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Proton elliptic flow is studied as a function of impact paramétefor two transverse momentum cuts in
2-6 A GeV Au+Au collisions. The elliptic flow shows an essentially linear dependence or 1.5<b
<8 fm) with a negative slope at®2 GeV, a positive slope ath GeV, and near zero slope afdGeV. These
selective flow measurements provide better understanding of the interplay of the different factors responsible
for the generation of elliptic flow at AGS energies. In addition, extensive comparisons of the measured and
calculated flow values indicate that such measurements offer much more stringent constraints for discriminat-
ing between various equations of state.
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For several years now, the study of nuclear matter at higlpredicted to be negative for beam energiedA GeV and
energy density has held the promise of providing valuablgositive for higher beam energi¢$,6,10.
insights on the nuclear equation of stdl0S and on the Recent theoretical studies of elliptic flow have suggested
predicted phase transition to a quark-gluon plasQ&P  a sensitivity to the pressure at maximum compression
[1-3]. At AGS energies of-1—14 A GeV, elliptic flow has  [4,10,1] and thus to the stiffness of the EOS, and to possible
emerged as an invaluable probe of high density nuclear maQGP formation[6]. Despite this sensitivity, the commonly
ter[4—8]. This flow has been attributed to a delicate balancecalculated patterns for elliptic flow very often do not con-
between(i) the ability of compressional pressure to effect astrain the EOS uniquel§6,7]. This being the case, it is im-
rapid transverse expansion of nuclear matter @ndhe pas-  portant to investigate more specific elliptic flow observables
sage time for removal of the shadowing of participant hadwhich can give new and more detailed constraints for the
rons by the projectile and target spectat@$®)|. If the pas- EOS. In Ref.[8] we used elliptic flow measurements from
sage time is long compared to the expansion time, spectat@—8 A GeV Au+Au reactions to probe the EOS. Recent
nucleons serve to block the path of participant hadrons emitealculations(discussed belowshow that the study of differ-
ted toward the reaction plane, and nuclear matter is squeezedhtial flowv,(b) andv,(b,pt) is much more powerful than
out perpendicular to this plane giving rise to negative ellipticthe study of integral flow. Here we present much more selec-
flow. For shorter passage times, the blocking of participantive measurements and show that they can resolve significant
matter is significantly reduced and preferential in-planeambiguity in the nuclear compressibility. Furthermore,
emission or positive elliptic flow is favored because the gethe pattern of quantitative results serves as evidence
ometry of the participant region exposes a larger surface ardar a mechanistic understanding of the origin of elliptic
in the direction of the reaction plane. Thus, elliptic flow is flow [4,6,10.
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TABLE |. Correction factors for reaction plane dispersion for i8 2 AGeV 4 AGeV 6 AGeV
several impact parameter ranges for the 2, 4, and@eV beam EY : . A o
energies. Estimated systematic uncertainties-a5&6. 12 F F o P0SGeVe o P>1.0Gevie 5
11 F E o o
; ; ; p— s b + t + A
Dispersion correction factor § 1 M:M‘f b ++ Prtry o
b range(fm) 2A GeV 4A GeV 6A GeV T 0or 3 3 3
% 08 Frpy——— : P '
F F(e [
0<b<3 1.71 2.64 4.65 £ LF [ P>05GeVc [ P>1.0GeVic N
4<b<6 1.22 1.59 2.47 & » ; : : A
7<b<8 1.26 1.99 2.86 yOoE o g .k . n
AR A WL g, [
=09k - E 3
The measurements were performed at the Alternating 5% os f(c-) NI -f(f-) N : : . -
Gradient SynchrotrofAGS) at the Brookhaven National 2 ,, 2 E P>05Gevic  E P>10Gevic <
Laboratory. Beams of“’Au at Egean=2, 4, and 6A GeV 2 | 3 3 A
[12] were used to bombard ®’Au target of thickness cho- ° | WHW H) A
sen for a 3% interaction probability. Typical beam intensities ' ¢ ] h ;
resulted in~10 spills/min with ~10° particles per spill. 08 b t 3 3
Charged reaction products were detected in the time projec 08 ;=555 "o
tion chamber(TPC) [13] of the E895 experimental setup. ¢ (degrees)

The TPC located in the MPS magrggpically at 1.0 Tesla ) o -
provided good acceptance and charge resolution for charg%:i FIG. 1. Measured azimuthal distributions for Alu collisions.

