of at midrapidity
tions other than in the target we also evaluate the anisotroplyas been used to quantify the strength of the flow effect. For
coefficients from speciahrget-outruns. The correction mat- the present data the value @w,/dnp=d({E,)/{E+))/dn~
ters only for the two most peripheral centrality bins. In the0.07 around 15% centrality where the flow effect is maximal,
first (second bin it is found that the absolute correction to and it decreases to 0.04 for the highest centrality bin studied
v, is of the order of 0.0050.00). As in the case of the here. The values of the slope are significantly smaller than
charged particle analysis the systematic error is dominateceported at lower energiell8] for a similar quantity,d
by the accuracy of the correction for the reaction plane resof(p,)/(p;))/dy, evaluated for protons. At beam kinetic ener-
lution and we assign a 10% relative systematic error or agies per nucleon of 150, 250, and 400 MeV values of
absolute systematic error of 0.005 to the corrected dipole({p,)/{p;))/dy=1.43, 1.23, and 1.22 have been obtained.
coefficients. The increase ip;) or (E1) and the increase iy make it
Figure 9 shows the resulting dipole coefficients for a repplausible that the relative strength of the flow is smaller at
resentative sample of centralities. Statistical errors were obAGS energies. Below we discuss a procedure to separate the
tained in the same way as in the charged particle multiplicityflow effect of pions and nucleons and to relajeandy to
analysis. The data were divided into 12 subsamples and thebtain a more quantitative understanding of the systematics
scatter of results from these subsamples defines the error of the observed strong energy dependence. The comparison
the mean. As a function of pseudorapidity the data in the 240 lower energy data is resumed there.
experimental bins form a quasicontinuous distribution with a  Figure 9 together with thd E/d » distribution[1] shows
smooth evolution from negative to positive values for morewhere the most sensitivg intervals are to determine the
forward » with a zero crossing aroung=1.9. The data orientation of the reaction planei=0.8 and7=3.0. This is
shown in Fig. 9 can be compared to the values for three largi line with the results shown in Fig. 5 for the experimental
7 windows (—0.5=%=<0.8, 0.83<%=<1.85, and 1.85 reaction plane resolution.
< =<4.7) used in our first analysis’]. With the much finer Figure 10 presents the results for the quadrupole compo-
segmentation iry it is now possible to verify that the van- nent of the E; distribution. For intermediate centralities
ishing of v, in the middle » window is indeed due to the (130-270 GeV, corresponding to the top 5—-30 % of the geo-
zero crossing ob ; around midpseudorapidity as we had sus-metric cross sectignsmall but significant values of 1-2 %
pected. are observed. For more central and more peripheral colli-
The evolution ofv; as a function of centrality shows sev- sions they decrease to zero. The statistical errors are shown
eral systematic features. The location of the zero crossing éh the figure, the relative and absolute systematic errors are
7=1.9-2.0 does not depend significantly on centrality ex-estimated to be 20 and 0.5 %. Quantitatively the values are

d2E; 2

dznd(¢— i)
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FIG. 12. Flow parameters fromQmD events for nucleons,
pions, transverse energy and charged particle multiplicity for an
exclusive centrality bin ranging from 5 to 15 %. The fluctuations
are statistical.

FIG. 11. Comparison of the measured flow parameﬂ;'\l@ and
v(lET) (solid symbols for the centrality range 5—15 %. Also shown
are the equivalent parameters extracted fregmp events(lines).

very similar to the quadrupole anisotropy observed in theracted flow parameters, for a given particle species may
charged particle distributions. Again there is no significantdiffer depending on whether they were extracted from azi-
dependence on pseudorapidity and again the values are pogﬂ.uthal distribution of the number denSIty or the transverse

tive, i.e., emission is enhanced in the reaction plane, nognergy density. It will be shown in the next section that this
perpendicular to it. difference is not the dominant part of the effect seen. Since

