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Results are presented of an analysis of proton and charged pion azimuthal distributions measured with
respect to the reaction plane in AuAu collisions at a beam momentum of aboutAlGeVic. The azimuthal
anisotropy is studied as a function of particle rapidity and transverse momentum for different centralities of the
collisions. The triple differentialin rapidity, transverse momentum, and azimuthal andlstributions are
reconstructed. A comparison of the results with a previous analysis of charged-particle and transverse energy
flow as well as with model predictions are presen{&0556-28137)05711-7

PACS numbds): 25.75.Dw

I. INTRODUCTION In the current paper we present results of the analysis of
anisotropic transverse collective flow of identified particles,
Collective phenomena play an important role in heavy-ionprotons and charged pions, detected in the E877 spectrom-
collisions, but for a long time it was assumed that, at colli-eter in Au+ Au collisions at a beam momentum of 10.8 and
sion energies much greater than 1 GeV/nucleon, only longi11 4a GeVic. The data were taken during two AGS heavy-
tudlr;gl and azurjnut_halli/h symn:eftrlc transv;ahrse _;ad;al fIﬁwion runs. Using calorimeter data, we reconstruct the reaction
would survive. Luring Ine past Tew years e situation nas, o, event by event and analyze the particle production with
changed qualitatively. Anisotropic, directed as well as ellip- : . o :
respect to this reaction plane. A similar analysis of charged-

tic, flow has been observed at the BNL AGE2]. At the . o .
CERN SPS azimuthal asymmetries in the target fragmentd2@rticle multiplicity and transverse energy flow presented in

tion region[3], as well as strong indications of elliptic flow L[2] displayed a strong directed flow as well as an elliptic flow
[4], have been demonstrated recently. The theoretical undeYith the primary axis in the reaction plane, i.e., perpendicu-
standing of the effect and model calculations involving an-lar to the direction of the “squeeze-out” effect observed at
isotropic flow has progressed significantly; different aniso-lower energied17,18. Here, using the E877 spectrometer
tropic flow patterns have been linked to such phenomena adata, we apply the same procedure to determine the triple
quark-gluon plasma formation, softening of the equation ofdifferential distributionsd®N/dy p,dp,d¢ of identified pro-
state[5—8], and mean-field effects during the fireball evolu- tons and charged pions.
tion [9-11]. The appropriate tools for flow studies at high  The paper is organized as follows. After a description of
energies have been developgi®,13. It was also noticed the apparatus we discuss the procedure of the analysis. In the
that anisotropic flow could be important for other measure-subsequent sections we present first the results of the Fourier
ments, such as two-particle correlatiqig,15. Anisotropic  analysis of azimuthal particle distributions in different rapid-
flow has become an essential part of the global picture otty bins and for different centralities of the collision. These
heavy-ion collisions at ultrarelativistic energi€$6]; it is  results are, to a large extent, independent of the uncertainties
considered one of the key tools to elucidate the dynamics ah the spectrometer efficiency and the detector acceptance.
the collision. Then the results on azimuthal anisotropies and related quan-
tities (such as the mean transverse momentum projected into
the reaction plané€p,)) are discussed. Different flow sce-
*On leave from Moscow Engineering Physics Institute, Moscownarios are discussed from the point of view of the observed
115409, Russia. dependence of the flow signal on the transverse momentum
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= /D the reaction plane orientation are made using the transverse
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energy flow measured in the target calorimegf€€al) and
participant calorimeteXPCa). Both calorimeters have 2
azimuthal coverage and, combined together, they provide
nearly complete polar angle coverage as viewed from the
nucleus-nucleus center of mass system: TCal and PCal cover
the pseudorapidity regions 0.5<7<0.8 and 0.8 p<4.2,
el respectively[2,21]. The pseudorapidityy= —In tan(6/2) is
g defined in terms of the polar angtein the laboratory frame.
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X Forward The structure of the analysis is very similar to that used in

Scint

L [2] and many details can be found there. Here the distribu-
tions d®N/p,dp,dyd¢ of identified protons and charged

b .t . F L F S pions are generated in a coordinate system wherg drelz
meters /! meters axes span the reaction plane. The azimuthal angle in this
FIG. 1. The E877 apparatus. system is defined a¢= ¢,,,— V1, whereW, is the reaction

plane angle, measured for every event using the direction of
the transverse energy flow in TCal and PCal, gng, is the
Gzimuthal angle of an individual particle in the laboratory
“frame. Thex axis is defined in such a way that it points in the
direction of the transverse energy flow at forward rapidities.
The transverse momentum componeptsand p, of identi-
fied particles are evaluated in this coordinate system and the
particle distributions with respect to the reaction plane are
1. APPARATUS constructed. The azimuthal anisotropy of particle production
is studied by means of Fourier analysis of azimuthal distri-
The E877 apparatus is shown in Fig. 1. In the E877 setumsutions[1,2,13. This yields the rapidity, transverse momen-
charged particles, emitted in the forward direction and tratum, and centrality dependence of the Fourier coefficiepts
versing the collimator { 134<6poizonta<<16 mrad, (amplitude ofnth harmonig in the decomposition:
—11< 6, er1icar<11 mrad, are analyzed by a high-resolution
magnetic spectrometer. The spectrometer identifies particles 3 )
via simultaneous measurements of momentum and velocity. Ed_N: d°N :i d°N
The momentum of each particle is measured using two drift d3p p:dpdyde 27 pdpdy
chambergDC2 and DC3, position resolution about 30@n)
whose pattern recognition is aided by four multiwire propor- +2v,c082¢)+2v5c043¢) + - - - ]. (1)
tional chamber§MWPC). The average momentum resolu-

