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Directed and Elliptic Flow in 158 GeV/NucleonPb + Pb Collisions
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The directed and elliptic flow of protons and charged pions has been observed from the semicentral
collisions of a 158 GeYnhucleon Pb beam with a Pb target. The rapidity and transverse momentum
dependence of the flow has been measured. The directed flow of the pions is opposite to that of the
protons but both exhibit negative flow at lop;. The elliptic flow of both is fairly independent of
rapidity but rises withp,. [S0031-9007(98)06090-6]

PACS numbers: 25.75.Ld

The study of the early stages of relativistic nuclearbeam with a Pb target has been studied in the two
collisions is of crucial importance for understanding themain Time Projection Chambers (TPCs) of CERN SPS
possibility of producing new phases of nuclear matter. Itexperiment NA49 [3]. The large phase-space acceptance
is thought that angular correlations generated by collectivef these TPCs allows event-by-event study of the angular
flow in noncentral collisions retain some signature of thecorrelations of the particles from the interaction, essential
effective pressure achieved at maximum compression ifor the study of collective flow. This is the first study
the interaction [1,2]. Such studies have proven to bef directed and elliptic flow as a function of rapidity and
valuable at lower beam energies for the study of thdransverse momentum for collisions of the heaviest nuclei
equation of state of nuclear matter. To address thesat the highest bombarding energy presently available.
questions, the azimuthal anisotropy of charged particle Usually three kinds of flow in the plane transverse to
emission from the interaction of a 158 GAWcleon Pb the beam are considered: radial transverse flow, directed
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flow, and elliptic flow. For central collisions which are They had a mean observed multiplicity of 170. They were
azimuthally isotropic, only radial transverse flow is al- also used for the results integrated over rapidity and
lowed. For noncentral collisions, a plane can be deterThe sample of pions identified by their energy loss had
mined for each event describing the azimuthal anisotropynomenta between 3 anth GeV/c and was estimated
of the event, and directed and elliptic flow can be idento be at least 85% pions based on fits of four Gaussian
tified from the azimuthal anisotropy of the particles with distributions(p, K, 7, e) to the energy-loss spectra. This
respect to this plane. In a Fourier expansion [4—6] of thgpion sample had an observed rapidity distribution peaked
azimuthal distribution of the particles with respect to thisaround 4 and an observed mean multiplicity of 120. This
plane the amplitude of the first harmonic of the distributionidentified pion sample was used for the results to be pre-
corresponds to the directed flow which was discovered atented as a function of rapidity apg.
the Bevalac [7]. One of the measures of directed flow, the Both first harmonic and second harmonic event planes,
mean momentum in the flow direction, appears to peak atalled here, respectively, the plane and the ellipse, were
beam energies of about 1 G@&vucleon and then decreasesdetermined event by event. The azimuthal laboratory
at higher energies. Except at the very lowest beam eneangles of these planes were calculated with the following
gies, the directed flow of the protons in the forward hemi-equation:
sphere is thought to be on the side of the beam away from
the target nucle_us. Qn the other h_and, the directed flow of B | Swot(;) sin(ne;)
the produced pions is often opposite to that of the protons ¢, = (tan SWot(;) cosn,) n, 1)
because of shadowing effects. For arecent review of flow, wgt(¢:) codn e
see Ref. [8]. The amplitude of the second harmonic of the
azimuthal distribution of particles with respect to the eventwheren = 1 for the plane,n = 2 for the ellipse. The
plane measures the elliptic flow, the importance of whichsum goes oveli for the charged particles used in the
at high energies was first emphasized by Ollitrault [9]. Atevent plane determinationg; is the azimuthal laboratory
Bevalac energies elliptic flow was found to be oriented perangle of particlei, and the weighting function, wgt, will
pendicular to the directed flow and was called squeeze-oulbe described below. The anglls = ¢piane covers 0 to
but at high energies elliptic flow is expected to be in the2z and ¢, = ¢eiiipse COVers 0 tor, using the signs of
plane of the directed flow [2,9,10]. This has been foundhe sums to determine the quadrant. Notice that the angle
at the AGS [11]. of the ellipse is calculated by summing ov&p instead
The data presented here consist50f X 10° events of ¢. Notice also thap, is not used in these equations,
taken with a medium bias trigger as determined by theso that they represent the number weighted angles, not the
NA49 veto calorimeter which measures the energy withirnomentum weighted angles.
0.3° of the beam. This trigger selected events with veto To remove the biases due to acceptance correlations we
calorimeter energy from 0.45 to 0.6 of the beam energyhave used two methods: event plane flattening by weight-
It corresponds to an impact parameter selection of abouhg, and event plane flattening by shifting. Flattening of
6.5 to 8.0 fm, as estimated fromeENUS [12] simulations.  the event plane laboratory angular distribution by weight-
The NA49 main TPCs, situated downstream of twoing involved using the inverse of the laboratory azimuthal
large dipole magnets, cover a large region of phase spacdhstributions of the particles, summed over all events, as
forward of midrapidity. Particle identification was per- a 36 channel histogram for wigi;) in the above equa-
formed in the TPCs by measuring the specific energyion. Flattening the distribution of the event planes by
loss in the gas and was used to identify highly enrichedhifting involved setting wdtb;) in the above equation to
samples of protons and charged pions. The identified praane and then fitting the resultant azimuthal distributions
ton sample used in this analysis had laboratory momentaf the event planes, summed over all events, to a Fourier
greater tharB0 GeV/c. It had an observed rapidity dis- expansion. Harmonics up to fourth order were used for
tribution peaked around 4.5 and an observed mean multthe plane, but of these only the even harmonics entered
plicity of 20. By comparison with the yield of negative into the fit for the ellipse. From the resultant coefficients
particles in the same energy-loss window it was estimatedf the fit one can derive an equation for shifting the event
that this sample was enriched to about 85% in protonsgplane angles, event by event, to obtain flat distributions
After removing this proton sample, the other positive and13]. With this method the distributions ap,.,. and
negative charged particles formed a sample of unidentified. ;s are flat in the laboratory. All the results presented
charged particles. (However, the particles in the protorhere used this shifting method of flattening even though
energy-loss window between 10 add GeV/c were not the flow values and the resolution corrections were ex-
included in either the proton sample or this charged paractly the same using the weighting method.
ticle sample.) From this charged particle sample, those The correlations of the selected particles with respect
particles with rapidity (assuming the pion mass) from 4to the above defined event-by-event planes were found by
to 6, and transverse momenta from 0.051t6 GeV/c  evaluating the coefficients in the Fourier expansions of the
were used to determine the orientation of the event planezimuthal distributions (normalized to an average value of
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1) with respect to the two planes:
1+ 209" cod¢ — Pplanc)
+ 205" cog2(¢p — Dprane)]
1+ 208" cog2(dp — dertipse)]-

