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Anisotropic flow in 4.2A GeVÕc C¿Ta collisions
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Anisotropic flow of protons and negative pions in 4.2A GeV/c C1Ta collisions is studied using the Fourier
analysis of azimuthal distributions. The protons exhibit pronounced directed flow. Directed flow of pions is
positive in the entire rapidity interval and indicates that the pions are preferentially emitted in the reaction
plane from the target to the projectile. The elliptic flow of protons and negative pions is close to zero.
Comparison with the quark-gluon-string model and relativistic transport model show that they both yield a
flow signature similar to the experimental data.
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The anisotropic transverse flow of particles has been
tively studied in nuclear collisions over a wide range of e
ergies. At lower energies@1–5#, the flow is usually studied in
terms of the mean in-plane component of transverse mom
tum at a given rapidity,̂ px(y)& @1#, and additionally quan-
tified in terms of derivative at midrapidityFy5d^px&/dy. At
high energies, the Fourier expansion of the azimuthal dis
bution of particles constructed with respect to the react
plane is used@6–8#. In this expansion the first harmonicv1
quantifies the directed flow while the second harmonicv2
quantifies the elliptic flow. Using the Fourier expansion, t
anisotropic transverse flow was analyzed for heavy symm
ric systems at the AGS@6,9,10#, SPS@11,12#, and RHIC@13#
energies. It was found that the flow observables are imp
tant tools for investigating properties of high density regi
created during the initial collisions. In particular, the ellipt
flow measurements may provide an important constraint
the equation of state~EOS! of high density nuclear matte
@14,15#.

In this paper, the anisotropic transverse flow of proto
and negative pions in 4.2A GeV/c C1Ta collisions is stud-
ied using the Fourier analysis of azimuthal distributions. T
analysis is performed using 1000 C1Ta semicentral and cen
tral collisions obtained with the 2-m propane bubble cha
ber, exposed at JINR, Dubna synchrophasotron. The s
central and central collisions are selected by rejecting'50%
events with the smallest multiplicity of participant proton
Additionally, the same type of analysis is performed us
100 000 events generated by the quark-gluon-string mo
~QGSM! @16#, and the same number of events generated
the relativistic transport model~ART 1.0! @17#. For these
events the same centrality criterion is applied as in exp
ment, leading to the average impact parameter^b&'4.54
~4.05! fm according to QGSM~ART 1.0!.

In order to study the inelastic interactions with tantalu
nucleus, (181Ta), three tantalum foils~1 mm thick and 93
mm apart! were placed inside the chamber working in t
1.5-T magnetic field. The characteristics of the chamber
low precise determination of the multiplicity and momentu
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of all charged particles, as well as identification of all neg
tive and positive particles with momenta less th
0.5 GeV/c. All recorded negative particles, except the ide
tified electrons, are taken to bep2. Among them remains
admixture of unidentified fast electrons (,5%) and negative
strange particles (,1%). All positive particles with mo-
menta less than 0.5 GeV/c are classified either as protons
p1 mesons according to their ionization density and ran
Positive particles above 0.5 GeV/c are taken to be protons
and because of this, the admixture ofp1 of '7% is sub-
tracted statistically using the number ofp2 mesons withp
.0.5 GeV/c as follows: np5n12np1(p<0.5 GeV/c)
20.823np2(p.0.5 GeV/c), wheren1 denotes the numbe
of single positively charged particles, and 0.82 takes i
account the proton deficit in tantalum nuclei and con
quently alsop1 deficit. From the ratio for each momentum
interval we determine the weight of protons which we furth
use when calculating distributions of other kinematical va
ables. From the resulting number of protons, the projec
spectators~protons with momentap.3 GeV/c and emission
angleu,4°) and target spectators~protons with momenta
p,0.3 GeV/c) are further subtracted. The resulting numb
of participant protons still contains some 17% of deutero
~with p.0.48 GeV/c) and 11% of tritons ~with p
.0.65 GeV/c). The experimental data are also corrected
the loss of particles emitted at small angles relative to
optical axes of chamber and to the loss of particles absor
by the tantalum plates. The aim of this correction is to obt
isotropic distribution in azimuthal angle and smooth dist
bution in emission angle~both measured with respect to th
direction of the incoming projectile!.