tion is Ap/p~3% limited by multiple scattering. A time-of- e E£877 spectrometer provides fultr2acceptance in the

flight hodoscope (TOFU) located behind the tracking gpecrometer only for a very limitegl range(approximately
chambers provides the time of flight with a typical resolutlonpt$5o MeV/c), but the triple differential multiplicity is con-

of 85 ps. The spectrometer acceptance covers mostly the,,cteq in full, using the 2 range of the reaction plane

forwar_d rapidity region W'_th tran_sverse momentum covera_gedng|e distribution. Note that the coverage of the calorimeters
includingp,=0. Further discussion of the acceptance for dif-\;seq for the reaction plane determination does not overlap
ferent particle species can be found[20]. with the spectrometer coverage and thus the analysis is

A clean particle identification is particularly crucial for |5 0ey free from problems related to autocorrelations.
the study of flow since the extracted signal may be different Similarly to the analysis presented [&], the reaction

for different p_article_species b(_)th in magnitude and in S_ign'plane angleV, is determined in four nonoverlapping pseu-
A small admixture in the particle sample of other particle 45 5nigity windows. The “reaction plane resolution,” i.e.,
species could therefore heavily bias the final results. Consgpe gccyracy with which the reaction plane orientation is de-
quently, in the current analysis, strict requirements are apgmined, is evaluated by studying the correlation between
plied for parﬂclg |dent|f|cat|on_. Using the measured MOMeNyjo,y angles determined in different windows. Finally, the
tum and velocity of the particle, we calculate the particleg, signals are corrected for this resolution. Details of this

mass. In a plot of momentum vs the square of the particley.,.oqyre are described fi&] (see alsd17]). In short, the
massm® we select entries in the region of 1.5012(P)  {re value of each Fourier coefficient, is obtained by

around them? peak of the particle under study and reject all
entries within a 3 2(p) region of another particle species. ,
Hereo2(p) represents the standard deviation of tBauss- vp=vp/{cogn(V—Vg)]), 2

p; of the particle. We compare our measurements with th
evaluation of nucleon and pion flow derived from the mea
surements of charged-particle and transverse energy #ihw
as well as with model prediction®OMD versions 1.08 and
2.3[11,19).

[1+2v;coq¢)
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whereuv ), is the observed signal aqdogn(¥,—¥g)]) is the
mean cosine of the difference of the reconstructéq)(and
true (¥R) reaction plane angles, characterizing the reaction
plane resolution. The values ¢6fogn(V,—V¥g)]) are evalu-
ated as outlined ih2]. As a result we obtain the true azi-
muthal distribution with respect to the reaction plane orien-
tation:

N/mdm, (c*/GeV?)

4

=

d3N_ 1 d°N
dp 27 pldpdy
+20,c04 2(p1ap—VR) ]+ - -}

{1+2v,c09 ¢jap— VYr)

©)

The E877 spectrometer has a relatively small azimuthal cov-
erage. Due to this, the analysis of azimuthal anisotropies is
rather sensitive to biases of different kinds, which could
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simulate an event anisotropy and propagate to the final re
sults. For instance, during the off-line analysis, it was found
that a small fraction of the recorded events3—4 % have

an anomalously high number of hits in the drift chambers. In2
thesg events the hiF density was too high to perform reliabl .e\/) together with a fit using the function given in E6f). The
tracking and the high occupancy _Of th? spectrometer WaRverse slope values and their statistical errors are shown in GeV.
found to be correlated with the orientation of the reactionyq open (filed) squares correspond to— /A< < /4
plane. A bias due to this was avoided by removing thess /4« <5r/4).

events from the analysis completely and not only from the

sample used to generate spectra. The tracking efficiency
the spectrometeftypically on the order of 90%depends
slightly on the spectrometer occupancy. A special correctio
for this effect was developed and checked by a Monte Carl
simulation. The correction is based on the weighting of ead%tatistical erTors

track in accordance with the local track densities in the drift In Fig. 2 we éhow then, specira of protons emitted into

chambers and time-of-flight wall. Due to different gain fac-’_Zhe rapidity interval 2.8 y<2.9 at different angles relative

FIG. 2. Proton m, distributions in the rapidity interval
8<y<2.9 for different centralitiegindicated by arE; range in

he shape of the spectra is not perfectly reproduced by this
function, and in order to obtain a good quality description of
n : . ) X .