obs

The coefficientv]

()

3)
is evaluated by(coS¢ — dplane)),

lation, all physics processes including decays were turned
off so that these events should not have any correlations
beyond those due to the acceptance geometry. In a sepa-
rate study not showeNUS[12] calculations were filtered
through theGEANT model of the detector with all physics
processes turned on. This gave the same results as analyz-
ing the rawvENUS events, showing that acceptance corre-

where() indicates the mean value summed over the partations are removed in our method and that other sources

ticles of interest for all events. The{™ is (p./p.),
whereasvs™ is related to the eccentricity of the el-
lipse by ((p./p:)* — (py/p)?), with x and y being
the directions perpendicular to the beam within the

event plane. The quantitys™ can be evaluated from

of correlations are small.

The experimental azimuthal distributions of the charged
particles are plotted with respect to the charged particle
plane and ellipse in Fig. 1. Also shown are the results
from the simple Monte Carlo filtered for the NA49

(co92(¢ — ¢piane)]), and, in fact, its sign gives the rela- acceptance. The graphs clearly show both directed flow
tive orientation of the plane and the ellipse. However,n the forward hemisphere (which is defined to have
higher accuracy for the value afs® was obtained by symmetry about 189 and elliptic flow (which is defined
evaluating{cog§2(¢p — denipse)]). Of course, when a par- to have symmetry about 90 In the left graph, in
ticle had been used to calculate the direction of a planeaddition to a first harmonic, the fit contains a small
the autocorrelation effect in its distribution with respect tosecond harmonic with positive amplitude which shows
this plane was removed in the usual way by recalculatinghat the ellipse is aligned with the plane. This means
that plane’s orientation without this particle [14]. that the elliptic flow is in-plane, not out-of-plane squeeze-
Thev{™ andv$™ values are the flow values relative to out. This was verified by observing a positive correlation
the observed event planes. To obtain the values relatiieetween the plane of one charged particle subevent and
to the true reaction plane one has to divide these valughe ellipse of the other.
by a factor which corrects for the limited resolution of Data not shown indicate that the ellipses of the protons
the measurement of the angle of the event plane [4,6,15&nd the other charged particles are aligned, and that the
To accomplish this the events were randomly divideddirected flow of the protons appears to be small and
into two subevents and the correlations of the planespposite to that of the other charged particles. It was
of the subevents were evaluated. The square roots aefssumed that the proton directed flow is in the positive
(coPsup1 — Psup2)) and of (co$2(dsup1 — dwub2)]) are  (direction of the impact parameter from the target nucleus)
the resolution corrections of the observed subevent planeside of the event plane in the forward hemisphere. In
The resolution corrections of the observed event plane$able | is given a summary of the results which have
of the full events were determined by correcting forbeen divided by the resolution corrections shown in the
the fact that the full events have twice the multiplicity last line. The units of percent far, andv, mean that the
of the subevents. When the resolution corrections araumbers have been multiplied by a factor of 100.
small compared to 1 this can be done by multiplying The rapidity andp, dependence of the flow of the
the resolution corrections by/2. Instead we used the protons and pions identified by their energy loss are now
more general multiplicity dependence of the resolutionevaluated relative to the same charged particle event planes
correction given by Eq. (13) and Fig. 4 of Ref. [4] to do used above. Again, all flow values are corrected for the
this extrapolation. The resolution correction factors forresolutions of these planes. The rapidity dependence of the
the full events are shown in the last line of Table I. flow is shown in Fig. 2 with reflection about midrapidity.
To evaluate our methods and, in particular, our abil-In reflection, the signs of the, values have been reversed
ity to remove the acceptance correlations, we generatdd the backward hemisphere, but not thevalues. The
50 X 10* events with a simple Monte Carlo event genera-directed flow ¢;) values exhibit characteristi§-shaped
tor which had no azimuthal correlations but reproduced theurves. The elliptic flow ;) values for the pions appear
charged particle and proton multiplicities apg spectra to be slightly peaked at medium-high rapidity and for the
within our acceptance. These events were filtered througprotons somewhat peaked near midrapidity. Here one can
a GEANT model of the NA49 detector. In theEANT simu-  see that our choice of the sign of the event plane is plausible

