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Anisotropic flow in 4.2A GeV/c C+Ta collisions
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Anisotropic flow of protons and negative pions in 4.55eV/c C+ Ta 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 awmf all charged particles, as well as identification of all nega-
tively studied in nuclear collisions over a wide range of en-tive and positive particles with momenta less than
ergies. At lower energigd -5, the flow is usually studied in 0.5 GeVk. All recorded negative particles, except the iden-
terms of the mean in-plane component of transverse momeiified electrons, are taken to be” . Among them remains
tum at a given rapidity{ p*(y)) [1], and additionally quan- admixture of unidentified fast electrons:6%) and negative
tified in terms of derivative at midrapiditly, =d(p*)/dy. At  strange particles<1%). All positive particles with mo-
high energies, the Fourier expansion of the azimuthal distrimenta less than 0.5 GeWAre classified either as protons or
bution of particles constructed with respect to the reactionr™ mesons according to their ionization density and range.
plane is used6—8§J. In this expansion the first harmonig Positive particles above 0.5 Ge¥are taken to be protons,
quantifies the directed flow while the second harmanic and because of this, the admixture »f of ~7% is sub-
quantifies the elliptic flow. Using the Fourier expansion, thetracted statistically using the number #f mesons withp
anisotropic transverse flow was analyzed for heavy symmet=0.5 GeVkt as follows: n,=n,—n_+(p<0.5 GeVk)
ric systems at the AGE5,9,10, SPS[11,12, and RHIC[13]  —0.82xn,,-(p>0.5 GeVk), wheren, denotes the number
energies. It was found that the flow observables are imporef single positively charged particles, and 0.82 takes into
tant tools for investigating properties of high density regionaccount the proton deficit in tantalum nuclei and conse-
created during the initial collisions. In particular, the elliptic quently alsor™ deficit. From the ratio for each momentum
flow measurements may provide an important constraint oihterval we determine the weight of protons which we further
the equation of staté€EOS of high density nuclear matter use when calculating distributions of other kinematical vari-
[14,15. ables. From the resulting number of protons, the projectile

In this paper, the anisotropic transverse flow of protonsspectatorgprotons with momenta>3 GeV/c and emission
and negative pions in 42GeV/c C+ Ta collisions is stud- angle #<4°) and target spectatofprotons with momenta
ied using the Fourier analysis of azimuthal distributions. Thep<0.3 GeVk) are further subtracted. The resulting number
analysis is performed using 1000+da semicentral and cen- of participant protons still contains some 17% of deuterons
tral collisions obtained with the 2-m propane bubble cham<with p>0.48 GeVt) and 11% of tritons (with p
ber, exposed at JINR, Dubna synchrophasotron. The semi>0.65 GeVt). The experimental data are also corrected to
central and central collisions are selected by rejectt®®%  the loss of particles emitted at small angles relative to the
events with the smallest multiplicity of participant protons. optical axes of chamber and to the loss of particles absorbed
Additionally, the same type of analysis is performed usingby the tantalum plates. The aim of this correction is to obtain
100000 events generated by the quark-gluon-string modeé$otropic distribution in azimuthal angle and smooth distri-
(QGSM) [16], and the same number of events generated byution in emission angléoboth measured with respect to the
the relativistic transport modglART 1.0) [17]. For these direction of the incoming projectije
events the same centrality criterion is applied as in experi- The azimuthal distribution of particles may be represented

ment, leading to the average impact paraméter~4.54  with the first three terms of the corresponding Fourier expan-
(4.05 fm according to QGSMART 1.0). sion

In order to study the inelastic interactions with tantalum
nucleus, t8'Ta), three tantalum foil§1 mm thick and 93
mm apart were placed inside the chamber working in the —~—
1.5-T magnetic field. The characteristics of the chamber al- dé 27
low precise determination of the multiplicity and momentum
where the two coefficients,; andv,, quantify the directed
and elliptic flow viav ;= (cos(p)) andv,=(cos(2)). In Eq.
*Email address: simic@phy.bg.ac.yu (1), ¢=h1ab— Ppiane is the particle azimuthal angle deter-
"Email address: jmilos@physi.uni-heidelberg.de mined with respect to the reaction plane, with,,, denoting