(‘5he spectra in the enting, region, the weights of all points
were chosen to be equal for the fit and not in accordance with

tors and dead towers in the calorimeters, the distribution i o the reaction plane together with these thermal fits for dif-

the reconstructed reaction plane angle is generally not flat. . . .
P 9 g y erent centralities. Clearly, the spectra of protons emitted in

Special precaution was taken to make the reaction plan@le direction of flow (=0) are significantly flatter than
angle distribution as flat as possible and to remove possibl L ) o
g P P those of protons emitted in the opposite directiagh=().

biases(see the Appendjx To visualize th lar d d f the | |
The Fourier coefficients of azimuthal distributions evaly- ' © ViSuaiize the angular dependence ol the nverse siope
parameters the results from the fit are shown in Fig. 3 for

ated by the procedure described abc corrected for the three rapidity intervals. Her&p is plotted as a function of

reaction plane resolutiorare combined with the measure- the azimuthal emission angle. The results are presented for
ments ofp; and rapidity spectr§20]. In this way the triple ; : Con :
Pe pidity spectrg20)] y P four centrality regions, selected in accordance with PCal

differential distributions iny, p;, and ¢ [see Eq.(3)] are
determined and analyzed.
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. . . . 005 f- g 1 BENE
Anisotropic flow reveals itself already in the dependence Lt o4y gt $hTe i IARARRYS 1144
on the azimuthal emission angle of the inverse slope param ™ f T 't s T
eter of the invariant spectr&d®N/d®p=d>N/p,dp,dyde — o —F —
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a given ¢. Heremt \/pt2+m is the transye'rse mass. We 0.1 }“ MH*% ¢H§}+++H’ﬁl’ég HTT‘H’
extract the inverse slope parametg( ¢) by fitting the spec- E L ¥ NlE

tra in the regionm,—m>0.1 GeVt? by a thermal(Boltz-
mann function

w2
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d3N m—m FIG. 3. Dependence of the inver@®oltzmann slopeTy of the
E—ocmtex[{ _ ! ) (4) proton distributions as a function of azimuthal angle. The open
d3p Te(¢) points are reflections of the filled points ababi=0.
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FIG. 4. Transverse momentum dependence of
the first momentdg,) of the proton azimuthal dis-
tributions for different particle rapidities and cen-
tralities of the collision. The solid and dashed
curves are fits using functions given in Eg$l)
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transverse energ¥; and corresponding to the values of  We quantify directed flow by ;, the amplitude of the first
Otop(ET)/ 0geo~23-13 %, 13-9 %, 9-4 %, and4% (see  harmonic in the Fourier decomposition of the azimuthal par-
Fig. 4 in[2]). The value ofo,,(Ey) is obtained by an inte- ticle distribution defined in Eq(1) and corrected for the
gration ofdo/dE; from a given value o+ to the maximal reaction plane resolution. The coefficientis analyzed as a
one observed and the geometric cross section is defined &sction of transverse momentum for different rapidity bins
Ogeo= T 5(AY+AY)2=6.13 b, withA=197 andr,=1.2  and collision centralities. The results for(p;), corrected
fm. for the reaction plane resolution, are presented in Figs. 4—6
The results shown in Figs. 2 and 3 are not corrected fofor protons and charged pions.
the reaction plane resolution. The correction would increase The error bars shown in all figures represent statistical
the difference between the maximal and minimal values ofrrors only. The systematic uncertainties have mostly two
Tg by about a factor of 1.5. Such a correctifin terms of  sources{i) the uncertainty in the determination of the reac-
Tg) is rather complicated; for the quantitative description oftion plane resolution leading to a relative errorvip of the
the flow effects we use a Fourier analysis of the azimuthabrder of 5-10 %, similar for all particle speci€g) the un-
distributions[1,2,13 where all corrections are implemented. certainty in the occupancy correction, the accuracy of which
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we estimate, by inspection of Monte Carlo simulations, to bevery different for protons and pions but also the functional
of the order of 20—30 %. The correction itself is different for dependence op, varies with particle species. Thg values
different particle species. It is negligible for positive pions for protons grow almost linearly witlp, over the entirep,
(and for negative pions from run),dwhich are registered in region. Inspecting the transverse momentum dependence of
the low-occupancy region of the spectrometer. The correcyv, for pions, one can distinguish three regionspin (i) In
tion is maximal and reaches absolute values of about 0.1 fahe very-lowp;, region (below p,~0.1 GeVEt) the flow sig-
the data shown, for protons at lopy and/or high rapidities. nals of positive and negative pions are quite different. Posi-
The rapidly increasing uncertainty in the occupancy corrective pions show ; values decreasing rapidly and monotoni-
tion in the spectrometer region close to the beam limits outally towards negative values. Conversely, for negative
measurements of proton flow at very Igy. Multiplying the  pions, the flow signal becomes at first positive, reaches a
uncertainty in the occupancy correction with its absolutepeak at aboup,=0.01-0.02 GeW, and then decreases to-
value we end up with a systematic error in the absolute valugvards negative values where the flow signals for both pion
of v, of about 0.03, where the correction is maximal. charges merge. This is best seen in Fig. 7. The merging point
As can be seen from Fig. 4, proton emission is veryappears to depend on centrality, moving to loyeffor the
strongly correlated with the orientation of the reaction planemore central eventgii) In an intermediate region, approxi-
Protons of largep, have larger values af; with some ten- mately at 0.k p;<0.3 GeVE, in v, is negative and only
dency to saturation in the highegst+region. The largest flow weakly dependent op; for both pion chargediii) Finally,
signal observed corresponds to a difference in the pigh- the highp; regionv, begins to rise and becomes positive.
proton yields along ¢=0) and opposite to the flow direc- There is in fact a very systematic rapidity dependence of the
tion (¢= ) of almost a factor of 1@as can also be seen in zero-crossing point: It moves to lower- values with in-
Fig. 2). Both positive(Fig. 5 and negative(Fig. 6 pions  creasing rapidity occurring at,=0.5-0.6, 0.4-0.5, and 0.3—
exhibit weak flow in the direction opposite to that of protons 0.4 GeV¢t for the three rapidity bins at=2.8-3.2, 3.2-3.6,
(negative values of;) over most of thep; region studied. and 3.6—4.0, respectively.