TABLE |. Flow values integrated over the indicatgdand p, ranges.
Particle y p: (GeV/c) vy (%) v,y (%)
Protons 3-6 0.0-2.0 1.1 =02 2.6 £03
Charged particles 4-6 0.05-1.0 —-3.0 £ 0.1 23 = 0.1
Resolution corrections 0.35 £ 0.01 0.27 £ 0.01

4138



VOLUME 80, NUMBER 19 PHYSICAL REVIEW LETTERS 11 My 1998

1.08 7T 1.03 —— — At first sight thewv; curves in Fig. 3 appear peculiar,
especially for the pions, because they approach zero from
the negative side. However, this behavior was predicted
for protons by Voloshin [16] as a consequence of the
interaction of transverse radial flow and directed flow.
Simply, in the presence of large transverse radial flow,

1.02 1 1.02 |- ]

1.01 1 1.01

1 +:|.':;=h..|. .'.".,,...,._,‘,,q.__,'__ 1

0.99 - 4 0.99 a low p, particle can be produced only by the part of
0.98 T e oo (PPN T R the moving source where the directed flow subtracts from

0 45 90 135 180 0 45 90 135 180 the radial flow. If this is the correct explanation then
phi - phi plane (deg) phi - phi ellipse (deg) the data also contain information on the transverse radial

FIG. 1. Shown are the azimuthal distributions of the chargedlow. However, especially for the pions, it is also possible
particles with respect to the plane (left) and ellipse (right) of thethat this behavior of the directed flow results from some
charged particles. Counts are plotted on the vertical axis bukind of fireball shadowing effect, resonance decays, or
have been normalized to an average value of 1. The dash oulomb effects

points and lines near a value of 1 are for the simple Monte Previ | lintic fi has b b d usi h
Carlo simulation. The curves are fits with €63 plus co$2¢) reviously, elliptic flow has been observed using the

[Eq. (2)] (left), and co€¢) [Eq. (3)] (right). On the right, the NA49 Ring Calorimeter by analyzing the azimuthal
points above 90have been reflected from those below°.90 anisotropy of the transverse energy [17]. The correlation
The results are integrated for rapidity from 4.0 to 6.0 gnd  which was observed between the forward and backward
from 0.05 to1.0 GeV/c. event planes may not be inconsistent with that seen here
considering that transverse energy flow, not number flow,
from the fact that the protons at high rapidity have positivewas studied, that neutral particles and charged baryons
directed flow, as one would expect for the baryons in thevere included, and that the bins were in pseudorapidity.
reaction plane. Figure 3 shows tpe dependence of the Also the elliptic flow of photons fromr® decay has been
flow. These curves should go to zero at zpyavhere no  reported [18] by WA93 for S+ Au at the SPS. They

transverse direction is defined. find an anisotropy of the order of 5% for semicentral
collisions.
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FIG. 2. The rapidity dependence of the directeq)(and el- Pt (GeV/c)

liptic (v,) flow for the protons(0.6 < p, < 2.0 GeV/c) and

pions(0.05 < p; < 0.35 GeV/c¢). The points below midrapid- FIG. 3. The transverse momentum dependence of the directed
ity (y = 2.92) have been reflected from the measurements in(v;) and elliptic @,) flow for the protons and pions with
the forward hemisphere. The curves are to guide the eye. 4.0 <y < 5.0. The curves are to guide the eye.
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