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In this work we study consequences of the rescattering process on azimuthal mo-
mentum distribution of pions. For this purpose we have performed computer
simulation of the expanding pion gas created in non-central Pb-Pb 158GeV /n col-
lisions. Second order asymmetry in azimuthal distribution of pions is found and
studied. The asymmetry is explained as a consequence of the geometry of non-
central collisions and the rescattering process including formation time parameter.

1. Introduction

Azimuthal asymmetries in transverse momentum distributions of particles measured
in relativistic heavy ion collisions (HIC) were observed for the first time by Plastic Ball
detector in Berkeley {1]. Since this pioneering experiment asymmetries in relativistic
HIC were measured also at higher energies [2, 3]. Typical types of asymmetries (bounce-
off and squeeze-out) are understood as a consequence of the collective behavior of nuclear
matter. This understanding of the origin of azimuthal asymmetries in non-central HIC
succesfully explains most of experimental data.

However at AGS experiment with Au+Au 11.4 GeV/n collisions E877 collaboration
reported [2] about unclear origin of a new type of squeeze-out effect parallel to impact
parameter. It seems that E877 collaboration has found first experimental indications
of the effect predicted in the work of J -Y.Ollitrault [4]. Second order flow parallel to
impact parameter can originate also from interactions of secondary produced particles
among themselves.

In this work we investigate asymmetry in transverse momentum distribution of pions
created in the process of HIC. No collective behaviour of nuclear matter is supposed in
the calculation. The asymmetry results from the geometry of non-central HIC and the
rescattering process.

Paper is organized as follows: In Section 2 we give an intuitive explanation of the
origin of the asymmetry. Short description of our computer simulation 1s given in

1 presented at the Heavy Ion Workshop on Particle Physics, Sept. 2.-6, 1996, Bratislava, Slovakia
2F_mail address: filip@savba.sk
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Section 3. In Section 4 we present main results of the simulation dependence th
- e

asymmetry on impact parameter and also oth
) ¢ er featu i i
this work with short summary and conclusions. res of the studied effect. We finish

2. Asymmetry as a consequence of rescattering

. Cm:.& explanation of azimuthal asymmetries in momentum distributi f i
in HIC is U.mmma on the collective behaviour of nuclear matter. Hydrod e M&Eo_mm
[5, 6] describe the process of HIC using the equation of state .mOw :co_mmwnsm:,.mnm v
shall see these assumptions are not required for the existence of our ty Emm e
.: can be mo.zm_.wf& without collective effects of the primary nucl St mmu\BE.maJ\.
in the colliding nuclei. ear matter contained
Z:Bvﬂ of secondary particles created in HIC at present SPS energies (160GeV /n) i
MMWMM”M_MMM Nnm.mm i&ﬁ MMEUMM of nucleons contained in the colliding nuclei Hﬂmm\%ﬁwm
ifferent than that at lower energies and the i i : i
Mgowm n.rogmm?mm may Umnog.m mmm:mmomi. wmmnmgoazm USOMMMMWMM”M mMMMMMwMQm:om.W
:n.mn.m pions was already studied in the simulation [7] where central S-Pb 200 mw\ v
collisions were investigated. This simulation succesfully Hmﬁno&:omm_ . d d o
nnmﬂw\/\mnm% size parameters R, [8] extracted by HBT technique [9]. pe cependence of
it M_ Mo —me mewowmwnwwwwﬂs%o Mmoﬂowzamdmm can demonstrate itself in experimental
. : of pions in non-central collisions. For th 1
of this effect no collective behaviour of the pri s ey, s
phenomenon w.m not dependent on Amo:mnwﬁmmzm\w&rm:mwwwoﬂﬂﬂm__.mwﬂ :mnwmmmﬂ\. e
ormozwm.m_mo in future ultrarelativistic HIC experiments on RHIC msm mhmm g e
In this section we explain the origin of the studied transverse flow of o
consequence of the geometry of non-central HIC and the rescattering EOanmUWs w.m.mym
MzM mM_MM WMMMMMMM MM AW_MHMHHS.@__ >+.\M Mo_:mmoﬂs in transversal plane. mano:&mn.% vm:%n._mw
€. ainly 1n the overlapping regi isi i
.m:nr.woum happen. Shape of the overlapping Emw%z %mﬁmmﬂ_mm %rmm”wwm—ﬁ__m“ﬂwvmv:%g d
W MEQ.E?@:% asymmetric .E. ﬁmsmeawmw_ plane. Since we do not ooumimm an moMm_ M.mm
behaviour of nuclear matter it is natural to assume that the initial distrib n.v\ ﬁmn. s
in transverse momenta U(p;) is azimuthally symmetrical: ¥5(5;) = G:c..u_ﬁwsw, : the
wmwm of m:.dvrn_ﬁ\ we do not write longitudinal components of p and # :M#z e ?m
o€m<mn M.:‘::MMSOS Qmmw_vm& in the next section is performed in 3+1 &Sm:MMMMnSo:
enoting the space distribution of i i i z .
the following initial condition for the %MM MMWM%MM%W%WM%W o g S e e