pions and nucleons contribute with different relative weights
to E; (composed mainly of energy deposits of
p,n, ", 7w ,7°) and toN, (counting essentially the number
Both global distributions inE; and N, and spectra of of p, =", ") one suspects that the observed difference in
identified protons and pions have been compdtied,19—  anisotropy is due to a different behavior of pions and nucle-
21] to predictions from two event generators based on hadons. Another indication for a difference between pions and
ronic cascade®kQMD [3] andARC [4,5]. Although some dis- nucleons is the different dipole anisotropy seen for all
crepancies are noted, in particular a peakingly/d» too  charged particles and heavily ionizing particlege discus-
much forward as compared to the data and proton spectigion above and Fig.)8
significantly steeper than the data close to midrapicfioy RQMD reproduces neither the experimental anisotropy for
ARC only a spectrum half a unit away from midrapidity has Er nor for N. but, in agreement with the data, there is a
been publishef5]), the overall agreement otherwise is good. difference between the two with, in general, more positive
The slope of the proton spectra can be linked to transversealues ofv, for the E; distribution. In the model we can
expansion of the systef22]. Analysis of therQMD freeze-  separate the contribution from pions and nucleons and Fig.
out condition indicatef23,24] that, in the cascading of many 12 shows, for the same centrality range as in Fig. 11, the
successive hadronic collisions, a collective transverse expalipole anisotropy for protons, pions and, for comparison,
sion is built up, but apparently for Ag- Au collisions at  also the anisotropy oE andN.. Protons and pions show
AGS energies the model in its cascade mode underpredicapposite flow effects of the same order of magnitude leading
the transverse expansion velocity. With the present data w® differences and even to a change in sign between the di-
can subject the models to a different test of the collectivepole anisotropy oEr andN, in the rangey=2-3. Qualita-
velocities at freeze-out. By evaluating the sideward flow intively this is in agreement with the feature exhibited by the
the same manner as in the present analysis and comparingdata but quantitatively the model does not reproduce the
the data we test the anisotropic component of the expansiodata. The failure 0RQMD to account for the anisotropy in
i.e., the component that carries the memory of the impacEr was already apparent in our first analysis in three large
parameter and therefore may be sensitive to the equation of bins [7]. A comparison of data and model for the bin
state of the system. n= 1.85-4.7 showed 8] that the model underpredicts the
Figure 11 shows the dipole component of the azimuthakxperimental dipole component by a factor of 2. This dis-
distribution of transverse energy and charged particle multicrepancy combined with the possible intricate cancellations
plicity for collisions of intermediate centralityot,,/ogec=  Of flow effects of pions and nucleons, as shown in Fig. 12,
5-15 9% both from experiment and evaluated from eventsprovides another motivation to separate the experimental ef-
simulated withRQMD. It is apparent that the experimental fect according to particle species.
anisotropies of both the charged particle and of the trans- We have also evaluated from tMD simulations the
verse energy distributions are quantitatively quite differentquadrupole anisotropy coefficients for semicentral colli-
with values forE; about twice the values faX.. The ex- sions. They are found to be very close to our experimental

V. COMPARISON WITH MODELS
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observation, with typical positive values of 0.01-0.02, and 0.2
no significant pseudorapidity dependence. Further, we find F ]
that both pions and nucleons are contributing to this anisot- 0.15F  Otop/Ogeo =0:10 3

ropy with equal sign and comparable magnitude.

As far as thearC event generator is concerned, a more
limited comparison with the present data is possible by in-
specting results of calculations shown in a recent preprint
[25]. In this work, a comparison is made to the results of our
first analysis in three coarse pseudorapidity bins and it ap-
pears that for the forward bin the dipole component is rather
well reproduced byarc. It is interesting to note that this
agreement is achieved by introducing an energy dependent

treatment of the nucleon-nucleon scattering with a gradual 0158 e NtC (RQMD)
transition from repulsive scattering at low relative energies - — E, (RQMD)

to an equal probability for repulsive and attractive trajecto- 0.2 '(')' —— i e é s é s 'J{

ries at higher energies. Using only the latter without energy n

dependence the flow for protons is reduced to half it value.

Another interesting feature emerges from #rc simula- FIG. 13. Decomposition of the flow parameter§™ of nucle-

tions. There the protons exhibit a quadrupole anisotropy withyns and piongsolid symbol$ and comparison to the extracted pa-

the long axis perpendicular to the reaction plane and thigameters fronrowmp (lines for an exclusive centrality bin ranging
anisotropy vanishes as beam rapidity is approached. Botiiom 5 to 15 %.