The maximum negative values of are about-0.1, signifi- The centrality dependence of all flow signals is rather
cantly less in magnitude than the flow signal observed fopronounced; in the analyzed centrality region the magnitude
protons: of flow for all particles decreases for more central collisions.

Independent of any flow scenario;(p;) must vanish at Directed flow of beam rapidity protons shows a relatively
p;= 0 due to the continuity of the spectra. The small nonzero
values ofv, for the lowestp; bin in Figs. 5 and Gfor low -
centralities and rapidities close to beam rapidity: positive for”
negative pions and negative for positive pibase mostly
due to the finite bin size of the data. The details of the be-
havior ofv , at very lowp, are presented in Fig. 7, where we
show, in the same plot, the results for positive and negative
pions in the rapidity region 32y<3.6 for two different
centralities and with much finer binning.

Not only are the sign and magnitude of the flow signal

A B A e
: E, = 150-200 GeV g; E; =200-230GeV

b E‘%% L3
f%'&i e H; *me;.«%

S R AR ATV & PPRTATIE TR BRI A
0 0.05 0.1 0.15 0 0.05 0.1 0.15
p, (GeV/c)

'Due to a “hole” in the p, acceptance of negative pions for the  FiG. 7. Fourier coefficients; for pions in the lowp, region for
magnetic field polarity used during run 2 we have combined datahe rapidity interval 3.2y<3.6 and two different centralities.
from run 2 and from the lower statistics run(ghown in Fig. 6 as  Solid symbols represent data for positive pions. Open symbols are
open points where data exist for both polarities of the magnetic for negative piongcircles and squares correspond to results from
field. runs 1 and 2, respectively
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FIG. 8. Transverse momentum dependence of the second mo-
ment (v,) of the proton azimuthal distributions for different particle
rapidities and centralities of the collision. Weighted withp, and its probability distribution the co-

efficient v, yields (p,), the mean value of the transverse

smaller centrality dependence than that of protons at loweffomentum projected onto the reaction plane:
rapidities(see also Fig. 9 below

C. Mean directed transverse momentum

1 dN
<px>zﬁf Ul(pt)ptd_ptdpt- 5

B. Higher harmonics in azimuthal distributions

Higher-order harmonicsvl, andwvs) in the particle azi-
muthal distributions have also been analyzed. The accuradyke any other integral quantity,p,) contains less informa-
in the evaluation of the contribution of higher harmonicstion thanv;. We nevertheless calculate this quantity in order
deteriorates with increasing order due to the finite reactiod0 compare our results with results from other experiments
plane resolution(see the discussion if2]). This results in and model predictions. This is done by using spef2@|
larger relative errors. Our results for the proton elliptic flow Mmeasured with the same apparatus. Our results of the value
(amplitude of the second harmonic in the proton azimuthaPf (py) for protons at different centralities are shown in Fig.
distributiong as a function of transverse momentum are pre9. Due to the experimental acceptance gp, a model-
sented in Fig. 8. A clear positive signal is observed in thdndependent evaluation of this quantity is possible only at
high-p, region for rapidities of 2.6 and larger. There is anrapiditiesy>2.8. Where it becomes necessary, we extrapo-
indication that the signal moves to highpy values with  late dN/dp; to high p; using a thermal parameterizatipas
decreasing rapidity. This combined with the smaller accepused, e.g., in Eq4)]. The filled points in Fig. 9 correspond
tance inp, at rapidities below 2.6 may be the reason that nd0 (Px) calculated in accordance with E(), using the pa-
significant signal is observed there. In our previous measurgametrization ofv1(p,) shown in Fig. 4 as the soliippey
ments of transverse energy and charged particle f@la  Curves to extrapolate, into the p; range not measuredor
clear signal of elliptic flow was observed at all values ofan analytic expression of this parametrization see (Ed)
pseudorapidity. The observed positive valuesvefcorre- below]. The small difference between the parametrization
spond to an elliptically shaped distribution with the major and the data in the loys region does not contribute visibly
axis lying in the reaction plane. This orientation of the ellip- to the final result foKpy). The contribution of the nonmea-
tic component is perpendicular to what was measured aured highp, part of the spectra tdp,) is relatively small
lower beam energied 8]. (less than 10%sat rapiditiesy=2.8, where the acceptance in

