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Abstract. The problem of the nuclear matter jets in nucleus-nucleus collisions at 4.5 A GeV /c is discussed.
The global analysis of experimental data, namely the sphericity tensor, is used to evidence such jets. The
experimental results are compared with those obtained in the same collisions for hydrodynamic flow and
thrust. The experiments have been performed in the frame of the SKM 200 Collaboration from JINR

Dubna.

PACS. 25.70.-z Low and intermediate energy heavy-ion reactions — 25.75.4+q Relativistic heavy-ion colli-

sions

1 Global analysis

In the study of the relativistic nuclear collisions dynamics
the collision geometry is important [1-6]. The well known
participant-spectator picture of these collisions is a strong
support for different collision mechanism models, as: in-
tranuclear cascade [7-9], thermal models [10-12], hydrody-
namic models [13-17]. All collision mechanism models sup-
pose two important stages, namely: compression stage and
expansion stage [4-17]. In the compression stage — which
is the first stage after collision — very high densities and
temperatures can be obtained in the overlapping region of
the two colliding nuclei. Usual physical quantities — den-
sity, entropy, thermal energy per baryon, compressional
energy per baryon, etc. — do not contain enough informa-
tion on this stage. They can present, also, a few disad-
vantages, namely: the achieving of the saturation value in
latter stages of the expansion of the fireball, difficulties in
the handling of the experimental data or the impossibil-
ity to establish experimentally some physical quantities.
Therefore, other experimental methods must be found to
obtain such information.

One of the method used to find the physical quantities
that are sensitive to the compression stage is the global
analysis. This analysis is related, especially, to the hydro-
dynamic models [13-17]. The method uses squared com-
binations of the Cartesian components of the momenta of
the particles yield in relativistic nuclear collisions, namely,
p; - pj, combinations which present the advantage of a sat-
uration behavior immediately after the reaching of the

highest density at the end of the compression stage [13-
24]. Thus, direct information on the behavior of the nu-
clear matter in the first moments of the collisions can be
obtained.

The global quantities can be established by calculation
of the global variables for each event, taking into account
all particles emitted in an event; in this case the sum to-
tal of the kinematic quantities defining the particles from
the event is calculated. The components of some tensors
are obtained. Subsequently, these tensors are diagonalised,
and the diagonal components of the tensors are used to
define different interesting physical quantities.

In the global analysis of the nucleus-nucleus collisions
at high energies several types of tensors have been pro-
posed [13,14,25,26].

This type of analysis is important to investigate the
dynamics of nuclear matter formed in such collisions. In
the hydrodynamic description of such collisions instanta-
neous local equilibrium is required. This equilibrium can
be establish if the particles collide sufficiently frequently
to be thermalized. As a consequence, a large number of
participant nucleons must be involved in collisions for a
correct hydrodynamic description. An important result of
the assumption of the instantaneous local equilibrium is
the fast conversion of the longitudinal momenta in trans-
verse momenta. In this case the side-ward emission of the
nuclear matter can be observed [24,25].

The goal of the present work is the discussion of the
physical meaning of the different global tensors used in
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the description of the relativistic nuclear collisions, as well
as the presentation of the experimental results on the
sphericity tensor — related to nuclear matter jets configu-
ration — in different inelastic He- A7 non-symmetrical col-
lisions at 4.5 A GeV/c. These experimental results are
connected with the results obtained using the flow tensor
and thrust tensor [18-24]. The experiments have been per-
formed at the Syncrophasotron from the JINR Dubna in
the frame of the SKM 200 Collaboration [1,4-6,27-39].

The possible fluctuations and the side-ward flow ob-
served by us in the same collisions [18-24] justify this
attempt. In our new analysis we introduce the total cu-
mulative number, @ = >, Q" [1,35], determined for all
negative pions involved in the supposed jet configuration,
as a quantitative expression of the local anomality in the
nucleon-nucleon phase space. To calculate the cumulative
number the following relation has been used:

Q' = Eirexp(y; — yp)/Mn

where E;r is the transverse energy of the particle of in-
terest, y; is the rapidity of the same particle, yp is the ra-
pidity of the projectile nucleus, and My is the rest mass
of the nucleon. Our experimental results indicated that
the cumulative particle production can be related on the
non-equilibrium states of the nuclear matter [40]. The cu-
mulative particles are produced, especially, on transverse
direction in comparison with the beam direction. It is im-
portant to separate the different collective behaviors de-
termined by equilibrium and non-equilibrium processes.

2 Specific quantities in the global analysis

We mentioned that to do global analysis of the events
obtained in relativistic nuclear collisions several forms of
global variables and tensors have been proposed [13,14,25,
26,18-24].

The most used tensor is the kinetic flow tensor [13,14,
25]. The components of this tensor are defined by the fol-
lowing relationship:

Fij =Y _ w(n)pi(n)p;(n)

n

(1)

where i,7 = x,y,z, n is the number of the track, and
w(n) is a weight factor of the particle or fragment in the
n-th tack. The tensor components form an ellipsoid in the
momentum space, and the axes of the ellipsoid are deter-
mined by the eigen-values of the tensor. The eigen-values
of the tensor are used to define some global quantities,
namely: flow ratio — defined like the ratio between the
largest axe and the smallest axe of the ellipsoid — and flow
angle — considered as the angle between the largest axe of
the ellipsoid and the direction of the incident (projectile)
nucleus.