features are at variance with the present experimental obser-

vation of the orientatiorfin plane and pseudorapidity inde- S
pendence ob ,. tributions and the transverse mass distributions as Boltzmann

distributions with slope constants that again have a Gaussian
distribution as a function of rapidity. This provides the
double differential cross sectiatfa/dydm for protons and
Using the present data on flow of transverse energy angions for the full phase space. From this information distri-
charged particles we can try to separate the contribution dputions of transverse energy or charged particle multiplicity
nucleons and pions to the flow effect. In this analysis wecan be computed for any pseudorapidity. In order to test the
assume that the observed flow in the global observabjes dquality of the parametrization and also the internal consis-
andN, is a linear superposition of the anisotropy of nucleonstency of the data we have compared the distributions
and pions, thereby neglecting the contribution from otherdEr/dn anddN./d# from the parametrization to the quan-
particle species. We denote the respective flow parameteties measured by E87[1,2] with an entirely different de-
by v(lNc) anduE" and further differentiate between coeffi- €ctor system for the same centrality and excellent agreement
; (Ne.n)  (Ne.m)  (E7.n) (Er.m) is found for both quantities. As an alternative check we have
clentsv, "7 vy U1 andv_l for nucleons and 5o the relative contribution of nucleons and pionEto
pions, respectively. The dipole anisotropy of the two globalyng N from romDp and the absolute difference in the result-
observables can then be written as ing values ofv, for nucleons and pions is less than 0.005.
To estimate the difference in the anisotropy coefficient
dN7/d - oWNe™ 4 g NP/ d 7- pNe: measured foE+ andN, we again have used two approaches.

VI. FLOW OF NUCLEONS AND PIONS

v = L ’ L (9 We assume that the anisotroffjow) is due to a displace-
dNg/d7+dNc/d7y ment of the triple differential cross sectiafo/dp,dp,dy
by some rapidity dependent amoymg(y). This is close to
- (Er,m) n _(Er.n) our present experimental observati@. For moderate dis-
JEn_ dEf/dn-v, """ +dE7/dy-v, (10  Placements ,,=0.15 GeVe; well justified in the rapidity
1

dET7/dn+dEY/d7y ' range and for the system considered hemed a Gaussian
distribution in p,,p, one can show that the ratio between
These equations can be solved for the flow parameters gfft andvTC is 4/rr. To check the influence of this assump-
pions and nucleons if one knows in addition to the measuregon on the resulting pion and nucleon flow, we have used
v(lNC) andv(lET) values:(i) the relative contribution of pions events fromrQMD to numerically evaluate this quantity. The
and nucleons to the charged particle and transverse energgsulting values; for nucleons and pions are smaller by
pseudorapidity distributions, angi) the ratio of the flow typically 0.01(absolute differende
parameters for a given particle species arising from particle With the two ingredientsi) and (ii) such determined and

or E+ azimuthal distributions, i.eu(lN°)/v(lET) for pions and  the measured flow parametgtsft-hand side of Eqs9) and

nucleons separately. (10)] we can solve Eq€9) and(10) for every pseudorapidity
Proton and pion spectra have been measured for the tdp extractufT'” and va'”. The resulting flow parameters

7% of centrality over nearly # if one employs symmetry for nucleons and pions are shown in Fig. 13. One can see
with respect to midrapidity and combines data from E866that indeed the difference in the flow parameters of trans-
[20,26 and E87721]. We have parametrized the measuredverse energy and charged particle multiplicity can be attrib-
rapidity distributions of protons and pions as Gaussian disuted to a distinctly different behavior of nucleons and pions.
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Nucleons show a pronounced flow effect, pions show a mucthis slope of 35 Me\, i.e., practically the same value as
weaker effect and a tendency to preferentially be emitted t@bserved at much lower beam energies. This result is unex-
the side opposite of the protons. The assumptions made ipected since the beam momentum and also the proton trans-
this analysis lead to a correlated systematic error in the reverse momenta are much larger in our case. It is not clear
sulting flow coefficients for nucleons and pions and we estiwhy the slope of the absolute directed transverse momentum
mate relative errors of 10 and 50 %, respectively. The uncemwith respect to normalized rapidity should scale with beam
tainty for pions becomes relatively large because thesnergy.
anisotropy found is so small.

A comparison of the data for nucleons and pions to the VIl. CONCLUSIONS
corresponding quantities frorQMD is also given in Fig. 13.