X (&, pe) = A () - U5 (5r) (1)
a \Wm a consequence of awﬁ Smoﬁwﬁmlsm process original Z—p non-correlated distribution
ecomes & — p correlated {10] and (as we shall see from | i
. 2 ts of i
the asymmetry in ®4(Z,) leaks int i ing .
. ¢) o asymmetry in the resulting transverse momentum
5/ . 5
¥ (p) - @4 () = X (5, F) (2)

A ey
where # denotes asymmetry of distribution X (g, £) in momentum.
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Fig. 1. Geometry of non-central collision in transversal plane

At present we understand this effect in the following way: Let us have two groups
of pions: A group of parallel pions with the momentum parallel to b and the group
of orthogonal pions with the momentum orthogonal to b. In this simplified situation
sketched in Fig.1b) three types of collisions can happen:

1) Collisions of orthogonal pion with parallel pion. This type of collisions cannot
change initial ratio of orthogonal/parallel pions because of the conservation of momen-
tum in the process of collisions.

2) Collisions of orthogonal pion with orthogonal pion - Fig.lc) and collisions of
parallel pion with parallel pion - Fig.1d). These collisions can influence the ratio of or-
thogonal/parallel pions and therefore only these collisions can originate asymmetry in
the transverse momentum distribution. In the case of symmetrical original cloud of pi-
ons (in Fig.1bitis asymmetrical) the probability of collisions Fig.1c) and Fig.1d) would
be the same. We think that asymmetrical shape of initial distribution of pions (Fig.1b)
together with formation time parameter (see Fig.4 and the text below) make collisions
of type Fig.lc) more frequent than collisions of type Fig.1d) and this mechanism leads

to the excess in the number of parallel pions. Resulting asymmetry in the momentum
distribution of pions freezes in the considered pion gas because of the expansion of the
system.

Azimuthal asymmetry in transverse momentum distribution of pions after the rescat-
tering process can be measured by detectors as the excess of pions in the direction
parallel to the impact parameter. As we shall see in next sections the predicted asym-
metry should demonstrate itself as a second order asymmetry in the Fourier analysis of
transverse flow [11].

In Fig. 2 we show the result of a toy simulation of the effect described. Initial dis-
tribution of pions in momenta was taken from the central S-Pb 200 GeV/n rescattering
simulation {7, 10] and therefore it was azimuthally symmetric. Initial distribution of
pions in Z; space is artificially asymmetric as it is shown in Fig. 2b). After 20fm/c of
time evolution the rescattering process leads to the asymmetry in transverse momentum
distribution as it is clearly seen from Fig. 2c). Simulation of the expanding pion gas
for "real” Pb-Pb 158 GeV/n non-central collisions is described in the next section.