For He-Ar collisions at 4.5A GeV/c — using a global
flow tensor and a pionic flow tensor — the most impor-
tant experimental results are the following [18,20,22,24]:
(i) The average experimental flow angles are between 80°
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Fig. 1. The flow angle and the flow ratio distributions for
global tensor

and 90°, and the flow angles obtained by Monte Carlo
modelation are around 20° (Fig. 1.). For inelastic colli-
sions, especially, this behavior is related to the side-splash
or squeeze-out phenomena. (ii) The average flow ratio de-
creases significantly with the increase of the mass number
of the target nucleus. (iii) The dependence of the ratio
between the number of particles with flow angles higher
than 80°, N (67 > 80°), and the number of particles with
flow angles lower than 80° on the asymmetry coefficient —
a = (Ar — Ap)/(Ar + Ap) — as well as the behavior of
interesting physical quantities on different cuts in trans-
verse and longitudinal momentum suggest the influences
of the collision geometry in such collisions [28].

The most probable direction for the initial flow direc-
tion of the nuclear matter from the overlapping region of
the two colliding nuclei can be established using the quan-
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tity called thrust. This quantity can be defined as follows
[23,24,26]:

> Ip(n)e
T = max————— (2)

2 lp(m)|

where e is the versor of a certain direction. The direction
given by e — for which the maximum value of the thrust is
obtained — could be the direction with highest probabil-
ity for the flow of the very hot and dense nuclear matter
formed in the overlapping region of the two colliding nu-
clei, at intermediate and high energies.

For a few He-Ar collisions at 4.5 A GeV//c a complete
analysis of the thrust and direction has been made [23].
The most significant conclusions are: (a) The collision ge-
ometry must be taken into account for a complete dynamic
description of the nuclear collisions at energies of a few
GeV/A. For example, the thrust angle distribution differ
for quasi-symmetrical and non-symmetrical collisions. (b)
The average values of the thrust angles are comprised in
the range 13°-19° and increase with the collision centrality
and the mass number of the target nucleus. (¢) The values
of the thrust angles and direction indicated the possibility
to have a particle generation in cones on different direc-
tion — in agreement with the image on the film. We called
these cones as jets of nuclear matter.

The sphericity, an other global quantity of interest, can
be calculated using the following tensor:

Sij = > _[P*(n)8ij — pi(n)p;(n)] (3)

n

Solving the eigen-values and eigen-functions equation
it is possible to define the sphericity as:

3

S=(3X3)/O_N\) (4)

i=1

where \; are the eigen-values of the tensor (2), decreasing
ordered. The sphericity takes values between S = 0 - when
2 jets appear, in opposite directions — and S = 1 — for
isotropic emission.

Using these eigen-values the planarity can be intro-
duced by the following relation:

3

P =030 - A2)]/(O_N) (5)

i=1

The form of the flow diagram can offer different argu-
ments for a hydrodynamic behavior of the nuclear matter
in nucleus-nucleus collisions at high energies. It is impor-
tant to stress here that many of these quantities are used
in Particle Physics, too, to establish the jet structure of the
particle production and the quark structure of the hadrons
[41-47]. Therefore, in the following the basic meanings of
some quantities are presented.

3 Methods to prove the existence of the
nuclear matter jets

The experimental methods to prove the existence of the
nuclear matter jets are included in the global analysis of
the experimental data.

The first method used the sphericity analysis, intro-
duced first of all in the works [48,49]. In this method, for
each event, one searches an axe for which the quantity
> pai(i = 1,nep) is minimized, and a quantity, called
sphericity, is calculated. The sphericity can be defined by
the following equation, too:

= (Y )/

where pr; is the transverse momentum of the i-th particle,
and p; is the total momentum of the same particle.

It is important to stress here that the sensitivity of the
sphericity increases when one has the possibility to intro-
duce the neutral particles. Unfortunately, these particles
are detected with difficulty and only few experiments offer
such information.

Another definition of the sphericity is that used in the
hydrodynamic models for hadronic interactions at high
energies. In this case, for each event, the sphericity tensor,
given by eq.(5) is calculated. This tensor can be defined in
events with multiplicity higher than 4. Its ordered eigen-
values are calculated (A1 > Ao > A3) and the sphericity is
defined by the eq.(3).

To establish the bi-jet structure of some events other
quantities have been introduced, as the thrust and the
spherocity [50,51]. These quantities can be defined be the
following relations:

(6)

M=

4 IPLil
T="—
i
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respectively,

2

n
E |pTi|
=1

n (8)
2. [pil

()

The eigenvalues of the thrust tensor are between 1/2
and 1. For T' =1 all particles have the same direction of
the momenta, and for T' = 1/2 the particle emission is
isotropic. The jet axe is chosen to maximize the T value,
namely:

n
> |pi -1
=1

w (9)
2. [pil

T = max(n)

where n is the versor of the jet axe. In the case of the
spherocity the jet axe is chosen to minimize the spherocity.
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For events with three jets structure the triplicity is
defined [52] as:

Here, each ¢ particle is included in one of the three class
Cj,5 = 1,3, and i € C} if the following condition is ful-
filled:

pi-n; > p;-ng with j # k

Other quantities to study the events with three jets
structure are related to the following variables:

| adl
X = min 3—Z (11)
2. lail
i=1
1 = max(cos(n;, n;)) (12)

where q; is the total momentum of the particles from the
C; class. The C; classes, i=1,3, are determined from the
triplicity calculation. The variable x characterizes the mo-
mentum distribution in each class C;, and the variable 7
describes the orientations of the triplicity axes [53]. To
analyze the events with four jets structure the di-thrust
tensor has been introduced [54]. This quantity is defined
by the following relation:

where n; and ny are the unit vectors on the di-thrust axes.
The i particle is included in the class C; if the following
condition is satisfied:

P 11| > |p; o (14)
Two variables must be introduced, namely:
’_ ‘q1| A
X' =min | — ;m = max] cos(n; - no)| (15)

To calculate the variables used to describe the jets differ-
ent methods can be used [55-57].