Within our spectrometer acceptance, pions do not exhibip; is large. At rapidityy=2.5 this contribution accounts for
elliptic flow at the level of 2—3 %. Théabsolut¢ accuracy about 40% of the value dfp,). The error bars shown do not
in measuring 5 is about 0.1. For all particles, rapidities, and include the uncertainty in the effective slope parameters used
centralities of the collision the observed signals are consisfor the extrapolation of th@, spectra or any systematic un-
tent with zero within this accuracy. certainty associated with the extrapolationvgf
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In order to assess the systematic error we evaluate the 02 ———F———F——71— 71—
same quantity (p,)) by using a different parametrization of I
the invariant triple differential distribution witlip,) as a
parameter. We use the following functional form to param-

etrize d®N/d3p of protons in a given rapidity bin:

, 008
il ©) '
T i

E, = 150-200 GeV
Ep = 200-230 GeV
E; = 230-270 GeV A
E>270GeV

01 -

> noe

se

d3N/d3pe m{ex;{ —
0.06 - —

m; =V(px—(p,))?+py+m?, (7) .

i.e., a thermal distribution with respect to an origin displaced 004 i A v j
along thep, axis. With the effective slope parameters taken i 1
from [20], we use functior(6) to fit the experimental values 002 1 v ]
of v,(py) [see Fig. 4, dashedower) curved. The extracted — A
values of(p,) are shown in Fig. 9 as open symbols. The I
difference between the results obtained with the two different I
parametrizationsfilled and open symbols in Fig)gives an 2 2224 26 28 3 32 34
idea of the systematic uncertainty of the results, not includ- y
ing the systematic uncertainty in itself in the range where
Itis measurec(geg abov}a The latter could be important for different rapidities and centralities of the collision. For details see
the lowest rapidity region of 22y<2.4, where the flow toxt
signal is very small; there we estimate an associated system-
atic uncertainty of p,) of about 20 MeV. -

The evaluation of p,) values for pions was done by con- vy= 11(6) —[£10(&) —11(&)]T/E (10)
vc_)Iutlng the expenmental values _ofl(pt) Wlth thg spectra lo(€)—&l(&)T/E '
without any extrapolation to the high-region. This is pos-
sible due to the relatively largs acceptance for pions in the Whereé=pByy,/T andly(§), 1.1(£) are the modified Bessel
rapidity interval studied. The extracted values (@) for  functions. For protonsm>T and v, does not depend on
pions are about an order of magnitude smaller than those féhe, generally unknown, value of. Since we expect that
protons. The results for the centrality region Bx<1, it is useful to note that in that case, for relatively
Ttop/ 0geo~9—13 % (centrality 2 are presented in Fig. 11 small values ofp, v, depends almost linearly op :
(squares and trianglesogether with the corresponding pro-

FIG. 10. Transverse velocitg, of a thermal(proton source for

ton results and will be discussed below. . 11(6) . PtBx
12 Aadrmmrar= li == I (11)
lo()\ 2T
V- DIRECTED FLOW DISCUSSION The solid lines shown in Fig. 4 correspond to fits to the data
A. Moving thermalized source vs absorption using Eq.(11) and inverse slope parametdrg from [20] as

One of the simplest pictures of directed flow would be theT' Overall, the fit is rgther good. Taking into account that, in
motion in the transverse plane of a thermalized source Iogeneral, one cannot interpret the Inverse slope paraniggers
calized in rapidity. In the simplest case of no radial expan—as a source te_mpergture, we would like to ’?Ote t_hat BB
sion, the invariant momentum spectrum for particle emissio nd (1.1) are S.t'l.l valid for the case that the _mvanant spect_ra
from' a thermalized source is described b at a fixed rapidity have a thermal shape with some effective
y temperature constant.
1 dN In Fig. 10, the extracted values g8 of the proton source

- * Ao~ EXIT K .. " .
m dmtdydzﬁocE e , (8 are shown for different collision centralities as a function of

proton rapidity. One can see that the transverse source veloc-
whereT is the temperature arfg* is the particle’s energy in ity grows with increasing rapidity, possibly peaking around
the rest frame of the source. In the case of a thermal sourcré‘p'd'tyyZS'l' The maximum values are about 10% of the
moving in thex direction with velocitygs, (which we call the

speed of light. This transverse velocity is found to decrease
directed flow velocity, the value ofE* can be obtained by a with increasing centrality of the collision. These results have
Lorentz transformation