3. The Simulation

For the simulation of the expanding pion gas created by 7real” Pb-Pb 158 GeV/n
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Hu.um.w., How simulation of the effect. a)is p; distribution before the rescatterin ) i
.nrm».dg.p:ob after 20fm/c of rescattering process. Cut in transverse momentum mv wmo\ﬂw w\“
is mﬁvrmm to enhance the visual effect of the asymmetry. &) is & &meivcam ; bef X
rescattering process and d) after 20 fm/c of the expansion. o before the

non-central collisions two independent programs) were used:

1) Cascade generator {12] which initi
: generates initial momenta and positio 1
a result of independent nucleon-nucleon collisions. P fs of pions as

2) Rescattering program [10] which simulates ti i
i . - .
i et o, IS [10] es time evolution of the interacting pion

Main E.ﬁmwmwnm structure of the simulation is shown in Fig.3. Non-central Pb-Pb 158
GeV/n collisions were simulated by the cascade generator (CG) for random ozamgnwo:m
and selected values of impact parameter b. Information about initial momentum, ti
and place of creation of pions produced by CG was used as input for res :Mm ing
program [10]. Final momenta of the interacting pions were selected from ;om me::m
of the wmmnm?mi.sm program and analyzed for transversal asymmetries. For mwmwoc e
approximate orientation of the impact parameter was determined mao.E the ow: m:<%:.m
the cascade generator. Rotated events with the same orientation of impact wwmv ao
were wzm_ﬁmm for the existence of asymmetry in transversal momentum ?Mm Mﬁmmmn
Description of internal structure of the program used for the simulation of Ewnmgwm“. !
meom_mma.owz Wm mopﬁ:._n__ mu WUS This program was build according to the n_mmn:vmo: M»,:aﬂm
simulation of central S-Pb 2 1si 7 ind j i
e Eo%oo GeV /n collisions [7]. Here we remind just main features

Pions are Smm.pmm as point-like objects. Position and momentum of each pion is
known during the simulation. Pions move in small time steps Al = 0.1fm as :oA
C e = 53 . F s . ’ " aar g
particles. Collisions happen if two pions appear to be at a distance sialler than critical
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Fig.3 Main interface structure of the simulation

Fig.4. Our scenario of 7 collisions. Collisions can happen only if both pions are allowed to

interact (solid lines).

distance Dy which is determined from the isospin averaged total elastic cross-section

Dy = Jols)/n (3)

Momenta of pions after the collision are determined in CMS of the pair according

to the isospin averaged differential cross section
do /dS2 = a(s) + b(s) cos?(9) (4)

(Numerical values of the functions a(s), b(s) are calculated from data 113, 14].)

Then new momenta are transformed back to the global frame of the simulation.
Test for the relative distance is performed for every pair of pions in each time step.

Existing pions are restricted from interactions for time T} - formation time [15] after
their creation and also for time T; after each collision (see description in [10]). These
two phenomenological parameters allow to influence total number of collisions in the

simulation and also other features of the expanding of pion gas.

4. Data analysis

.9, 11fm were used for the

Events with exact values of impact parameter bh=13,5,7
ter was determined

analysis. For each event approximate orientation of impact parame
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by a procedure (similar to Danielewicz-Odyniec method [16]) which is described in the
preprint [20]3

Rotated events were used for Fourter type of analysis of transversal flow [11]. For
each pion the azimuthal angle of momentum was determined and added to histogram
of azimuthal distribution R(¢) (see Fig.5). Because of the known character of asym-
metry and the rotation of events into the direction with the same orientation of impact
parameter we have fitted normalized histograms R (¢) to the function

RM(¢) = 1+ S cos(29) (6)

Numerical results of the analysis are presented and discussed in the next section.

5. Results

First the presence of asymmetry was tested on the set of 24 artificial S-Pb 200
GeV/n asymmetrical events. Strong final asymmetry in azimuthal distribution of pions
in transversal momentum is visible directly from Fig.2.