1+2v,c09 ¢)+2v,c082¢)], (1)
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the azimuthal angle of particle in the laboratory frame and C+Ta
®,ane denoting the azimuthal angle of th@ue) reaction [
plane. Since both the projectile momentum and the impact  ,|
parameter vectors are available in the QGSM/ART simula-

tions, they are used to determine the corresponding reaction
plane. In the experiment the reaction plane is determined, for ;0' .
each event, using the projectile momentum vector and the +
vectorQ determined fronmj1] \yz
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wherep represents the transverse momentum of the proton I
emitted in the forward Y{>y.,+ ), or backward y I protons I .
<Yem— 96), hemisphere. Hergy.,, denotes the center-of- 0.1 (') ‘ ‘1 ‘ ﬁ 0.1 “) ‘ i ﬁ

mass(c.m,) rapidity of participant protons while the quantity
S (=0.2) removes the protons emitted around the, ,
v_vh|ch are not contnbt_Jtmg to the determination of the reac- FIG. 1. Rapidity dependence of, andv} for protons andm ™

tion plane. The reaction plane angle for a proton is deterfor 4.24 GeVic C+ Ta collisions: Top, filled circles represent the
mined using this expression only if this proton is not in- experimental results far, while the solid(dashedl line represents
cluded in the above suni.e., if its rapidity lies in the the QGSM calculation fop, with respect to the trugestimateql
interval fromy.,— & to Y.+ 6). Otherwise, in order to reaction plane; bottom, filled circles represent uncorrected experi-
avoid autocorrelatiotwhich is an effect of the finite multi- mentalv; values(see text, while the solid(dashedlline represents
plicity), theQ vector is constructed by the analogous expresthe QGSM calculation fov, (v3) with respect to the trugesti-
sion in which the contribution of this proton is simply omit- mated reaction plane.

ted[1]. We found that the reaction plane angle distribution is

S_ssen'yially ﬂﬁ?’ r;thus I((:jo_rlf]ic|rming thﬁ absence dOf sfig?]ificant Figure 1(top) displays the experimentally determineg
istortions which could influence the magnitude of the eX-.,qfficient ith v calculated in the lab framefor pro-
tracted flow parameters. The accuracy with which the reac: icient vsy (with y y ! mefor p

. : . : X tons and negative pions. In the case of protons the depen-
tion plane angle is determined, i.e., the reaction plane reso; g P P P

lution, is evaluated by the subevent methdd8]. In this dence ofv, on rapidity is characterized by a curve with a

method, each event is divided randomly into two subevents:Dos't'Ve slope and with th.e-zero crossingyat0.5, that_ cor-
and then the corresponding two reaction planes are dete[F(?Spo_n,ds tq average rap!dlty of protons. The curve |QQ|cates
mined. Subsequently, the absolute value of the relative az® POSitive directed flow with magnitudg ~0.2, at rapidities
muthal angle®,, between these two estimated reaction€l0S€ to the projectile rapidity yp=2.2, at p
planes is obtained. The relative azimuthal angle distributiori=4-2A GeV/c). The QGSM reproduces satisfactorily the
is the basis for the correction of the Fourier coefficieat ~Shape ofv;(y) curve and within error bars reproduces the
obtained with the estimated reaction plane. The relationshig’@gnitude of the flow. The experimental results are also
between the |, and the Fourier coefficient, obtained rela- Compared with the relativistic transport model ART 1.0.
tive to the true reaction plane, is,=v(cos@®)), where These are showq in Fig. 2, where the calculat'lons are per-
(cos(A®)) ! is the correction factor determined frof,, formed both fo_rst|ﬁ and soft EOS._ART model ylelds_a di-
distribution following the prescription given if8,18. We  rected flow which follows trend similar to the experimental
find (cos@®))=0.59. The correctness of this procedure isdata, but underestimates the flow intensity in the projectile
checked using the QGSM. Using this model, the coefficiennd target rapidity region.
v, Vs rapidity, for protons and negative pions, is calculated Using the extracted values of, and their relation to the
with respect to the true reaction plane and also with respednean transverse momentum projected onto the reaction
to the estimated reaction plane. The result of comparison iplane,v;=(p,)/{pt), we can evaluatép,) as a function of
presented in Fig. 1. rapidity and determine the slop&=d(p,)/d(y/yy,), with