to be put into perspective with the transverse expansion ve-
locities fitted to spectra of various particle species in the
. = same reaction and close to midrapidity: In such an analysis
E* = yE=Byyxpicod @), ©) transverse expansion velocities of about 50% of the speed of
—~ ) light are required to describe the ddtk6]. This effect is
where y,=1/y1— By, and the energ¥ is evaluated in the |argest in central collisions. The transverse expansion veloc-
system moving longitudinally with the same velocity as theijty decreases away from midrapidity.
source E=m,coshf—y*). Here y* is the source rapidity. Looking more closely at the fits in Fig. 4, one notices a
Using Egs.(8) and (9), one can evaluate the first Fourier small deviation of the fit using Eqll) from the data at
coefficientv, by direct integration to yield small transverse moment@,&0.1 GeVE) and at rapidities
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y=2.8. There protons exhibit a weaker or even opposite flow 5 ols | T T TrTTToTmmTT T
than expected from the simple model discussed above. Thisz | RQMD 2.3

could be an indication of transverse expansion as pointed ouT,(;< i RQMD 1.08

in [22]. There it is shown that, depending on the relative g 0.1 |
magnitude of the sideward flow velocit§, and the trans- i
verse expansion velocitg,, a reduction or even sign change
of v, at smallp, is possible.

For pions we observe a dependencevgfon p; very i —
different from that for protons. It implies that the physics of - o I e W
pion flow is different from that of a moving source alone
(just as one would expectA possible explanation of the
pion flow signal could be found in a superposition of differ-
ent effects: absorption in nuclear matter, Coulomb interac-
tion with comoving protons, and sideward motion of the 01 [
source. A related discussion of pion absorption at lower I
beam energies can be found[23]. I ]

For pions produced in the center of the collision volume R T S S I
and moving in the forward direction with velocities close to -1 0 1 2 3 4
speed of light, one would expect more nuclear matter on the y
side characterized by the direction of nucleon flgesitive FIG. 11. Mean projectiofp,) of the proton and pion transverse
X in our notation and, consequently, more absorption. Themomentum onto the reaction plane as a function of rapidity for the
effect of pion absorption on nucleons with energy-, or for acentrality bin withE;=200-230 GeV. Solid circles, squares, and
fixed rapidity, p;-independent cross section would lead to atriangles correspond to measurements in the spectrometer. Open
negative and constant value of;(p;). Such absorption circles, squares, and triangles are reflections of the filled symbols
should be comparable for positive and negative pions. On thabout midrapidity. The results derived from measurementg-of
other hand, it is known that in the relevant momentum rang@ndN. flow [2] for nucleons and pions are shown by stemse the
the pion-nucleon elastic and total cross sections are strongf?)(t_)- The dotted line is _adde_d _to aid inspection of the sol_ld stars_for
peaked at theA resonance[24]. In a frame where the antlsymmetry about mldrapl_dlty. Results from calc_ulatlons u_smg
nucleon is at rest the cross section peaks at a pion momef{! Versions ofRomp (1.08 in cascade mode, 2.3 in mean field
tum of 0.3 GeV¢ and falls off rapidly for larger momenta. If modg are depicted as histograms.
the absorption of pions would occur on nucleons of the same ) L
rapidity, this would mean that the negative valuesvaf the proton apd pion results are forwa.rd of rap|d|t|es 2.2 and
should increase towards zero for=0.3 GeVE. Most of the 2.8, respectlv_ely. Results were obtained using .Eq') to
pions we observe are in a rapidity range where there are ve mplete the integrdb) beyon_d the range whe_za_ IS meéa-
few nucleongforward of beam rapidity Indeed, analysis of ured. The error bars shO\_/vn |nc!qde an error in the effective
the proton rapidity distribution indicate46] that nucleon temperature of about 7% |.n.add|t|on to the statistical errors.
sourcedfireballg are distributed evenly over plus and minus The symmetry of the' CO"'.S'pn system_ allqws reflection of
one unit of rapidity in the c.m. frame, i.e., that the mostthese results ab_OUt midrapidity, shown in Fig. 11 by the open
forward nucleon source is at rapidity 2.5 in the laboratory.SYMPOIS, providing values for protons backward of rapidity

For pions at rapidities 3.0, 3.4, and 3.8 this would imply that0-9 @nd for pions backward of rapidity 0.3. To fill the gap at

absorption effects should decrease for transverse momenfAermediate rapidities we use our measurement of the flow

larger than 0.30, 0.27, and 0.20 GeV/The data indeed signal in transverse enerdy; and charged-particle multi-

show this trend with rapidity at about thge values expected PlICity Nc as published ii2]. In this paper transverse energy
(see Figs. 5-7 and charged-particle flow were decomposed into nucleon and

At the same time the Coulomb interaction with positively pion flow und_er a few simple gs_sumpt_lons. Both were stud-
charged nuclear matter would be different for pions of dif-1€d @s & function of pseudorapidity. Using these results and a
ferent charge and could qualitatively explain the differenceSiMPIe parametrization of the proton and pion spectrg in
in flow signals at very lowp; shown in Fig. 7. Negative and p, from the AG_S experiment E8_6Q5] and our own
pions are attracted to the protons leading to positive Va|ueg16asuremer{t20] which together proy|de comp.IeT[e rapidity
of v, (as argued in the case of absorption on nucleon£0Verage, we evaluaigp,) as a function of rapidity. More
above, while positive pions are repelled leading to more SPecifically, we parametrize the spectra by expressions of the
negative values of ;. form