Then ”real” non-central Pb-Pb 158 GeV/n collisions were studied using the output
of cascade generator [12]. We have run the program for five sets of 10 events with
impact parameter b = 3,5,7,9,11fm in order to study dependence of the asymmetry
on the value of impact parameter and additional 20 events for b = 7fm were run in
order to verify whether statistics of 10 events per set was sufficient. Pions in rapidity
range (—1, 1) were selected for the -analysis.

In Fig.5 we .m.roé histograms of distribution R(¢) for the ROT - rotated (to the same
orientation of b) and non-rotated (NoR) events for b=3fm and b=9m. Normalized
distributions RN (¢) were used for the fit.

Results of the fit are summarized in Tab.1. Simulation of 20 additional events
for b=7fm showed that our statistics of 10 events per the set was sufficient for the
qualitative analysis we had performed. Main result of our simulation is visible clearly
from Fig.6: Asymmetry increases with impact parameter in range 3 — 9fm and it falls
down for b > 9fm. Turnover point of S, lies between 7 and 11 fm. We think that the
posttion of the turnover point depends on numerical values of Ty, T; parameters used
in the simulation. We shall study the dependence in the near future. (Hardware failure
of the 2GB disk delayed our progress in this direction for 3 months. )

We have studied also rapidity dependence of the second order asymmetry (repre-
sented by parameter .S2) and also existence of the first order asymmetry in our data.
First order asymmetry was found to be very weak and the value of S5 coefficient did
not decrease for pions with rapidity in range (1,2) ((~2, ~1)). Numerical results of this
analysis can be found in the preprint [20].

An interesting behaviour of asymmetry coeflicient S, was found during our data
analysis. As it is shown in Tab.1 coefficient S, is significantly higher for high p, pions
{pe > 300MeV).

*This contribution is shortened and corrected version of the preprint [20].

Second Order Flow of Pions in Midrapidity 59

500 ;
400 f}&t
E P H ;
300
200 |- o
Pt ot
100 +— + =
°H..~_*______-___~_ Q.MH_______.__h‘_____
o 10 200 300 6 100 200 300
R(p) NoR R(¢) ROT R*(¢) ROT

Fig.5. Histograms of the azimuthal distributions of pions for b=3fm and b=9fm. Numbers of
particles in the bins of histogram for b=3fm are higher than in the case b=9m because of the
higher total multiplicity of pions in the collisions b=3fm. Normalized S_nnomnwa WZTS for
b=3fm is artificially shifted up.

b 3 fm Sfm 7fm /30 9 fm 11 fm /20
P>0 S; 0.06 £0.01 0.09 £0.01 0.135+0.010 0.20+£0.02 0.13+£0.02
(P >300) S, 0.13 0.15 0.21 0.30 0.21
Neot /T 45 4.2 3.4 26 1.1 L_
Table 1.

Tab.1. Asymmetry coeflicients for Pb-Pb 158 GeV /n non-central events. 7 fm/30 means that
fit was performed for 30 events. (Ty = T; = 0.5fm)

This seems to be an interesting prediction at present. We think that this behaviour
is a consequence of the momentum dependence of formation path of pions which is
relativistically dilated in our simulation (see Fig.4).

Iy
V1-vl/e&
This phenomenon also requires further investigation. Preliminary analysis of the

simulation performed for different values of 7y parameter showed that S; dependence
on p; region of pions is sensitive to the value of Ty parameter (see Appendix).

Li=uv,-

6. Summary and Conclusions

We have studied azimuthal asymmetry in the transverse momentum distribution
of pions in non-central Pb-Pb 158 GeV/n collisions. For the presence of this type of
asymmetry no collective behaviour of the primary nuclear matter is necessary. It is
a consequence of the geometry of non-central col
secondary produced pions.

sions and the rescattering among
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Fig.6. Dependence of S, coefficient on impact parameter. For high-p; pions S coefficient is
higher compared to the full p; range pions.