This allows one to understand the discrepancy between data In summary, the a2|muthal d_|s§r|put|ons of transverse en-
ergy and charged particle multiplicity were studied system-

and model for the global observables. The proton flow is ticall function of dorapidity and of centrality for
underpredicted by the model at forward pseudorapidities ani cally as a function of pseudorapidity and of centrality 1o

at the same time a stronger trend for pions to go the opposi 0.8A GeVie AIJ.+AU collisions. A pronaunced dipole com- .
ponent or flow is observed. It crosses zero and changes sign

way is predicted. This latter feature has been dubbed “anti . S : .
flow” in the literature, a somewhat misleading term since thearound midrapidity. The magnitude of this flow effect peaks

effect (in the code is due to shadowing. The combination of gt_intermediate_ _centralities and vanishes for very central col-
these two effectqunderprediction of nucleon and overpre- I|5|on_s. _In addition, a much smaller quadrupole_ component
diction of opposite pion floyleads to a transverse energy or elliptic event shape is observgd. The_ '°!".9 axis 1S .°?'e”te°'
flow close to zero in the model for pseudorapidities less thal! the reaction plane and there is no significant rapidity de-
3 while the data show a pronounced flow effect there. Atpendence. .

backward pseudorapidities in the model proton flow and pio The same type of analysis has b_een p_erformed on events
shadowing nearly cancel. In the experimental data the pio om the generatoRQMD and a flow signal is observed there

shadowing is weaker than in the model and a pronounce@s well. But it is significantly smaller in the model than in the
flow in E~ is the result ata. A different generatosRc, gives the correct strength of
T .

A first study of the effect of nucleon mean fields on thefIOW vyhen theNN repulsion is softened at high collision
RQMD results for proton spectra and flow observables washergies. : . .
presented ii24]. Although the mean field is introduced in a The magn!tude of the flov_v signal _|slle.1rger In transverse
simplified Skyrme-type parametrization of the interaction, iteneray than in charged particle multiplicity and this differ-

is obvious that the model calculations are moving in the rightence has been used to extract the flow signal of nucleons and

direction. Introducing this additional repulsion the proton pions separately for an intermediate centrality bin. It is found

spectra become flatter, the proton flow increases and the pic{ﬂat n_ucleor_ws show a pronounc_ed ﬂ.OW s_|gnal Wh"? for pions
shadowing is reduce(bee figures if24]). This observation € S|gnal_ IS very Wefik and in direction opposite to the
is related to the study of the energy dependent trajectories iﬂucleon signal. The discrepancy _be.tween the data and the
NN scattering in thesRC simulations where leaving out the model can be traced taQMD predicting a weaker proton

dominantly repulsive character also drastically reduces th low and a stronger oppo§|te pion flow as compared t_o the
flow prediction ata. It has been shown in the literature that introducing a

Using the extracted flow parameters for nucleons and em@ucleon mean field will improve bOFh aspects.
Compared to lower beam energies, in the range below 2

ploying once more our knowledge of the proton spe¢see A .
above we can evaluatép,) as a function of the rapidity and GeV kinetic energy per nucleon, the slope of the d|rec_ted
transverse momentum of protons with respect to normalized

determine the slopel(p,)/dy in order to compare to data rapidity appears to be about constant while the absolute ra-

available from lower beam energies. In the literature, typi- .". o
X - : pidity gap between target and projectile and the mean trans-
cally a slope with respect to rapidity normalized to beam S
verse momentum of protons grow significantly.

rapidity is quoted. From the present analysis we find for this
slope a value ofl(p,)/dy/y,=0.10 GeVt. Recently, a sys-
tematics of this variable was shown for beam kinetic ener-

gies of 0.1-2.0 GeV27]. In order to compare different col- We thank the AGS staff, W. McGahern and Dr. H.
lision systems the slope constants were divided by the surBrown, for excellent support and acknowledge the untiring
of the cube root of target and projectile mass number. It wagfforts of R. Hutter in all technical matters. Financial support
observed27] that this normalized slope rises with beam ki- from the U.S. DOE, the NSF, the Canadian NSERC, and
netic energy and reaches an approximate plateau in the e@NPq Brazil is gratefully acknowledged. One of (isP.W)
ergy range of about 0.7-2.0 GeV/nucleon with values ofthanks the A. v. Humboldt Foundation for support, while
35-40 MeVEt. After normalization to the mass number of another(W.C.C) was supported by the Gottlieb Daimler-
the colliding system our present analysis gives a value foand Karl Benz-Stiftung for preparation of this manuscript.