The rise ofv, for pions towards large, could reflect the 42N (Y=yo)? m—m
sideward motion of the source, the same way it does for - exp( _&) X ;{_t_) (12)

o
protons. mdmdy o5 Tu(y)

0.05 |-

-0.05
¥ @ protons

[

A T

* nucleons

g

, . and
B. Comparison with the results onN. and E; flow

Figure 11 shows, for th&; range 200-230 GeV, the
mean directed transverse momenta for protons, positive, and Tp(y)=Toexp —
negative pions. Due to the acceptance of the spectrometer,

_ 2
(Y=Yo) ) 13

2
207
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with values ofo,=0.89 (0.89, To=0.26 (0.15 GeV, and 06 — L
or=1.06(1.70 for protons(charged pions Using these pa- = | : E&&ADB ++*
rametrizations, we calculate the mean rapidigy 7) “ I o0 RQMD 1.08 v \
(weighted withE) and the width of the rapidity interval o2 [ " -~
associated with a bin in pseudorapidity. Then, under the as- r - o
sumption that ET andv'* are similar, one obtaing,) as a 0 [t
function of rapidity: o b 26<y<28 28<y<30 E
1 |
(P =(P(y))vsT(Y). (14) 0 ! !

p, (GeV/e)

The resulting mean transverse momenta are presented asf|G. 12. Comparison of measured valuesvgffor protons in
stars in Fig. 11, together with our spectrometer results fokwo rapidity bins and the centrality bin witE;=200—-230 GeV
protons and pions; the errors shown are a propagation of thgith those predicted by two versions of the event genemrdtoib.
statistical errors in the measured flow Bf and N.. The ] ) ) ) )
horizontal error bars shown with the stars represent th&elative to protons is properly predicted but in magnitude the
widths of the rapidity region actually contributing to the model overpredicts this opposite pion flow by a factor of
pseudorapidity bins for which;, was measured. ) . _

Overall, the agreement between the results of the current Meanwhile, a new version afQmp (version 2.3 has been
analysis of spectrometer data at forwdemd backwargra- ~ developed11]. It has been known for some tinj@7] that
pidities and the results derived from the measuremenis.of @king into account mean-field effects by simulating in the
andN_, flow is good. For the latter method we had estimated™0del & Skyrme-type nucleon-nucleon potential increases
the systematic error for proton flow to be about 1{® this e Slopes of proton spectra and at the same time increases
can also be judged from the symmetry of the data shown i€ Proton flow signal while reducing the opposite pion flow
Fig. 11 with respect to midrapiditgnote that all stars corre- Signal in magnitude. \We hav“e used _the”most recent version
spond to measured poiptdhe dotted lindwith the slope of ~ Of the model in the so-called “mean-field” mode to compare
about 105 MeW¢) has been added to aid inspection of theto the present daFa as \_/veII. Indeed, in this version of the code
data for the necessary antisymmetry. The first and the next '€ Proton flow signal is larger by about 50% for the proton
last proton point have equal distance from midrapidity andiPx) &t the peak and the data are described rather (sed
should be identical. They differ by 10 Me¥/(out of 80

Fig. 11). Simultaneously, the opposite pion flow is reduced,
MeV/c). For the spectrometer results the systematic error@9@in to a level consistent with the experimental data. It
are largest at the lowest rapidities shoteee Fig. 9 and the should be noted thqt at the same_tlme'the slope difference in
discussioh where they are estimated to be 20 MeV/ the proton spectra is reducéat midrapidity the slope con-
Within these errors the points obtained from the twoStant of the model is now 3/4 of what is observed in the
methods merge smoothly and taken together they provide 4213, but @ deviation persists at all rapidities. .
measurement ofp,) for protons and charged pions as a ' '9ure 12 szhows that ;hedi‘IQLeer']”ﬂem Of HE@vD plred|c-|
function of rapidity over practically the entire relevant rapid—t'Ons (version 2.3, mean ie)dwit t € experlmenta_ results
ity range. One can see a proton flow signal rising away fron{or _<pX> of protons as displayed in Fig. 11 may indeed b.e
midrapidity to maximal values of about 130 MeVélose to accidental. The funcyonal dependence of thg proton'flpw sig-
beam and target rapidities. The pion signal is in comparisoff&l: €xpressed now in terms of the first Fourier coefficignt
very small, about 1/20 or the proton signal, but nevertheles&S & function opy, is very different from what is seen in the

significant. It is directed opposite to the nucleon flow signal.dat@. In the model, the flow signal rises at first with increas-
ing p; and then becomes rather flat. In fact, in the rapidity

bin aroundy = 2.9 the model overpredicts;, but at the same

time underpredicts the overall slope of the proton spectrum
In Fig. 11 we compare our results fop,) with the pre- by 25%, giving overall agreement ip,). An interesting

dictions of therQMD event generatdrl9,11], versions 1.08 question arises whether the rapidly rising and saturgping

and 2.3. Version 1.08, run in cascade mode, has been useépendence as exhibited by tkemb predictions(which is

for comparison to our earlier results for At Au collisions  in fact a general trend observed for all rapidity birssdue to

on pseudorapidity distributiofj6], proton and pion rapidity the rescattering-type mechanism that produces flow in a cas-

