
RAPID COMMUNICATIONS

PHYSICAL REVIEW C 66, 021901~R! ~2002!
Centrality and momentum-selected elliptic flow: Tighter constraints
for the nuclear equation of state
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Proton elliptic flow is studied as a function of impact parameterb, for two transverse momentum cuts in
2 –6 A GeV Au1Au collisions. The elliptic flow shows an essentially linear dependence onb ~for 1.5,b
,8 fm) with a negative slope at 2A GeV, a positive slope at 6A GeV, and near zero slope at 4A GeV. 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 h
energy density has held the promise of providing valua
insights on the nuclear equation of state~EOS! and on the
predicted phase transition to a quark-gluon plasma~QGP!
@1–3#. At AGS energies of;1214 A GeV, elliptic flow has
emerged as an invaluable probe of high density nuclear m
ter @4–8#. This flow has been attributed to a delicate balan
between~i! the ability of compressional pressure to effec
rapid transverse expansion of nuclear matter and~ii ! the pas-
sage time for removal of the shadowing of participant h
rons by the projectile and target spectators@6,9#. If the pas-
sage time is long compared to the expansion time, spec
nucleons serve to block the path of participant hadrons e
ted toward the reaction plane, and nuclear matter is sque
out perpendicular to this plane giving rise to negative ellip
flow. For shorter passage times, the blocking of particip
matter is significantly reduced and preferential in-pla
emission or positive elliptic flow is favored because the
ometry of the participant region exposes a larger surface
in the direction of the reaction plane. Thus, elliptic flow
0556-2813/2002/66~2!/021901~5!/$20.00 66 0219
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predicted to be negative for beam energies&4A GeV and
positive for higher beam energies@4,6,10#.

Recent theoretical studies of elliptic flow have sugges
a sensitivity to the pressure at maximum compress
@4,10,11# and thus to the stiffness of the EOS, and to possi
QGP formation@6#. Despite this sensitivity, the commonl
calculated patterns for elliptic flow very often do not co
strain the EOS uniquely@6,7#. This being the case, it is im
portant to investigate more specific elliptic flow observab
which can give new and more detailed constraints for
EOS. In Ref.@8# we used elliptic flow measurements fro
2 –8 A GeV Au1Au reactions to probe the EOS. Rece
calculations~discussed below! show that the study of differ-
ential flowv2(b) andv2(b,pT) is much more powerful than
the study of integral flow. Here we present much more se
tive measurements and show that they can resolve signifi
ambiguity in the nuclear compressibility. Furthermor
the pattern of quantitative results serves as evide
for a mechanistic understanding of the origin of ellipt
flow @4,6,10#.
©2002 The American Physical Society01-1
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The measurements were performed at the Alterna
Gradient Synchrotron~AGS! at the Brookhaven Nationa
Laboratory. Beams of197Au at EBeam52, 4, and 6A GeV
@12# were used to bombard a197Au target of thickness cho
sen for a 3% interaction probability. Typical beam intensit
resulted in ;10 spills/min with ;103 particles per spill.
Charged reaction products were detected in the time pro
tion chamber~TPC! @13# of the E895 experimental setup
The TPC located in the MPS magnet~typically at 1.0 Tesla!
provided good acceptance and charge resolution for cha
particles21,Z,6 at all three beam energies@14#. How-
ever, a unique mass resolution forZ51 particles was not
achieved for all rigidities@19#. Data were taken in two ex
perimental runs with a trigger which allowed for a wid
range of impact parameter selections as presented below

Our flow analysis follows the now standard procedu
@15# of using the second Fourier coefficient,v25^cos 2f&, to
measure the elliptic flow or anisotropy of the proton a
muthal distributions at midrapidity~normalized rapidity
uyc.m.u,0.1). This distribution can be expanded as

dN

df
}@112v1cos~f!12v2cos~2f!#, ~1!

wheref represents the azimuthal angle of an emitted pro
relative to the reaction plane. Near midrapidity in a symm
ric systemv1'0. For each protoni, the reference azimutha
angleFplane of the reaction plane is determined using@16#
the vectorQi5( j Þ i

n w(yj )pT j
/pT j . Here,pT j

and yj repre-
sent, respectively, the transverse momentum and the rap
of each baryonj (Z<2) in an event. The weightw(yj ) is
assigned the valuêpx&/^pT&, wherepx is the transverse mo
mentum in the reaction plane@9#. The averagê px& is ob-
tained from the previous pass of an iterative procedure
ployed for each energy and impact parameter selection.

The orientation of the impact parameter vector follo
azimuthal symmetry about the beam axis. Therefore, the
muthal distribution of the determined reaction plane sho
be uniform or flat. We have established that deviations fr
this uniformity can be attributed to deficiencies in the acc
tance of the TPC and have applied rapidity and multiplic
dependent corrections following Ref.@8#. The corrections
were applied for each of several impact parameter select
at each beam energy; they ensure the absence of spu
elliptic flow signals which might result from distortions i
the reaction plane distribution. The dispersion of the reac
plane ^uf12u&/2 was estimated for each impact parameteb

TABLE I. Correction factors for reaction plane dispersion f
several impact parameter ranges for the 2, 4, and 6A GeV beam
energies. Estimated systematic uncertainties are;5%.