To study the nuclear matter jets structure of the events
for relativistic nuclear collisions two class of methods have
been proposed, namely: (i) hierarchic methods; (ii) non-

hierarchic methods. In our analysis a non-hierarchic method

has been chosen [18,19,21].
The hierarchic methods use the hypothesis that the re-
semblance among objects (particles) can be described by
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Fig. 2. The dependence of the T\ quantity on the jet number

a measure of the resemblance, called distance. The asso-
ciation of a numeric value to the resemblance involves the
possibility of the particles emitted from a given collision
to be located in the nodes of a branching structure.

A non-hierarchic method is the weight center method.
The N particles from an event are randomly divided in
M groups, with M < N. For each subgroup the weight
center is calculated. In the second step each particle is in-
cluded in the subgroup which has the weight center at the
shortest distance. For the obtained subgroups after this
step/iteration, the new weight center are calculated. The
iteration process is stopped when a stable cluster config-
uration is obtained.

As a quantitative measure of the “distance” between
two particles the angle between their momentum vectors

can be chosen:
0;; = arccos (ﬁ)
Ipi| - [Py

To establish if the number of subgroups M for the N
particles from an event is equal with the number of jets
from this event the following quantity is introduced:

(16)

315wl

Ty = (17)

N
Z |p1]

This quantity takes values between 0 and 1. The value
Ty = 0 corresponds to the case when all particles are
in a single group, while Th; = 1 corresponds to the case
when each particle from the event forms its own group.
The value Ty = 0 can be obtained only in the case when
the neutral particles are included.

Taking into account the assumption for the eq.(17) the
dependence of the Th; quantity on the jet number is that
from Fig. 2. A characteristic behavior for this quantity is
the fact that if the value M is the jet number, then Ty,
discontinuously tends to 1.
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4 Experimental set-up

The non-hierarchic method presented previously has been
used to analyze — for sphericity — different inelastic and
central nucleus-nucleus collisions at 4.5 A GeV/c [18-24].
The experiments have been performed at the Syncropha-
sotron from JINR Dubna (Russia), in the frame of the
SKM 200 Collaboration [28-38].

The experimental set-up is presented in Fig. 3. The
Syncrophasotron from JINR Dubna can accelerate He, C,
O, Ne and Mg heavy ions up to 4.5 A GeV/c, with beams
intensities between 10 and 102 nuclei/pulse.

The SKM 200 Spectrometer — used by the SKM 200
Collaboration — has a streamer chamber as a main detec-
tion device. The chamber is filled with neon at atmospher-
ical pressure and placed in a magnetic field of 0.8 T. Inside
the chamber — having the dimensions 2m x 1m x 0.6m —
are mounted solid targets in the form of thin discs; in a few
experiments the gas that fills the chamber has been used
as a target nucleus. A high voltage pulse — 500 kV /pulse,
10.5 ns length of pulse — supplied by a Marx generator is
applied on the three electrodes of the streamer chamber.
The inferior electrode, in the form of a plate from dural,
contains the nine fiducial marks, too.

A stereo-photographic system with 3 cameras — placed
in the upper pole of the magnet — allows the recording of
the experimental information on high sensibility films.

The streamer chamber can be triggered by two sys-
tems of scintillation detectors placed in front and at the
back of the streamer chamber. There are two triggering
modes: peripheral (inelastic) (T(6., = 0,6, = 0)) and
central (T'(0., > 0,6,, > 0)). 6., and 6,, are the minimum
accepted values of the emission angles for the charged frag-
ments, respectively, neutral fragments of the projectile nu-
cleus with momenta higher than 3.5 GeV/c per particle
(stripping fragments).

The experimental data have been obtained through
scanning, measuring and geometrical reconstruction. For
the He-Ar collisions considered in this work the absolute
error in angle is around 2.9 for all angles, and the relative
error in momentum is around 8% for all the range [4,5,57].

The SKM 200 Spectrometer is a 47 detection device.
All charged particles and a few neutral particles which
decay in charged particles in the streamer chamber of the
spectrometer are recorded on high sensitivity films. For

/\@\
/ \ Fig. 3. The experimental set-up from JINR Dubna —
Si S The SKM 200 Spectrometer

central collisions only few particles are rejected, namely,
the stripping particles. In this work only peripheral (in-
elastic) collisions are considered.