The QGS calculations show that the values obtained respect to rapidity normalized to projectile rapidity in the lab
with respect to the estimated reaction plane, after applyingrame. In the present analysis we find for the slope at midra-
correction procedure, are somewhat underestimated aroumidity F=215+32 MeV/c. Comparison with the other re-
projectile rapidity for protons and negative pions. The QGSsults obtained at the same energy, for various C-nucleus
calculations also show that the correction procedurefaas  combinations shows increasing of the slope with the target
outlined above is not applicable because of the smallness @hass: F=144 MeV/c for CC [19], 134 MeVic for CNe
the elliptic flow. Therefore, in the following analysis, this [20], and 198 MeV¢ for CCu[20]. After the normalization
coefficient is not corrected to the reaction plane resolution.to the mass number of the colliding system we obtain the

rapidity
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rapidity interaction escape the collision zone without further rescat-

tering and comprise=1% of the total. According to QGSM,
we separately evaluate the flow of protons and pions origi-
nating from the following sourcegi) decay of resonances;
(i) primary nonresonant interactions; aiiii) secondary
so-called scaled flowFg=F/(A}®+A}%=27+4 MeVic,  nonresonant interactions.

that allows a comparison of the energy dependence of flow Figure 3 showsy; vs rapidity for protons and negative
values for different projectile and target mass combinationspions originating from the decay of resonances, and from
This value is in agreement with the observed tré8Hthat  primary and secondary nonresonant interactions. The protons
after reaching the maximum at a beam energy aroun@riginating both from the decay of resonances and from the
0.7-2A GeV, the directed flow slowly decreases with in- secondary nonresonant interactions show a directed flow of
creasing beam energy. _ ~ similar intensity. The same applies to the flow of pions. For
~ Fornegative pions the experimental values pfire posi-  poth protons and pions from the primary interactions the
tive in the entire rapidity interval. The; is Iarge_st in the  Girected flow has a maximum arouye-0.6, and decreases
17~0.10) and monotonically de- yoyards the projectile and target rapidities. These protons

FIG. 2. Experimental results far,, v, as a function of rapidity,
compared with ART 1.0 model calculations.