ACKNOWLEDGMENTS

[1] J. Barretteet al, E877 Collaboration, Phys. Rev. Leff0, [3] H. Sorge, A. von Keitz, R. Mattiello, H. Ster, and W.
2996 (1993. Greiner, Phys. Lett. 243 7 (1990.

[2] J. Barretteet al., E877 Collaboration, Phys. Rev. &1, 3309 [4] Y. Pang, T. J. Schlagel, and S. K. Kahana, Phys. Rev. G&it.
(1995. 2743(1992.



1430 J. BARRETTEEet al. 55

[5] S. H. Kahana, inProceedings of the Workshop Heavy lon [17] H. Gutbrod, K. H. Kampert, B. W. Kolb, A. M. Poskanzer, H.
Physics at the AGS '9&dited by G.S.F. Stephans, S.G. Stead- G. Ritter, and H. R. Schmidt, Phys. Lett. 86 267(1989; D.

man, and W.L. KehoéReport MITLNS-2158, p. 263. Brill et al, Phys. Rev. Lett71, 336(1993.
[6] P. Braun-Munzinger, J. Stachel, J. P. Wessels, and N. Xuj18] H. A. Gustafsson, H. H. Gutbrod, J. Harris, B. V. Jacak, K. H.
Phys. Lett. B344 43 (1994. Kampert, B. Kolb, A. M. Poskanzer, H. G. Ritter, and H. R.
[7]J. Barretteet al, E877 Collaboration, Phys. Rev. Leff3, Schmidt, Plastic Ball Collaboration, Mod. Phys. Lett. 3\
2532(1994. 1323(1988.

(8] Y. Zhang and J. P Wessels, E877 Collaboration, Nucl. Physjg) \.N. Rao, E877 Collaboration, iRhysics and Astrophysics of
A590, 557¢(1999; T. K. Hemmick, E877 Collaboratioribid. the Quark-Gluon Plasmadited by B. Sinha, Y.P. Viyogi, and

A610, 63c (1996; W. C. Chang, E877 CollaboratiorRro- S. RahaWorld Scientific, Singapore, 1994p. 457.

ceedings of the Workshop Heavy lon Physics at the AGS '9?20] K. Shigaki, E866 Collaboration, Nucl. Phy#590, 519¢
(Wayne State University, Detroit, 199. 105. (1095 ' ' '

H. H. St W. i Ann. Phy&N.Y.) 1 . .
[9] H. Sorge, H. Stoker, and W. Greiner, Ann. Phy&.Y.) 192, [21] J. Barretteet al, unpublished; R. Lacasse E877 Collaboration,

266 (1989.
[10] J. Barretteet al, E814 Collaboration, Phys. Rev. Le#4, Nucl. Phys.AGlO, 153¢(1996.
1219(1990. [22] P. J. Siemens and J. O. Rasmussen, Phys. Rev.42t880
[11] J. Barretteet al, E814 Collaboration, Phys. Rev. 45, 819 (1979; K. S. Lee, U. Heinz, and E. Schnedermann, Z. Phys. C
(1994, 48, 525(1990.
[12] J. Simon-Gilloet al, Nucl. Instrum. Methods Phys. Res. A [23] H. Sorge, Phys. Lett. B73 16 (1996.
309, 427(199)); D. Foxet al, ibid. 317, 474(1992. [24] R. Mattiello, A. Jahns, H. Sorge, H. Stker, and W. Greiner,
[13] S. Voloshin and Y. Zhang, Z. Phys. T, 665 (1996. Phys. Rev. Lett74, 2180(1995.
[14] J. P. Alardet al, FOPI Collaboration, Phys. Rev. Lef9, 889  [25] D. E. Kahana, Y. Pang, and E. Shuryak, Report nucl-th/
(1992. 9604008.

[15] R. Brun, F. Bruyant, M. Maire, A. C. McPherson, and P. Za- [26] Y. Akiba, 866 Collaboration, Nucl. Phy#&610, 139¢(1996.
narini, Geant 3.15 User's Guide, CERN Data Handling Divi- [27] M. D. Partlanet al, Phys. Rev. Lett.75 2100 (1999; J.
son Report No. DD/EE/84-1, revised 92iinpublishegl Chanceet al, Report nucl-ex/9607008; N. Herrmann, Nucl.

[16] S. Dagan and Y. Oren, Helias note 184, CERMNpublishegl Phys.A610, 49¢(1996.