From the pictures recorded on films can be identified
directly, with small experimental errors, only the nega-
tive pions. Their identification is related to the deviation
in the magnetic field and the ionisation degree [4-6,23,27-
33]. Participants and a few neutral particles which decay
in the streamer chamber can be identified, too, after scan-
ning, measure, geometrical reconstruction, kinematic fit
and physical interpretation [4-6,35-38,58-60]. To obtain
more experimental information for some interesting dy-
namic aspects an identification method for the charged
particles stopped in the streamer chamber of the SKM
200 Spectrometer has been proposed [5,6,58].

The corrections on the experimental values of different
interesting physical quantities — especially negative pion
multiplicity and momentum — have been made according
the papers [28,29,5,6].

5 Experimental results and discussion

Because different physical phenomena in hot and dense
nuclear matter affect and modify the momentum spectra
of the negative pions [1-3,5,6,11,14-17,33,61-64] we made
some cuts. The most important is the cut in momentum.
We considered only the negative pions with momentum
higher than 50 MeV/c. Therefore, the possible contribu-
tion of the negative leptons — especially muons — is re-
jected.

The stopping of the projectile nucleus in the target nu-
cleus is almost complete at this energy [39]. The observed
experimental values of the different physical quantities re-
flect the collision geometry and take into account the ab-
sorption in the spectator region for this energy [4,5,61,
65,66].

In the performed analysis the negative pion component
obtained in four peripheral (inelastic) collisions — He-Li,
He-Al, He-Cu and He-Pb — is used. For these collisions
we observed a significant hydrodynamic behavior [18-24].
This behavior has been evidenced using the global analy-
sis. Different behaviors of the flow ratios, flow angles and
thrust angles in central and peripheral nucleus-nucleus
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Table 1. The experimental values of different interesting physical quantities obtained in inelastic and central He- A collisions

at 4.5 A GeV/c

in

Ap — Ar  0in[mb] n'r P pFMeV/c]  Tin[MeV]  Ocen[mb] PFE™ pf[MeV/c]  Teen[MeV]
He-Li 327420 1024006 40+1.0 2414+3 69.0+20 120+12 56+06  198+3  98.6+ 2.4
He-Al 720430 1.7240.12 8141.1  229+4  77.0+25 296423 11.84+1.7 18 +5 1058 +5.0
He-Cu 1150 £50 2.15 +0.10 12.54+1.1 227+ 6  78.0 £4.0 663 £50 18.0+1.1 186 +6  107.6 +4.9
He-Pb 24004170 2.23 4£0.08 24.9 425 204+ 4  94.0 £3.0 1840 £160 37.1 426 167 +£4  123.6 +3.7

collisions at 4.5 A GeV/c have been observed [18-24]. For
example, the flow ratio in central collisions decreases in
comparisons with its value in peripheral collisions. The
number of participants per event or per collisions has a
influence on the hydrodynamic flow, too. For a given col-
lision the distribution of the flow angle on the participant
number is a constant, and the distribution of the flow ra-
tio shows a significant decrease with the increase of the
number of participants. For a certain value of the num-
ber of participants per event — 20 for many asymmetric
collisions — the distribution of the number of participants
is constant, in the limit of experimental errors [24]. The
thrust angle decreases with the increase of the asymme-
try between the two colliding nuclei [23]. All experimental
results confirm the important role of the collision geom-
etry and, as a consequence, of the participants in these
collisions [4-6,18-24,36,60]. The number of participants in
these collisions can be established using the following re-
lation [4-6,36,60]:

P =mncp, —2n,- — (ng + n;" + n;% + Np<pp) (18)

with ng the number of particles with momenta p >3.5
GeV/c generated in the angular range according to the
triggering mode, T'(0.p, 0,,), of the streamer chamber (spec-
tators of the projectile nucleus), n” the number of positive
charged fragments, with high ionization, which have the
length of the track chord smaller than a value r, n}, the
number of positive charged fragments, with high ioniza-
tion, having the length of the track chord between the
value r and the value R, with r < R, np<p, the number
of the positive charged fragments, with high ionization,
which come out from the chamber and have the momenta
smaller than the Fermi momentum, pr. The quantities 7,
R and pr depend on the kinematic conditions, the techni-
cal performances of the spectrometer and of the measuring
devices. For these collisions the values of these quantities
are: 7=9.24 cm, R=12.58 cm and pp=240 MeV /c.

The choice of the sphericity as variable is related to the
fact that this quantity reflects the form of the events, and
new information on the particle production mechanism
can be obtained in the hypothesis that the event topology
reflect the collision dynamics. Using the eq.(2) and the
ordered eigenvalues of the tensor from the equation (3) —
A1 > A2 > A3 — we can obtain an ellipsoid with axes given
by eigenvalues. The direction of the axe associated with
the greatest eigenvalue A; is the “flow direction”, namely
the direction for which the sum of the transverse momenta
is minimized. If S tends to 0 the ellipsoid tends to a line,
and if S = 1 then the ellipsoid becomes a sphere.

With this variable and the previously presented non-
hierarchic method we analyzed different He- A7 inelastic
collisions at 4.5 GeV/c. The variables defined in subsec-
tions IT and IIT allow to classify the negative pions con-
tained in each event in two and three nuclear matter jets
arising longitudinally (“longitudinal jets”) or transversally
(“transverse jets”), in forward, respectively, backward di-
rections. Each negative pion jet was associated with the
total cumulative number. In this mode the possibility that
the jet configuration could be a consequence of a collision
with a multi-nucleonic target (flucton) can be investigated
[1,40].