target rapidity region «;
creases with increasing rapidity towards the projectile rapidz g pions are produced at the early stage of the collision, and
ity. Suchv, dependence op reflects the fact that the pions s are shadowed by the cold spectators. Later, after the
are preferentially emitted in the reaction plane from the tar'spectator matter leaves the collision zone, rescattering of
get to the projectile. This behavior is attributed to a Shadow‘protons near the beaftarge) rapidity region is small, while
ing effect of the heavy target. Both QGSM and ART modeline pions are still affected with the shadowing effect of the
cannot strictly account for the, (y) dependence for negative participant nucleons through both pion rescattering and reab-
pions. , . ~sorptions. This could be the underlying mechanism that leads
Figure 1(bottom displays the experimentally determined (4 the gifferent intensity and dependence on rapidity for the
v, coefficient versugy for protons and negative pions. The girected flow of pions and protons.
uncorrected values of, show that in the entire rapidity  |n summary, the directed and elliptic flow of protons and
interval the elliptic flow is smallv;|<0.02 if not zero, and negative pions in 4R GeV/c C+ Ta collisions was exam-
this is consistent with QGSNFig. 1) and ART (Fig. 2 pre-  ined using the Fourier analysis of azimuthal distributions of
dictions. The values af; additionally confirm the resull4]  experimental events and also by using the events generated
that at beam energy of4 GeV the elliptic flow exhibits a by the QGSM and ART 1.0. The protons exhibit strong di-
transition from negativéout-of-plané to positive(in-plane  rected flow with magnitude ;~0.2 at rapidities close to the
elliptic flow. projectile rapidity. The directed flow of pions is positive in
Since the QGSM predictions are in fair agreement withthe entire rapidity and slightly peaked at target rapidity,
the various experimental results at A.&5eV/c, we use this wherev,;~0.1. This behavior indicates that the pions are
model to clarify the question which of the processes are repreferentially emitted in the reaction plane from the target to
sponsible for the flow effect. In this model, for+CTa colli-  the projectile. For both sets of particles in the entire rapidity
sions ~43% of protons and~83% of #~ originate from interval the elliptic flow is close to zerdu;|<0.02), this
decay of the lowest-lying resonances’6, 0,0, 7, andz'). being consistent with the result that at beam energy of
The rest originates from the nonresonant primary and sec~=4 GeV the elliptic flow shows a transition from negative to
ondary interactions of the typeNN—NNm, AN—AN, positive. A comparison with the quark-gluon-string model
7N— 7N, 7NN— NN. The protons and pions from primary (QGSM) and relativistic transport mod€ART 1.0) shows
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that they both yields the flow signature similar to the experi-fects only the flow of the particles produced at the early stage
mental data. Additionally, the QGSM shows that two factorsof the collision.

that dominantly determine the proton and pion flow at this

energy, are the decay of resonances and the rescattering of The authors are grateful to members of the JINR Dubna
secondaries. The shadowing by the cold spectator matter afiroup that participated in data processing.

[1] P. Danielewicz and G. Odyniec, Phys. Leéth7B, 146(1985.

[2] M. Partlanet al,, EOS Collaboration, Phys. Rev. L€et5, 2100
(1995.

[3] J. Chancest al, EOS Collaboration, Phys. Rev. Lefi8, 2535
(1997).

[4] W. Reisdorf and H.G. Ritter, Annu. Rev. Nucl. Part. $&¥,
663 (1997).

[5] A. Andronicet al, FOPI Collaboration, Nucl. Phy&679, 765
(2001.

[6] J. Barretteet al, Phys. Rev. Lett73, 2532(1994).

[7] S. Voloshin and Y. Zhang, Z. Phys. 0, 665 (1996.

[8] A.M. Poskanzer and S.A. Voloshin, Phys. Rev.58, 1671
(1998.

[9] J. Barretteet al, E877 Collaboration, Phys. Rev. 85, 1420
(1997; 56, 3254(1997).

[10] N.N. Ajitanandet al, E895 Collaboration, Nucl. Phy#638,

451 (19998; Phys. Rev. Lett84, 5488(2000.

[11] H. Appelshaiseret al, NA49 Collaboration, Phys. Rev. Lett.
80, 4136(1998.

[12] M.M. Aggarwal et al, WA98 Collaboration, nucl-ex/9807004.

[13] K. Ackermanet al, STAR Collaboration, Phys. Rev. Le86,
402 (2001).

[14] C. Pinkenburget al,, E895 Collaboration, Phys. Rev. Le&3,
1295(1999.

[15] P. Danielewiczet al,, Phys. Rev. Lett81, 2438(1988.

[16] N.S. Amelin et al, Phys. Rev. Lett67, 1523 (1991); Nucl.
Phys.A544, 463c(1992; L.V. Bravinaet al, ibid. A566, 461c
(19949; L.V. Bravinaet al, Phys. Lett. B344, 49 (1995.

[17] B.A. Li and C.M. Ko, Phys. Rev. G2, 2037(1995.

[18] J.-Y. Qllitrault, nucl-ex/9711003.

[19] Lj. Simic and J. Milogvic, J. Phys. Q7, 183(2001).

[20] L. Chkhaidzeet al., Phys. Lett. B479, 21 (2000.

017902-4