. . Istributions are shown for the impact parameter rangessb0
particles —1<Z<6 at all three beam energi¢s4]. How- <3 fm, 4<b=<6 fm and =b=8 fm and the beam energies of 2

ever, a unique mass .resolution far=1 particles_ was not @, (), (0, 4 (d), (&), (F), and 6(g), (h), (i) A GeV, as indicated.
achieved for all rigiditied19]. Data were taken in tWo eX- The solid lines are drawn to guide the eye.

perimental runs with a trigger which allowed for a wide

range of impact parameter selections as presented below. yia the subevent methdd6]. These estimates for the reac-
Our flow analysis follows the now standard proceduretion plane dispersion provide the dispersion corrections sum-

[15] of using the second Fourier coefficient=(cos 2$), 0 marized in Table I; these corrections have been applied to the

measure the elliptic flow or anisotropy of the proton azi-extracted flow values shown in Fig. 1 below.

muthal distributions at midrapiditynormalized rapidity The event multiplicity of identified charged particli;,

|Ye.m]<0.1). This distribution can be expanded as was used for centrality selection. That is, several multiplicity
dN bins were selected in the range from 0.4 to M ., where
- M is the point in the charged particle multiplicity distri-
o[1+2v,c0 +2v,c092¢)], 1 max . L
dé [ 01008 $)+ 2v2c0829)] @ bution where the height of the distribution has fallen to half

its plateau valu¢17]. Impact parameter estimates have also

where¢ represents the azimuthal angle of an emitted prototheen made for these centrality selections, at each beam en-
relative to the reaction plane. Near midrapidity in a symmet-grgy, via their respective fraction of the minimum bias cross
ric systemw;~0. For each proton the reference azimuthal section.
angle @, of the reaction plane is determined usirig] Figure 1 shows representative distributions in the azi-
the vectorQ; ==, w(y;)pr, /pr;. Here,pr, andy; repre-  muthal anglep obtained at the energies of 2, 4, and &eV
sent, respectively, the transverse momentum and the rapidifpr midrapidity (y.n|<0.1) protons. The panels from left to
of each baryorj(Z=<2) in an event. The weightv(y;) is  right represent the three beam energies, respectively, and
assigned the valu@,)/{p+), wherep, is the transverse mo- from top to bottom the three impact parameter ranges of 0
mentum in the reaction plan®]. The averagép,) is ob- =b=3, 4<b=6 and Z=b=8 fm. A p; cut has been ap-
tained from the previous pass of an iterative procedure emplied to the distributions shown for both the 4 ané &eV
ployed for each energy and impact parameter selection. data, as indicated. Within eadhrange in Fig. 1, the previ-

The orientation of the impact parameter vector followsously reported transition from negative to positive elliptic
azimuthal symmetry about the beam axis. Therefore, the azflow at ~4A GeV [8] is clearly seen. That is, the elliptic
muthal distribution of the determined reaction plane shouldlow is negative at 2 GeV, positive at & GeV and essen-
be uniform or flat. We have established that deviations frontially zero at 4A GeV. An apparent increase of the anisot-
this uniformity can be attributed to deficiencies in the accep+opy of the distributions with increasinig can also be dis-
tance of the TPC and have applied rapidity and multiplicitycerned for the 2 and & GeV data shown in Fig. 1. We
dependent corrections following Ref8]. The corrections attribute this trend to an interplay of the changing geometry
were applied for each of several impact parameter selectionsith the expansion of excited participant matter as discussed
at each beam energy; they ensure the absence of spuriobslow.
elliptic flow signals which might result from distortions in Figure 2 shows the, coefficients for the fulp; range, as
the reaction plane distribution. The dispersion of the reactiora function ofb for data(stars obtained at 2, 4, and & GeV
plane(| #15)/2 was estimated for each impact paramdter in the three panels, respectively. These coefficients have been
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0 r T— reaction plane dispersion using the procedures detailed in
(a) . L — S Py>0 Refs.[8,15,16,19.
0.02F + """" 4 The v, values represented by the stars in Fig. 2 indicate
2@%@\/ _h an essentially linear dependence on impact parameter. The