The inelastic cross sections for He-Ar collisions at 4.5
A GeV/c are included in Table 1 [5,6,58]. In this table
are included, too, other interesting physical quantities —
multiplicity, participant nucleons, transverse momentum,
temperature — for inelastic and central collisions at the
same energy [4-6,32,34-39,58-60,67]. Significant increases
of the experimental values for all quantities in central col-
lisions in comparison with inelastic (peripheral) collisions
are observed. It is important to stress here the different
dependence of the temperature on the participant for cen-
tral and peripheral collisions, namely: linear — for central
collisions, respectively, like-saturation, for peripheral colli-
sions [67]. This behavior is in agreement with the observed
behavior in hydrodynamic flow, mentioned previously.

The main experimental results on sphericity tensor and
nuclear matter jets are the following.

In He-Li inelastic collisions 4026 events have been an-
alyzed. In this collision the main experimental results are
the following: average selected charged particles multiplic-
ity < mep, >= 5.7 £ 0.2, average negative particle mul-
tiplicity < n_ >= 1.87 4+ 0.04, average number of par-
ticipant protons < P >= 2.0 + 0.5, average number of
participant nucleons < Py >= 4.0 £ 1.0, inelastic cross
section g;, = 327+ 20 mb, average transverse momentum
< pr >= 241 + 3 MeV/c, average rapidity in center of
mass system <y > = -1.20 [15-20,22 58].

From the 4026 events only 2336 events have been cho-
sen, because they respect the condition imposed for mul-
tiplicity, namely: n >4. In the chosen events the charged
particle multiplicities are between 4 and 14. For each event
the tensor given in the (2) has been constructed and the
sphericity per event has been calculated. A selection af-
ter the charged particle multiplicity per event has been
made. In Fig. 4.a-d. the sphericity distributions in events
with nep, = 4, nep = 6, nep, = 8 and nep > 9 are presented.
The average values of the sphericity in these cases are the
following: < S(4) >= 0.158 +0.007, < S(6) >= 0.223 +
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Fig. 4. The sphericity distributions in He-Li collisions
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0.09, < S(8) >= 0.242 £ 0.008, respectively, < S((9) >
= 0.273 £ 0.011. Such a behavior of the sphericity can
suggest a multi-jet structure. For the events with small
charged particle multiplicities, a simple superposition of
independent nucleon-nucleon collisions can be supposed.
For events with higher charged particle multiplicities one
can suppose complex particle production mechanisms, with
small probabilities. A cumulative production mechanism
can be taken into account [1,5,6,35,40].

It is important to stress that the momentum distri-
bution of the quark-antiquark pair must be similar with
the emitted hadrons momentum distribution. In this case,
in the absence of the correlations between non-consecutive
hadrons the following relationship between average spheric-
ity for a given charged particle multiplicity and the corre-
sponding charged particle multiplicity can be written:

< S >n.,= nen/a) —1/(exp(a/ney) — 1) (19)

where « is a constant. For n.,/a < 1 the relation (19)
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at 4.5 A GeV/c in events with: a ne, = 4; b nep, = 6; € nep, = 8§;

can be written as:

<S >nch,: nch/a (20)

In Fig. 5 the distribution of the average sphericity
versus the charged particle multiplicity is presented. For
nep, > 10 the behavior of the dependence changes signif-
icantly. This behavior suggests different particle produc-
tion mechanisms [1-15]. The linear fit with (20) is included
in the figure.

An important problem is that of the number of events
with two or more nuclear jets. From the 2336 selected
events 1433 events have 2 jets, and 903 events have 3 jets.
The number of events with 4 jets is 0.

The behavior of the average sphericity for a given
charged particle multiplicity on the corresponding charged
particle multiplicity suggests the possibility of some cu-
mulative mechanisms in the charged particle production
[1,19-24,40]. An analysis for cumulative number [19,21]
has been made for the events with 2 and 3 jets.
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Fig. 5. The dependence of the average sphericity on the
charged particle multiplicities in He-Li inelastic collisions at
45 A GeV/ce

In the 2 jets events the average cumulative number of
the particle from the forward jet is < Q2 >= 1.30£0.21,
and the average cumulative number of the particle from
the backward jet is < Q9 >= 9.09 £ 0.99. The average
cumulative number for all events with 2 jets is < Qo >=
10.40£1.21. These values of the average cumulative num-
bers are related to the collision kinematics and they are
correlated with the jet angles, namely: @25 = 47.3° £2.1°,
respectively, @op, = 53.1° £ 2.7°, with @o5 < Py,

For 3 jets events the average cumulative numbers in
the three types of jets — forward (f), backward (b) and
transverse (t) — have the following values: < Q35 >=
1.054+0.19, < Q3p >= 9.47+1.13, respectively, < Q3; >=
3.20 £ 0.72. In this case the average cumulative number
for all events with 3 jets is < Q3 >= 13.72 £+ 1.35.

Comparing the values of the average cumulative num-
bers for all events with 2, respectively, 3 jets we can ob-
serve that < Q37 >>< Q2r > and the fact that < Qz5 >
+ < Q3p >=< Qor > the contribution of the transverse
jet in the 3 jets events being evident.