The azimuthal distribution of particles may be represen
with the first three terms of the corresponding Fourier exp
sion

dN

df
'

1

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

where the two coefficients,v1 andv2, quantify the directed
and elliptic flow viav15^cos(f)& andv25^cos(2f)&. In Eq.
~1!, f5f lab2Fplane is the particle azimuthal angle dete
mined with respect to the reaction plane, withf lab denoting
©2003 The American Physical Society02-1
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the azimuthal angle of particle in the laboratory frame a
Fplane denoting the azimuthal angle of the~true! reaction
plane. Since both the projectile momentum and the imp
parameter vectors are available in the QGSM/ART simu
tions, they are used to determine the corresponding reac
plane. In the experiment the reaction plane is determined
each event, using the projectile momentum vector and
vectorQ determined from@1#

Q5(
i

pTi~y.yc.m.1d!2(
j

pT j~y,yc.m.2d!, ~2!

wherepT represents the transverse momentum of the pro
emitted in the forward (y.yc.m.1d), or backward (y
,yc.m.2d), hemisphere. Here,yc.m. denotes the center-of
mass~c.m.! rapidity of participant protons while the quantit
d (50.2) removes the protons emitted around theyc.m.,
which are not contributing to the determination of the re
tion plane. The reaction plane angle for a proton is de
mined using this expression only if this proton is not i
cluded in the above sum~i.e., if its rapidity lies in the
interval from yc.m.2d to yc.m.1d). Otherwise, in order to
avoid autocorrelation~which is an effect of the finite multi-
plicity!, theQ vector is constructed by the analogous expr
sion in which the contribution of this proton is simply omi
ted @1#. We found that the reaction plane angle distribution
essentially flat, thus confirming the absence of signific
distortions which could influence the magnitude of the e
tracted flow parameters. The accuracy with which the re
tion plane angle is determined, i.e., the reaction plane re
lution, is evaluated by the subevent method@1,8#. In this
method, each event is divided randomly into two subeve
and then the corresponding two reaction planes are de
mined. Subsequently, the absolute value of the relative
muthal angleF12 between these two estimated reacti
planes is obtained. The relative azimuthal angle distribut
is the basis for the correction of the Fourier coefficientv18
obtained with the estimated reaction plane. The relations
between thev18 , and the Fourier coefficientv1 obtained rela-
tive to the true reaction plane, isv185v1^cos(DF)&, where
^cos(DF)&21 is the correction factor determined fromF12
distribution following the prescription given in@8,18#. We
find ^cos(DF)&50.59. The correctness of this procedure
checked using the QGSM. Using this model, the coeffici
v1 vs rapidity, for protons and negative pions, is calcula
with respect to the true reaction plane and also with resp
to the estimated reaction plane. The result of compariso
presented in Fig. 1.

The QGS calculations show that thev1 values obtained
with respect to the estimated reaction plane, after apply
correction procedure, are somewhat underestimated aro
projectile rapidity for protons and negative pions. The QG
calculations also show that the correction procedure forv28 as
outlined above is not applicable because of the smallnes
the elliptic flow. Therefore, in the following analysis, th
coefficient is not corrected to the reaction plane resolutio
01790
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Figure 1~top! displays the experimentally determinedv1

coefficient vsy ~with y calculated in the lab frame!, for pro-
tons and negative pions. In the case of protons the dep
dence ofv1 on rapidity is characterized by a curve with
positive slope and with the zero crossing aty'0.5, that cor-
responds to average rapidity of protons. The curve indica
a positive directed flow with magnitudev1'0.2, at rapidities
close to the projectile rapidity (yp52.2, at p
54.2A GeV/c). The QGSM reproduces satisfactorily th
shape ofv1(y) curve and within error bars reproduces t
magnitude of the flow. The experimental results are a
compared with the relativistic transport model ART 1.
These are shown in Fig. 2, where the calculations are
formed both forstiff andsoft EOS. ART model yields a di-
rected flow which follows trend similar to the experiment
data, but underestimates the flow intensity in the projec
and target rapidity region.

Using the extracted values ofv1 and their relation to the
mean transverse momentum projected onto the reac
plane,v15^px&/^pT&, we can evaluatêpx& as a function of
rapidity and determine the slope,F5d^px&/d(y/yb), with
respect to rapidity normalized to projectile rapidity in the l
frame. In the present analysis we find for the slope at mid
pidity F5215632 MeV/c. Comparison with the other re
sults obtained at the same energy, for various C-nucl
combinations shows increasing of the slope with the tar
mass: F5144 MeV/c for CC @19#, 134 MeV/c for CNe
@20#, and 198 MeV/c for CCu @20#. After the normalization
to the mass number of the colliding system we obtain

FIG. 1. Rapidity dependence ofv1 andv28 for protons andp2

for 4.2A GeV/c C1Ta collisions: Top, filled circles represent th
experimental results forv1 while the solid~dashed! line represents
the QGSM calculation forv1 with respect to the true~estimated!
reaction plane; bottom, filled circles represent uncorrected exp
mentalv28 values~see text!, while the solid~dashed! line represents
the QGSM calculation forv2 (v28) with respect to the true~esti-
mated! reaction plane.
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so-called scaled flowFS5F/(A1
1/31A2

1/3)52764 MeV/c,
that allows a comparison of the energy dependence of fl
values for different projectile and target mass combinatio
This value is in agreement with the observed trend@3# that
after reaching the maximum at a beam energy aro
0.7–2 A GeV, the directed flow slowly decreases with i
creasing beam energy.