Dispersion correction factor

b range~fm! 2A GeV 4A GeV 6A GeV

0,b,3 1.71 2.64 4.65
4,b,6 1.22 1.59 2.47
7,b,8 1.26 1.99 2.86
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via the subevent method@16#. These estimates for the rea
tion plane dispersion provide the dispersion corrections s
marized in Table I; these corrections have been applied to
extracted flow values shown in Fig. 1 below.

The event multiplicity of identified charged particlesM f ilt
was used for centrality selection. That is, several multiplic
bins were selected in the range from 0.4 to 1.0Mmax where
Mmax is the point in the charged particle multiplicity distr
bution where the height of the distribution has fallen to h
its plateau value@17#. Impact parameter estimates have a
been made for these centrality selections, at each beam
ergy, via their respective fraction of the minimum bias cro
section.

Figure 1 shows representative distributions in the a
muthal anglef obtained at the energies of 2, 4, and 6A GeV
for midrapidity (uyc.m.u,0.1) protons. The panels from left t
right represent the three beam energies, respectively,
from top to bottom the three impact parameter ranges o
&b&3, 4&b&6 and 7&b&8 fm. A pT cut has been ap
plied to the distributions shown for both the 4 and 6A GeV
data, as indicated. Within eachb-range in Fig. 1, the previ-
ously reported transition from negative to positive ellip
flow at '4A GeV @8# is clearly seen. That is, the ellipti
flow is negative at 2A GeV, positive at 6A GeV and essen-
tially zero at 4A GeV. An apparent increase of the aniso
ropy of the distributions with increasingb can also be dis-
cerned for the 2 and 6A GeV data shown in Fig. 1. We
attribute this trend to an interplay of the changing geome
with the expansion of excited participant matter as discus
below.

Figure 2 shows thev2 coefficients for the fullpT range, as
a function ofb for data~stars! obtained at 2, 4, and 6A GeV
in the three panels, respectively. These coefficients have b

FIG. 1. Measured azimuthal distributions for Au1Au collisions.
Distributions are shown for the impact parameter ranges of 0<b
<3 fm, 4<b<6 fm and 7<b<8 fm and the beam energies of
~a!, ~b!, ~c!, 4 ~d!, ~e!, ~f!, and 6~g!, ~h!, ~i! A GeV, as indicated.
The solid lines are drawn to guide the eye.
1-2
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obtained by evaluating thêcos 2f& for each azimuthal dis-
tribution obtained for a given impact parameter at each be
energy. A correction has been applied to some of these c
ficients to account for biases resulting from~i! low pT accep-
tance losses in the TPC for the 2, 4, and 6A GeV beams,~ii !
high pT acceptance losses in the TPC for the 2A GeV beam,
and ~iii ! p1 contamination of the proton sample at 4 and
AGeV @18,8#. A procedure for effecting these corrections h
been detailed in Ref.@8#. That is, we first plotted the ob
served Fourier coefficient^cos 2f8& vs pT with pT thresholds
which allowed clean particle separation (pT;1 GeV/c). We
then extracted the coefficients for the quadratic depende
of ^cos 2f8& on pT . These quadratic fits are restricted by t
requirement that̂cos 2f8&50 for pT50. Next, we corrected
the protonpT distributions for possible high and lowpT
losses. A weighted average~relative number of protons in a
pT bin times thê cos 2f8& for that bin! was then performed
to obtain ^cos 2f8& for each beam energy. The correctio
which result from this procedure are;5% for the 4 and
6 A GeV beams and;15% for the 2A GeV beam. Subse
quent to these evaluations, thev2 values were corrected fo

FIG. 2. v2 as a function ofb (pT.0) for 2 ~a!, 4 ~b!, and 6~c!
A GeV Au1Au collisions. Experimental values are indicated
the open stars. The solid squares, circles, and triangles represev2

values from BEM calculations with a stiff (K5380 MeV), a soft
(K5210 MeV), and an intermediate (K5300 MeV) momentum-
dependent EOS, respectively. The average identified charged
ticle multiplicity M f ilt is also indicated for each data point. Th
horizontal error bars indicate the estimated uncertainty for^b& for
each bin. The error bars for the calculated values are statistical o
those for the data points include both the statistical and system
errors. The solid, dotted, and dashed-dotted lines serve to guid
eye only.
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reaction plane dispersion using the procedures detaile
Refs.@8,15,16,19#.

The v2 values represented by the stars in Fig. 2 indic
an essentially linear dependence on impact parameter.
slope of this dependence is clearly negative and positive
the 2 and 6A GeV data, respectively. By contrast, an esse
tially flat dependence is observed for the 4A GeV data sug-
gesting that the beam energy at which the elliptic flo
changes sign is not very sensitive tob for 0&b&8 fm. The
approximately linear dependence exhibited by the data
be understood in terms of the collision geometry and
development of transverse expansion within the particip
matter.