[20], and transverse magk6] distributions as well as results cade code in contrast to a hydrodynamic flow mechanism

for Si+A andp+A collisions. For the Au+ Au system it [reflected, e.g., by thp; dependence of Eq$10) and(11)].

was found that overall many features of the data are pre- The elliptic flow signal seen in the anisotropy Bf and

dicted correctly with one striking deviation: Generally proton N, was found to be in good agreement with th@mp (ver-

spectra are significantly too steep in the model; at midrapidsion 1.08 prediction in our previous publicatidr2]. As dis-

ity the inverse slope constant is only 2/3 of the experimentatussed above, the sign of this elliptic flow signal changes

value. Predictions from this version of the model have alsdrom negative(preferential emission perpendicular to the re-

been compared to our experimental results for floEfand  action plang at lower beam energie€l-2 GeV/nucleon

N, [1,2] and generally the model exhibited too little flow as range at the Bevalac and SI® a positive signa(preferen-

compared to the data. Comparing to the proton data in Figial in-plane emissionat the present energy. It was recently

11, we find that the model also underpredicts the proton flownoted by Sorgg10] that thev, anisotropies are sensitive to

by nearly a factor of 2. For pions, the sign change of the flowthe pressure at the maximum compression. Positive values of

C. Comparison with RQMD predictions
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v, were in fact predicted in a hydrodynamic model by Olli- boldt Foundation for support and W.C.C. acknowledges the
trault for very high energie§12]. The observed change in financial support from the Gottlieb-Daimler and Karl-Benz-
sign between Bevalac/SIS and AGS energies therefore instiftung during his stay in Heidelberg, Germany, where part
plies that at AGS energies already the final in-plane flowof this work was done.

overwhelms the initial shadowing effect. It would be inter-

esting to deduce, from this information, the pressure APPENDIX: FLATTENING OF THE REACTION

achieved at maximum baryon density in AuAu collisions PLANE DISTRIBUTION

at the AGS. .
We apply the following procedure to correct for the non-

VI. SUMMARY AND CONCLUSION fIatnegs _of the reaction plane dist_ribution. Any fIatf[ening of
the distribution means a correction to the reaction plane
The measured flow signals of identified particles showangle. We explicitly introduce this correction defining a new
that, in semicentral collisions, protori®ucleong exhibit  angle as
strong directed flow. Pions of lovp, exhibit flow in the
opposite direction; at highgr; pions start to flow in the same V=V, +AV,, (A1)
direction as protons. The results ¢p,) values for proton o _
and pion are complementary in acceptance and match wefyhereA¥; is written in the form
with nucleon and pion flow values derived from the same
experiment by measurement Bf; anq N, flow [2]. Taken AV, = [A,cogn¥,)+B,sinnV,)]. (A2)
together, these results represent a directed flow measurement n
of protons and pions over nearly the entire rapidity region in
Au+Au collisions at 1A GeV/c. The flow is found to be Requiring the vanishing of thath Fourier moment of the
maximal around beam and target rapidities with values ofiew distribution, the coefficient, andB, can be evaluated
(p,) for protons of about 130 Me¢/ and 5% of that for by the original distribution
charged pions. 5
'The observed posmve'values of thg sepond—harmomc am- B,=—(cogn¥,)), (A3)
plitudes of the proton azimuthal distributions correspond to n
preferential particle emission in the reaction plane. This ob-
servation agrees with our previous measurements;cénd
N elliptic flow [2].
The nearly linear dependence of the proton flow signal
on p; can be interpreted in the framework of a transverselywhere the angular brackets refer to an average over events.
moving thermal source. The corresponding source velocityhis gives
By appears to reach values of 0.1 in the beam rapidity region
and for semicentral collisions. The more complicaggdle-
pendence of the pion flow signals indicates that the effect
there is probably a superposition of several effects such as
absorption, Coulomb interaction, and overall motion of the +(cogn¥y))sin(nVy)]. (AS)
source(as for protong

An=—§(sin(n\lfl)), (A4)

2 .
\1/5=\1f1+; ~[—(sin(n¥y))cogn¥y)

In practice, we flatten the reaction plane distribution up to
the fourth harmonicrf=4). Note that, due to the small val-
ues ofA, and B, (typically of the order of a few percent

We thank the AGS staff, W. McGahern, and Dr. H. such a flattening of the distribution does not have any effect
Brown for excellent support and acknowledge the help of Ron the reaction plane resolution. It can also be shown that the
Hutter in all technical matters. Financial support from thesame flattening procedure removes possible trigger biases
U.S. DOE, the NSF, the Canadian NSERC, and CNPq Brazi{due to imperfect calibration, dead channels, or any other
is gratefully acknowledged. J.P.W. thanks the A. v. Hum-asymmetry at least up to the second order.
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