For negative pions the experimental values ofv1 are posi-
tive in the entire rapidity interval. Thev1 is largest in the
target rapidity region (v1

max'0.10) and monotonically de
creases with increasing rapidity towards the projectile rap
ity. Suchv1 dependence ony reflects the fact that the pion
are preferentially emitted in the reaction plane from the t
get to the projectile. This behavior is attributed to a shado
ing effect of the heavy target. Both QGSM and ART mod
cannot strictly account for thev1(y) dependence for negativ
pions.

Figure 1~bottom! displays the experimentally determine
v28 coefficient versusy for protons and negative pions. Th
uncorrected values ofv28 show that in the entire rapidity
interval the elliptic flow is smalluv28u<0.02 if not zero, and
this is consistent with QGSM~Fig. 1! and ART~Fig. 2! pre-
dictions. The values ofv28 additionally confirm the result@14#
that at beam energy of'4 GeV the elliptic flow exhibits a
transition from negative~out-of-plane! to positive~in-plane!
elliptic flow.

Since the QGSM predictions are in fair agreement w
the various experimental results at 4.2A GeV/c, we use this
model to clarify the question which of the processes are
sponsible for the flow effect. In this model, for C1Ta colli-
sions '43% of protons and'83% of p2 originate from
decay of the lowest-lying resonances (D8s,%,v,h, andh8).
The rest originates from the nonresonant primary and s
ondary interactions of the type:NN→NNp, DN→DN,
pN→pN, pNN→NN. The protons and pions from primar

FIG. 2. Experimental results forv1 , v28 as a function of rapidity,
compared with ART 1.0 model calculations.
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interaction escape the collision zone without further resc
tering and comprise'1% of the total. According to QGSM
we separately evaluate the flow of protons and pions or
nating from the following sources:~i! decay of resonances
~ii ! primary nonresonant interactions; and~iii ! secondary
nonresonant interactions.

Figure 3 showsv1 vs rapidity for protons and negativ
pions originating from the decay of resonances, and fr
primary and secondary nonresonant interactions. The pro
originating both from the decay of resonances and from
secondary nonresonant interactions show a directed flow
similar intensity. The same applies to the flow of pions. F
both protons and pions from the primary interactions
directed flow has a maximum aroundy'0.6, and decrease
towards the projectile and target rapidities. These prot
and pions are produced at the early stage of the collision,
both are shadowed by the cold spectators. Later, after
spectator matter leaves the collision zone, rescattering
protons near the beam~target! rapidity region is small, while
the pions are still affected with the shadowing effect of t
participant nucleons through both pion rescattering and re
sorptions. This could be the underlying mechanism that le
to the different intensity and dependence on rapidity for
directed flow of pions and protons.

In summary, the directed and elliptic flow of protons a
negative pions in 4.2A GeV/c C1Ta collisions was exam-
ined using the Fourier analysis of azimuthal distributions
experimental events and also by using the events gener
by the QGSM and ART 1.0. The protons exhibit strong
rected flow with magnitudev1'0.2 at rapidities close to the
projectile rapidity. The directed flow of pions is positive
the entire rapidity and slightly peaked at target rapidi
where v1'0.1. This behavior indicates that the pions a
preferentially emitted in the reaction plane from the targe
the projectile. For both sets of particles in the entire rapid
interval the elliptic flow is close to zero (uv28u<0.02), this
being consistent with the result that at beam energy
'4 GeV the elliptic flow shows a transition from negative
positive. A comparison with the quark-gluon-string mod
~QGSM! and relativistic transport model~ART 1.0! shows

FIG. 3. Rapidity dependence ofv1 for protons andp2 originat-
ing from: primary nonresonant interactions~stars!, decay of reso-
nances~full circles!, and secondary nonresonant interactions~open
circles!, for 4.2A GeV/c C1Ta collisions generated with the
QGSM.
2-3



ri
r

hi
g

r

age

na

BRIEF REPORTS PHYSICAL REVIEW C67, 017902 ~2003!
that they both yields the flow signature similar to the expe
mental data. Additionally, the QGSM shows that two facto
that dominantly determine the proton and pion flow at t
energy, are the decay of resonances and the rescatterin
secondaries. The shadowing by the cold spectator matte
01790
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s

of
af-

fects only the flow of the particles produced at the early st
of the collision.
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