In the three jets events, in He-Li inelastic collisions,
the average opening angles are the following: (i) forward
jet: < @3y >= 41.9° £+ 2.5%; (ii) backward jet: < Pgp, >=
44.7° 4+ 2.6°; (iii) transverse jet: < @3 >= 37.4° + 2.5°.

It is interesting to analyze correlations between two
physical quantities characterizing the events, such as jet
angle and multiplicity, jet angle and cumulative number,
transverse momentum and cumulative number etc. For
example, if we suppose a linear dependence between the
average opening angle and the average cumulative num-
ber for the three jets — forward, backward and transverse
— the correlation coefficient, r, has the following values:
rgy = 0.143,7r3, = 0.179,73, = 0.127. A very weak corre-
lation between the two quantities can be observed.

Other three collisions — He-Al, He-Cu and He-Pb —
have been analyzed for the same dependencies. Similar
behaviors for the sphericity distributions in events with
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Fig. 6. The dependence of the average sphericity on the
charged particle multiplicities in He-Al inelastic collisions at
4.5 A GeV/c

a given charged particle multiplicity and for the average
sphericity for a given charged particle can be observed
(Figs.6-8.). If we use an other kind of linear fit (y(z) =
a + bx) to the experimental data then a negative slope
is obtained in two of the three collisions. If one uses an
exponential growth function for fitting, then the average
sphericity in all three collisions can be described with the
same function y(x) = a+b-e“*. The fits with this function
and the values for a, b and ¢ parameters are included in
Figs. 9-12.

In He-Pb collisions from the 1048 events 1004 events
have n., > 4. From these 1004 events 322 events have
three jets. The average cumulative numbers in the three
types of jets are the following: < Q35 >= 1.38 £ 0.16,
< Qs3p >= 13.77£2.18, respectively, < Q3; >= 2.43+0.35.
Comparing these values with those for He-Li inelastic col-
lisions at the same energy we observe that only the av-
erage cumulative number for backward jet increases sig-
nificantly. This behavior can be related to the increase
of the participants in He-Pb inelastic collisions, as well
as on the preferential emission of the cumulative nega-
tive pions in the backward side [35,40]. The average num-
ber of participant protons, respectively, the average num-
ber of participant nucleons in O-Pb inelastic collisions at
45 A GeV/c are: < P >pgepp= 7.9 £ 1.2, respectively,
< Pn >pgepp= 25.0 £ 2.5 [4-6,32,36,60]. The inelastic
cross section is much higher, too, and average transverse
momentum is smaller, namely: oZ¢F® = 2400 4 170 mb,
respectively, < pr >gepp= 204 + 4 MeV /c [4-6,58,60,67].

The average opening angles of the three jets are:
< $35(HePb) >=53.8° £ 1.7°, < $g(HePb) >=54.7° =
1.8°, < P5.(HePb) >= 45.3° £+ 2.4°. In this case we can
observe the trend of the forward and backward jets to have
the same opening angle. The average opening angle of the
transverse jet remains smaller than the average opening
angles of the two jets, but is higher than the correspond-
ing angle for He-Li inelastic collisions at the same energy.
An increase of the thermalization degree can be expected
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Fig. 7. The dependence of the average sphericity on the
charged particle multiplicities in He-Cu inelastic collisions at
45 A GeV/ce
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Fig. 8. The dependence of the average sphericity on the
charged particle multiplicities in He-Pb inelastic collisions at
45 A GeV/c

[4-6,36,59,67] and, as a consequence, an increase of the
opening angle.

The correlation coefficients for a linear dependence of
the opening angle on the cumulative number for the three
jets are the following: rgpepb = 0.148, riePb = 0.253 and
riePb — (0.141. Comparing with the experimental results
for He-Li inelastic collisions we observe the increase of the
correlation coefficients for backward and transverse jets.
This behavior can be related to the cumulative numbers
behaviors, as well as on the collision geometry and col-
lision symmetry. Also, this result can be related to the
sideward splash observed in the same collisions in a flow
tensor analysis of the hydrodynamic behavior [20,22,24].

These behaviors are present in the three mentioned
inelastic collisions. The values of the interesting physical
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Fig. 9. The dependence of the average sphericity on the
charged particle multiplicities in He-Li inelastic collisions at
4.5 A GeV/c — fit with linear and exponential function
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Fig. 10. The dependence of the average sphericity on the

charged particle multiplicities in He-Al inelastic collisions at
4.5 A GeV/c — fit with linear and exponential function

quantities increase with the mass number of the target
nucleus.

To obtain more information we calculate the average
total momentum for the events from each type of jet, as
well as the transverse momentum. In He-Pb inelastic col-
lisions the average values of the total momenta — consid-
ered as the sum of the total momenta for all particles
from the jet — are the following: < ps;(He — Pb) >=
6.874 + 0.741GeV /¢, < psp(He — Pb) >= 4.041 £ 0.357
GeV/c and < ps(He — Pb) >= 4.275 + 0.456 GeV/c.
Supposing a linear dependence between the opening angle
and the average total momentum in each jet we obtain
small values of the correlation coefficients for forward and
backward jets (0.127, respectively, 0.139), while for the
transverse jet the correlation coefficient is near 0.