slope of this dependence is clearly negative and positive for

-0.04 |- ® BEMSMD .
the 2 and 6A GeV data, respectively. By contrast, an essen-

A BEMKk =300 MeV

W BEMHMD S ] tially flat dependence is observed for thA &GeV data sug-
006 | 188 170 150 130 100 | \ gesting that the beam energy at which the elliptic flow
0.02 - (b) changes sign is not very sensitivelidor 0=b=<8 fm. The

approximately linear dependence exhibited by the data can
be understood in terms of the collision geometry and the
development of transverse expansion within the participant
matter.

Consider first the situation for 2 GeV. The spectator
velocities are relatively slow, and the passage time is rela-
tively long. Expansion of the participant matter occurs rap-
idly while the spectators remain to shadow the in-plane di-
rections, thus driving the escapees to squeeze-out
perpendicular to the reaction plane. The expansion develops
over a characteristic time a/cg while the spectators are
present. Hereg= +/dp/ de represents the speed of sound for
a given pressur@, and energy densitg, andd is the per-
pendicular distance from the center of the participant region
4 5 6 7 8 9 to the surface. The spectator passage fiestimated in sharp
b (fm) cutoff geometry first increases and then remains essentially
constant ash increases over the range of interest. On the
other hand, the expansion time decreases with incredsing
due to a decrease itk It is this decrease in the expansion
time coupled with an essentially constant passage time,
(K=210 MeV), and an intermediaté&K& 300 MeV) momentum- Whic.h provi_des thg driving fqrce . more mattgr to escape
dependent EOS, respectively. The average identified charged pat)he |nteract|0|;l r(_aglon ab is mcr_eased, 1€, :::m Increase ',',q
ticle multiplicity My;,, is also indicated for each data point. The squeeze out W'th,b' The magnltude of the “squeeze _out
horizontal error bars indicate the estimated uncertainty iorfor follows an app_rOX|mater linear depende_nce becadisie
each bin. The error bars for the calculated values are statistical only@Ughly proportional to 1 for the Au+Au impact param-
those for the data points include both the statistical and systematfgter range 1-8 fm.

errors. The solid, dotted, and dashed-dotted lines serve to guide the At 6A GeV, the situation is reversed. The spectator pas-
eye only. sage time is very short compared to the expansion time and

preferential in-plane emission dominates. In this case, the
obtained by evaluating thécos 2p) for each azimuthal dis- linear increase ob, with increasing impact parameter is
tribution obtained for a given impact parameter at each beardriven by the initial spatial asymmetry of the nuclear overlap
energy. A correction has been applied to some of these coefegion or participant matter. This asymmetry is commonly
ficients to account for biases resulting frgmlow pr accep-  characterized in terms of the width, and height_, of the
tance losses in the TPC for the 2, 4, and &eV beams(ii)  overlapping region viars=(L,—L)/(L,+L,) [10] and can
high pr acceptance losses in the TPC for th®e @eV beam, be shown to be nearly linearly proportional to the impact
and (i) 7% contamination of the proton sample at 4 and 6parameter for mediurb values.
AGeV [18,8]. A procedure for effecting these corrections has The essentially flat dependence of, observed at
been detailed in Refl8]. That is, we first plotted the ob- 4A GeV suggests that, at the transition energy, the reduction
served Fourier coefficietos 25') vs pr with py thresholds  in the expansion timén competition with the spectator pas-
which allowed clean particle separatiop~1 GeV/c). We  sage time with increasingb, is compensated for by the
then extracted the coefficients for the quadratic dependendéater increased in-plane emission from the preserved initial
of (cos 2p") on pr. These quadratic fits are restricted by the spatial asymmetry.
requirement thafcos 25'y=0 for py=0. Next, we corrected The circles, squares, and triangles shown in Fig. 2, repre-
the protonpy distributions for possible high and low;  sent results from calculations with a recent version of the
losses. A weighted averadeelative number of protons in a Boltzmann equation model BENGB] which assumes a soft
pr bin times the(cos 2p") for that bin was then performed (K=210 MeV), a stiff K=380 MeV), and an intermediate
to obtain{cos 2p') for each beam energy. The corrections (K=300 MeV), EOS, respectively. The calculations include
which result from this procedure are5% for the 4 and momentum dependent forcE20]. A comparison of the cal-
6 A GeV beams and-15% for the 2A GeV beam. Subse- culatedv, values indicate sizable differences between the
guent to these evaluations, the values were corrected for predictions for a stiff and a soft EOS for all three beam