The simulation showed that the asymmetry increases with the impact parameter in
the range up to 9 fm. Turnover point is located between 7— 11fm in our data. Decrease
of asymmetry coefficient S; for b = 11fm is most likely a consequence of low number
of pions participating in the rescattering process combined with small total size of the
overlapping region in comparison to formation path Li~c¢ Ty of pions.

We think that impact parameter dependence of Ss asymmetry parameter studied in
this work was already confirmed experimentally by NA49 collaboration [18] using Ring
Calorimeter setup [19]. Experimental results [18] for impact parameter dependence
of the second order flow in midrapidity are surprisingly similar to our results shown
in Fig.6. Quantitative comparison is however not easy. Qur simulation studies only
interactions of pions among themselves and it does not distinguish between 7+, 7~
Moreover our results are not corrected for detector effects.

Unexpected p; dependence of the S, asymmetry coefficient seems to be an interesting
prediction. Preliminary analysis of our artificially asymmetrical S-Pl 200GeV /n events
(Fig.2) showed that p, dependence of our S, coefficient is considerably sensitive to the
value of Ty parameter (see Appendix).

At future HIC experiments multiplicities of secondaries will be nuch higher. Tt is
not excluded that mechanism responsible for transversal flow of the primary nuclear
matter at lower (present) energies will play a little role. In this case the studied effect

can be substantial for the transversal flow phenomenon on RHIC and LHC heavy ion
experiments.

wo.
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Appendix

At the time of the revision of this manuscript data m&oﬁu Dt mmvm:amu.om of 5
asymmetry parameter in artificial S-Pb 200GeV /n events (see Fig.2) were available. In
the following table we present our results for different values of Ty, T; parameters.

T;; T;[fm] p: | 0-200 MeV | 200-400 MeV | 400-Inf. MeV No p, cut
02;02 S, 0.18 0.43 0.62 0.43
1.0;0.0 Sy 0.13 0.36 0.36 0.29

Table 2

Tab.2. Dependence of asymmetry parameter S, on transversal momentum cut on pions for
different values of parameters Ty, T:.

We would like to attract attention of reader to the preprint md2<-2HO 96-40
available also as nucl-th/9610026 which is closely related to the subject of this work.

References

[1] H.A.Gustafsson et al., Phys.Lett. B 142 141 (1984)
2] 1.Barrette et al., Phys.Rev.Lett. 73 2532 (1994)

HL T.J. Humanic, Phys.Rev. C 50 2525 (1994)

(8] NA 44 Collaboration Phys.Rev.Lett. 74 17; 3340 (1995)
[9] D.H.Boal et al., Rev. of Mod.Phys. 62 553 (1990)

10] P.Filip, Acta Physica Slovaca Vol. 46 9 (1996)

1] S.Voloshin, Y.Zhang Zeit.f.Phys. C 70 665 (1996)

2] P.Zavada, Phys.Rev. C 42 1104 (1990)

3] M.Prakash et al., Phys.Rep. 227 321 (1993)

4] P.Istabrooks, Nucl.Phys. B 95 322 (1995)

5] J.Pigdt et.al. Zeit.f.Phys. C 67, 467 (1995)

6] P.Danielewicz, G.Odyniec Phys.Lett. 1578 146 (1985)

(
[1
{1
{1
f1
(1
1



62 P Filip

[17] H.H.Gutbrod et al., Phys.Rev. C 42 640 (1990)

(18] T.Wienold et al., LBL 38506, in Proceedings of 12th Workshop on Nuclear Dynamics,
Snowbird 1996, Utah, USA (also QM’96).

[19] S.Margetis et al., Nucl.Phys. A 590 355 (1995)
[20] P.Filip http://xxx.lanl.gov/list/hep-ex/9605 (9605001)