The Table 2 contains a comparison between the exper-
imental values of the percentage of jets established by the
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Fig. 11. The dependence of the average sphericity on the

charged particle multiplicities in He-Cu inelastic collisions at
4.5 A GeV/c - fit with linear and exponential function
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Fig. 12. The dependence of the average sphericity on the

charged particle multiplicities in He-Pb inelastic collisions at
4.5 A GeV/c - fit with linear and exponential function

Table 2. Comparison between the experimental and the
Monte Carlo evaluation values for the percentage of the jet
events in He-Pb collisions at 4.5 A GeV/c

Number of jets per event Peap P
1 jet 0.25640.030 0.01240.001
2 jets 0.145+0.040 0.0454+0.003
3 jets 0.08040.007 0.03040.001

method described previously and the Monte Carlo eval-
uation of the jet numbers in He-Pb peripheral collisions
at 4.5 A GeV/c. In the Monte Carlo evaluation the thrust
values were constructed using the experimental multiplici-
ties and experimental momenta for each event. The Carte-
sian components of the momentum for each particle has
been calculated using a random number generator. The

percentage R’¢i" has been calculated as the ratio between
the number of events with 7' > 0.9 and the number of
the events randomly constructed. The differences over the
limit of the experimental errors are obviously for the three
situations considered.

These results confirm the fact that the hydrodynamic
behavior of the nuclear matter formed in nucleus-nucleus
collisions at 4.5 A GeV/c — including the nuclear matter
jets structure — is a physical effect, not a statistical effect
(fluctuations).

Finally, we can say that there are some jets of nu-
clear matter in nucleus-nucleus collisions. The origin of
these nuclear jets is different, especially for transverse jets
[18-24,40,66,68-71]. For our case, to the transverse jet an
important contribution is related to the cumulative gen-
eration of particles. It is evident that the nuclear matter
jets can be related on different mechanisms [40,60-71]. The
collision geometry has an important influence on the jet
structure and jet properties, too [4-6,66,70,71]. For exam-
ple, the transverse jet can be originated in a local equilib-
rium process, like the hydrodynamic flow, but, also, in a
non-equilibrium process, like the cumulative generation. It
is important to study more collisions, at different energies
to obtain more and more information on the dynamics of
the nuclear co llisions at a few GeV/A. In this case the
contributions of different effects — non-stopping of the in-
cident nucleus in the target nucleus, equilibrium processes
and non-equilibrium process — can be separated.

The authors wish to thank to the members of the SKM 200
Collaboration for the common work in the obtaining of the
experimental data.

References

A.M.Baldin — Prog.Part.Nucl.Phys.IV (1981) 95
S.Nagamyia — Prog.Part.Nucl.Phys. XV (1985) 363
R.Stock — Phys.Rep. 135 (1986) 259

C.Besliu, Al.Jipa — Rev.Roum.Phys. 33 (1988) 409
Al.Jipa — Ph.D.Thesis, University of Bucharest, Faculty of
Physics, 1989

C.Besliu, Al.Jipa — Rom.J.Phys. 37 (1992) 1011
K.K.Gudima, V.D.Toneev — Yad.Fiz. 27 (1978) 658, 31
(1980) 1455

8. Z.Fraenkel — Nucl.Phys. A374 (1982) 475

9. J.Cugnon, J.Van der Meulen — Proceedings of the Winter
College on Fundamental Physics, ICTP Trieste, 1984, Sci-
entific Publishing Company, Singapore 1985, vol.IlI, pages
1372

Cup W=

N

10. J.Gosset, H.H.Gutbrod, W.G.Meyer, A.M.Poskanzer,
A.Sandoval, R.Stock, G.D.Westfall — Phys.Rev. C16
(1977) 629

11. S.Das Gupta, A.Z.Mekjian — Phys.Rep. 72 (1982) 131

12. H.H.Tang, C.Y.Wong — Phys.Rev. C21 (1980) 1846

13. J.J.Molitoris, D.Hahn, H.Stocker — Prog.Part.Nucl.Phys.
XV (1985) 239

14. H.Stocker, W.Greiner — Phys.Rep. 137 (1986) 277

15. B.Schiirmann, W.Zwermann, R.Malfliet — Phys.Rep. 147
(1987) 1



16.
17.
18.

19.

20.

21.

22.

23.

24.

25.
26.
27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.

39.

40.

41.

42.
43.

C. Besliu et al.: Jets of nuclear matter in He-Ar inelastic collisions at 4.5 A GeV/c 75

V.A.Berezin — Int.J.Mod.Phys. A2 (1987) 1591
G.F.Bertsch, S.DasGupta — Phys.Rep. 160 (1988) 189
C.Begsliu et al — National Physics Conference — Paper Ab-
stracts, Constanta, 13-15.X.1993, page 2

C.Begsliu et al — National Physics Conference — Paper Ab-
stracts, Sibiu, 21-24.1X.1994, page 2

C.Begliu et al — International Conference on High Energy
Physics, Glasgow (Scotland), 20-27 July 1994, Gls-0773,
page 1440

C.Begliu et al — EPS Conference on High Energy Physics,
Brussels, 27 July 1995 — 7 August 1995, EPS-HEP Ab-
stracts — 0511

C.Begliu, Al.Jipa, R.Zaharia — Paper Abstracts of
the National Physics Conference, Baia Mare, 30.XI-
2.X11.1995,page 7

C.Begliu, Al.Jipa, C.Rusu, R.Zaharia — Rom.Rep.Phys.
48(5,6) (1996) 69

C.Begliu et al — Proceedings of the International Sym-
posium on Large Scale Colective Motion of Atomic Nu-
clei, Brolo, Italy, 15-19.X.1996, World Scientific, Singa-
pore, 1997 — in press