Consider first the situation for 2A GeV. The spectator
velocities are relatively slow, and the passage time is re
tively long. Expansion of the participant matter occurs ra
idly while the spectators remain to shadow the in-plane
rections, thus driving the escapees to squeeze
perpendicular to the reaction plane. The expansion deve
over a characteristic time ofd/cs while the spectators are
present. Here,cs5A]p/]e represents the speed of sound f
a given pressurep, and energy densitye, and d is the per-
pendicular distance from the center of the participant reg
to the surface. The spectator passage time~estimated in sharp
cutoff geometry! first increases and then remains essentia
constant asb increases over the range of interest. On t
other hand, the expansion time decreases with increasinb
due to a decrease ind. It is this decrease in the expansio
time coupled with an essentially constant passage ti
which provides the driving force for more matter to esca
the interaction region asb is increased, i.e., an increase
‘‘squeeze out’’ withb. The magnitude of the ‘‘squeeze out
follows an approximately linear dependence becaused is
roughly proportional to 1/b for the Au1Au impact param-
eter range 1–8 fm.

At 6A GeV, the situation is reversed. The spectator p
sage time is very short compared to the expansion time
preferential in-plane emission dominates. In this case,
linear increase ofv2 with increasing impact parameter
driven by the initial spatial asymmetry of the nuclear overl
region or participant matter. This asymmetry is common
characterized in terms of the widthLx and heightLy of the
overlapping region viaas5(Ly2Lx)/(Ly1Lx) @10# and can
be shown to be nearly linearly proportional to the impa
parameter for mediumb values.

The essentially flat dependence ofv2 observed at
4A GeV suggests that, at the transition energy, the reduc
in the expansion time~in competition with the spectator pas
sage time! with increasingb, is compensated for by the
~later! increased in-plane emission from the preserved ini
spatial asymmetry.

The circles, squares, and triangles shown in Fig. 2, rep
sent results from calculations with a recent version of
Boltzmann equation model BEM@6# which assumes a sof
(K5210 MeV), a stiff (K5380 MeV), and an intermediate
(K5300 MeV), EOS, respectively. The calculations inclu
momentum dependent forces@20#. A comparison of the cal-
culatedv2 values indicate sizable differences between
predictions for a stiff and a soft EOS for all three bea
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energies. For both 2 and 4A GeV this distinction increase
with increasing impact parameter indicating that the imp
parameter dependence of elliptic flow gives an import
constraint for the EOS. At 2A GeV, thev2 values for the
stiff EOS show good agreement, both in magnitude a
trend, with the experimental data. At 4A GeV the measured
v2 values lie between the calculated result for a stiff an
soft EOS, and appear to be in better overall agreement
an intermediate form of the EOS. At 6A GeV the data are
less compatible with a stiff EOS, but do not allow a cle
distinction between the soft and the intermediateK
5300 MeV) EOS. The latter result speaks to the need
additional cuts which might serve to remove such an am
guity. Below, we investigate the effectiveness of applyi
transverse momentum cuts in conjunction with the imp
parameter dependence.

FIG. 3. Same as Fig. 2 except that apT.0.7 GeV cut has been
applied on the data and calculations at 2 and 4A GeV and apT

.1.0 GeV cut has been applied at 6A GeV.
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Figure 3 compares experimental~stars! and calculated
~circles, triangles, and squares! elliptic flow v2(b,pT) for 2,
4, and 6A GeV with pt cuts as indicated. At each bea
energy, the BEM calculations have been carried out for
samepT andb selections applied to the data. Figure 3 ind
cates good agreement between the data and the calcu
results for a stiff EOS at 2A GeV. At 4A GeV the data again
show better overall agreement with the intermediate and
EOS. At 6A GeV the comparison also indicates quite go
agreement~both in magnitude and trend! between the data
and the results from the calculations which assume a
EOS. The latter agreement is in contrast to the results
tained from the comparison made in Fig. 2, and clearly in
cates that the more selective flowv2(b,pT), does indeed
provide additional constraints for making a relatively cle
distinction between the different EOS parameters
6A GeV.

To summarize, we have studied proton elliptic flow s
lected bypt and centrality in 2 –6A GeV Au1Au collisions.
The elliptic flow shows an essentially linear dependence
b, in the range 1.5&b&8 fm, with a negative slope a
2A GeV, an approximately zero slope at 4A GeV, and a
positive slope at 6A GeV. These trends provide importan
mechanistic insights on the development and evolution
elliptic flow in relation to~a! the collision geometry,~b! the
relative magnitude of the time for development of the tra
verse expansion, and~c! the passage time for removal of th
shadowing of participant hadrons by the projectile and tar
spectators. Detailed comparison between the measured s
tive elliptic flow v2(b,pt), and the results obtained from
relativistic Boltzmann-equation calculation, clearly show
that such elliptic flow measurements provide distinctly mo
stringent constraints for discriminating between differe
forms of the EOS. Such additional discriminating power
critical to the resolution of outstanding issues related to
stiffness of high density nuclear matter.
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