278 239I 290 I1 61 I1 24

FIG. 2. v, as a function ob (p;>0) for 2 (a), 4 (b), and 6(c)
A GeV Au+Au collisions. Experimental values are indicated by
the open stars. The solid squares, circles, and triangles represent
values from BEM calculations with a stiffi(=380 MeV), a soft
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0 [ Figure 3 compares experiment@dtars and calculated
(circles, triangles, and squajedliptic flow v,(b,py) for 2,

+ ............................................. 4, and 6A GeV with p; cuts as indicated. At each beam
-0.05 —Z’éGeV A~ e energy, the BEM calculations have been carried out for the
o oot 8D samep; andb selections applied to the data. Figure 3 indi-

cates good agreement between the data and the calculated
R results for a stiff EOS at® GeV. At 4A GeV the data again
, 188 170 150 130 100 , show better overall agreement with the intermediate and soft
EOS. At A GeV the comparison also indicates quite good
agreementboth in magnitude and trepdetween the data
and the results from the calculations which assume a soft
EOS. The latter agreement is in contrast to the results ob-
tained from the comparison made in Fig. 2, and clearly indi-
cates that the more selective flowy(b,pt), does indeed
provide additional constraints for making a relatively clear
distinction between the different EOS parameters at
6A GeV.
To summarize, we have studied proton elliptic flow se-
lected byp; and centrality in 2—8\ GeV Au+ Au collisions.
The elliptic flow shows an essentially linear dependence on
b, in the range 1.5b=<8 fm, with a negative slope at
2A GeV, an approximately zero slope aA45eV, and a
positive slope at B GeV. These trends provide important
b (fm) mechanistic insights on the development and evolution of
elliptic flow in relation to(a) the collision geometryb) the
FIG. 3. Same as Fig. 2 except thapg>0.7 GeV cut has been relative magnitude of the time for development of the trans-
applied on the data and calculations at 2 andl @eV and apr  verse expansion, and) the passage time for removal of the
>1.0 GeV cut has been applied ah@eV. shadowing of participant hadrons by the projectile and target
spectators. Detailed comparison between the measured selec-
tive elliptic flow v,(b,p;), and the results obtained from a

ith o ¢ ter indicating that the i relativistic Boltzmann-equation calculation, clearly shows
with Increasing impact parameter indicating that the Impacty,,; o,cp, elliptic flow measurements provide distinctly more

parameter dependence of elliptic flow gives an Ir’nport""ms,tringent constraints for discriminating between different

constraint for the EOS. AtR& GeV, theuv, values for the  ¢,mq of the EOS. Such additional discriminating power is
stiff EOS show good agreement, both in magnitude an

d with th . 1 ABIGEV th q ritical to the resolution of outstanding issues related to the
trend, with the experimental data. ARdGeV the measured iifness of high density nuclear matter.

v, values lie between the calculated result for a stiff and a

soft EOS, and appear to be in better overall agreement with This work was supported in part by the U.S. Department
an intermediate form of the EOS. AtA6GeV the data are of Energy under Grant Nos. DE-FG02-87ER40331.A008,
less compatible with a stiff EOS, but do not allow a clearDE-FG02-89ER40531, DE-FG02-88ER40408, DE-FGO02-
distinction between the soft and the intermediaté ( 87ER40324, and Contract No. DE-AC03-76SF00098; by the
=300 MeV) EOS. The latter result speaks to the need fotJ.S. National Science Foundation under Grant Nos. CHE-
additional cuts which might serve to remove such an ambi9871296, PHY-98-04672, PHY-9722653, PHY-0070818,
guity. Below, we investigate the effectiveness of applyingPHY-9601271, and PHY-9225096; and by the University of
transverse momentum cuts in conjunction with the impactAuckland Research Committee, NZ/USA Cooperative
parameter dependence. Science Program CSP 95/33.
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energies. For both 2 andAt GeV this distinction increases
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