J.Kapusta, D.Strottman — Phys.Lett. B110 (1983) 181
H.Stocker et al — Phys.Rev. C4 (1982) 1873
A.U.Abdurakhimov et al — Preprint JINR Dubna 13-10692
(1977)

V.D.Aksinenko et al — Nucl.Phys. A348 (1980) 518
A.U.Abdurakhimov et al — Nucl.Phys. A362 (1981) 376
M.Kh.Anikina et al — Z.Phys. C9 (1981) 105
M.Kh.Anikina et al — Phys.Rev.Lett. 50 (1983) 1971
C.Begliu et al — Prog.Part.Nucl.Phys. XV (1985) 353
M.K.Anikina et al — Phys.Rev. C33 (1986) 895

C.Besliu et al — Rev.Roum.Phys. 32 (1987) 651

C.Besliu et al — Prog.Part.Nucl.Phys. XX (1988) 243
C.Begliu, Al.Jipa — Il Nuovo Cimento A106 (1993) 317
Elena Al-Baaj, S.Al-Baaj, C.Besliu, Al.Jipa — Il Nuovo Ci-
mento A107 (1994) 1611

C.Besgliu,  Al.Bragadireanu, Al.Jipa, D.Argintaru,
Cr.Argintaru - Balkan Physics Letters 3 (1995) 236

Al Jipa, C.Begliu, R.Zaharia, Aretina David — J.Phys.G:
Part.Nucl.Phys. 22 (1996) 221

C.Besgliu, Al.Jipa, R.Zaharia, Maria Iosif, D.Argintaru,
Cristina Argintaru — accepted for publication in
Rom.Rep.Phys. 49 (1997)

A .M.Moiseev — Phys.Part.Nucl. 25 (1994) 496

R.D.Field, R.Feynman — Phys.Rev. D15 (1977) 259
B.Andersson et al — Phys.Rep. 97 (1983) 31

44.

45.

46.
47.

48.
49.

50.
51.
52.
53.
54.
55.
56.
57.
58.

59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

69.
70.

71.

D.Perkins — Introduction to High Energy Physics —
Addison-Wesley Publishing Company, London, Amster-
dam, Don Mills (Ontario), Sydney, Tokyo, 1982
I.J.R.Aitchison, A.J.Hey — Gauge Theories in Particle
Physics, IOP Publishing Ltd., Adam Hilger, Bristol and
Philadelphia, 1989

J.B.Babcock, R.E.Cutkosky — Nucl.Phys. B201 (1982) 527
J.B.Berge et al — Nucl.Phys. B184 (1981) 13; Nucl. Phys.
B203 (1982) 1; Nucl. Phys. B203 (1982) 16
J.D.Bjoorken, S.J.Brodsky — Phys.Rev. D1 (1970) 1416
S.P.Ratti, G.Introzzi, E.R.Nakamura — XV-th Symposium
on Multiparticle Dynamics, Stockholm, Sweden, 1984
H.Georgi, M.Machacek — Phys.Rev.Lett. 39 (1977) 1237
E.Farhi — Phys.Rev.Lett. 39 (1977) 1587

S.Brandt, H.D.Dahmen — Z.Phys. C1 (1979) 61

G.C.Fox, S.Wolfram — Phys.Rev.Lett. 41 (1978) 1581
A.M.Baldin et al — Yad.Fiz. 41 (1985) 995

A.M.Baldin et al — Yad.Fiz. 48 (1988) 841
R.K.Dementiev et al — Il Nuovo Cimento A75 (1983) 296

K.van Lanius — Preprint DESY 80/36 (1980)
AlJipa — Analele Universitatii Bucuresti — Fizica
(Bucharest University Annals — Physics) XL-XLI (1991-

1992) 41

Al.Jipa — Turkish Journal of Physics 19 (1995) 846
Al.Jipa — Il Nuovo Cimento A108 (1995) 1271

J.Gosset et al — Phys.Rev.Lett. 62 (1989) 1251

V.Metag — International School on Heavy Ion Physics
“Probing the Nuclear Paradigm”, Erice, Italy, 6-16.X.1993
S.Teis, W.Cassing, M.Effenberger, A.Hombach, U.Mosel,
Gy.Wolf - Z.Phys. A356 (1996) 421

D.Pelte et al (FOPI Collaboration) — Z.Phys. A357 (1997)
215

Al.Jipa, R.Zaharia — National Physics Conference — Paper
Abstracts, Constanta, 13-15.X.1993, page 3

Al.Jipa et al — work accepted for The VIII International
Conference on Nuclear Reaction Mechanisms, Varenna, 14-
20.VI.1997

AlJipa — J.Phys.G: Nucl.Part.Phys. 22 (1996) 231
F.Grassi, Y.Hama, T.Kodama — Z.Phys. C73 (1996) 153
D.Brill et al — Z.Phys. A357 (1997) 207

C.Besliu et al — EPS Conference on High Energy Physics,
Jerusalem, Israel, 19-26.VIII.1997, Abstract reference
number 057

Al.Jipa et al — EPS Conference on High Energy Physics,
Jerusalem, Israel, 19-26.VIII.1997, Abstract reference
number 056



