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CLUSTER AND SINGLE-PARTICLE DISTRIBUTIONS
IN NUCLEUS-NUCLEUS INTERACTIONS

B.A.Kulakov, J Karachuk

Relativistic nuclear reactions, ©~ — C (Ppeam = 40 GeVic), Mg — Mg Ppeam = 4.5 A GeV/e),
and C - C (p,,,, =42 A GeV/c), are compared by using Lorentz-invariant variables by.

These variables are used to compare and classify nuclear reactions of various types in a wide
range of energies. Different algorithms of clusters separation in the four-velocity space are
compared. Experimental distributions are analysed by means of invariant variables in the space
to understand the difference of behaviour of particles and clusters for these reactions. Universal
properties of hadron clusters are presented.

The investigation has been performed at the Laboratory of High Energies, JINR.

KnacrepHble n onHO4acTHYHBIE pacnpeenreHus
B AAPO-J€PHBIX B3aHMOJACHCTBHAX

Eb.A.Kynaxos, FO.Kapauyx

IlpoBeneHo cpasHeHMe pPeNsSTHBHCTCKHX SEpHbIX peakiii & — C (Pnyqox =40 I'’B/c),
Mg - Mg Prysox =45 A TeBlc) n C - C @ryox
MHBADHAHTHBIX MEPEMEHHBIX b, . DTH MepeMeHHbE HCMOIb3YIOTCS 1A CpPABHEHMS M

=42 A TeB/c) ¢ nomowsw nopeHu-

KI1acCHUKALNN SZEPHBIX PeaKUHil PARTHUHBIX THIIOB B IIHPOKOM RHana3oHe sxepruii. [Ipose-

ACHO CpABHEHUE DASHBIX AIFOPHTMOB PA3ACNCHHS KIIACTEPOB B NPOCTPAHCTBE YETHIPEXMEPHBIX

CKOPOCTER. DKCNIepHMEHTATBHBIE pacTIpeeneHus Gbuin NPOAHATH3UPOBAHB! C TOMOILLIO HHBA-

PHAHTHBIX NIEPEMEHHBIX B 3TOM NMPOCTPAHCTBE 14 BLIACHEHHS PAa3HUIIBI B OBEXSHMH YacTHIL H

KJaCTepoB B STHX peakuuax. [Ipencrasiensl yHuBepcaibHble CBOHCTBA ATPOHHBIX KJIaCTepOB.
Pa6ota BrmonHena B JlaGopaTopu BLICOKHX anepruil OUSIH.

1. Introduction

In [1—2] various hadron-hadron and hadron-nucleus reactions were analysed and it
was proved that some properties of the hadron clusters do not depend either on the colliding
objects, or on the incident momentum. In this paper we try to extend these investigations
to nucleus-nucleus interactions at P, = 4 momentum.

The method used in this article is based on the possibility of describing any nuclear
reaction in the four-velocity space [1—2].
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Every particle { is characterized by the vector

ey

2

A
i we have uf = 1. The distance

which indicates its position in this space. As E? - pi2 =m
between two points in this space is called a relative invariant velocity and is defined as
follows

A A2 AN
b‘.k = _(“i - "k) = 2(uiuk - 1. 2)

These Lorentz-invariant variables can be used to classify the nuclear processes [1—2]:
» For bik << | the hadrons can be treated as quasi-particles of nuclear matter;
« For b,~ | the hadrons lose their individuality and the quark degrees of freedom
become important;

+ For b, >> 1 the hadrons should be considered as quark-gluon systems.

The invariant variables in the four-velocity space can be used to formulate in a simple way
such general laws as the correlation depletion principle [4] as well as to separate hadron
clusters by means of algorithms independent of the reference frame [1—3,5].

In this paper we shall use the single particles and clusters invariant distributions to
analyse different nuclear reactions:

e m —-Cat Ppeam = 40 GeV/c; 8791 events were registered in the propane bubble
chamber; both positive and negative pions were measured [8];

» C-Cap,,=42A GeV/c; 21439 events were obtained in the propane bubble
chamber: ©* and ®n~ mesons were measured [6];

* Mg-Mgatp, —=45AGeV/c; 14218 central interactions were registered in the
streamer chamber; only @ mesons were measured [7].

Pion clusters in n--C at p, =40 GeV/c were investigated in [1—2,8]. It was
shown that for this reaction the asymptotic regime corresponding to large b, values and

clear separation of clusters is reached. In this paper we shall compare those results with the
ones obtained for Mg — Mg and C — C reactions at p, ~4 A GeV/c. These reactions

correspond to the intermediate region b, ~ 1. This is why we think the comparative ana-

lysis would be very interesting.
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2. Single Particle Distributions
We define the scalars XiB and X’.T, which represent the part of the beam and target

four-momenta carried by the secondary particle i.
As in [1—2] we estimate them:

A A A A
PPy musur
XiB = e = — 3)

A A A A
r_PiPp  M#iup
P R “4)

where ;;B(QB), QT(QT) are the four-momenta (four-velocities) of the beam and the target.
These variables enable us to separate the fragmentation regions of the colliding objects.
In Figures 2a, 2b and 2c we present XB — XT (XiB - XI.T) plots for pions in the reactions
Mg-Mg, C-Candn -C.

As one can see, for nucleus-nucleus collisions, the picture is similar irrespective of the
mass number A. For both Mg — Mg and C —~ C reactions the particles cannot be found close

to the axes, and the empty region gets larger when the XiB and XI.T values grow.

It is also seen that the difference between these ones and the m -nucleus reaction is

significant. In this case the pions are close to the axes and remain close when the XiB and

XiT values grow.
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We cannot say whether this happens due to the difference of incident impulses or
because of different projectiles.

It is interesting to compare the pion distributions around the primary objects for dif-
ferent reactions. The distances from the pion / to the target and to the beam are

bl = ~(u, - )’ = 2.4, — 1), )

b? = —(u, — up)* = 2ucuy - 1). (6)

i

. . . (¢} . .
The invariant cross section EiE can be expressed as a function of these variables

i
[1—2]. If we integrate over the solid angle, we obtain the following functions

dodQ.
1 2 1
Fb)) = - |5 - — 7
Q m oAb db; dQ,
—— b7
4 i
for the particles belonging to the target fragmentation region and
F(biB) =5 j 3 RBR.2 B \ ®)
S 4 m: (b5 db dQ,
—— 4B
4 i

for the beam region.
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Table 2a
Reaction Fit parameters Target fragmentation Beam fragmentation
Al 0.13£0.01 0.13£0.01
Mg — Mg n 2.67%0.05 2.51+0.04
at 4.5 Gevie A2 0.82 +0.03 0.75 % 0.02
n 1.15£0.03 1.12 +0.03
Table 2b
Reaction Fit parameters Target fragmentation Beam fragmentation
Al 0.32+0.03 0.08 £0.02
c—C 1 2.18+0.04 2.50+0.09
at 4.2 Gevie A2 0.2840.03 0.60 4 0.02
n 1.07+£0.09 1.36 £0.03
Table 2¢
Reaction Fit parameters Target fragmentation Beam fragmentation
Ay 0.010£0.001 0.005 +0.002
t 11.1£0.3 564
Az 0.145 £ 0.005 0.021 +0.001
n C
at 40 GeV/c 173 47%0.1 2712
A3 0.24+0.02 0.037 +0.004
3 1.02£0.09 5006

These functions can be described as a sum of exponentials

—X —X =X

Fy=Ae +A.e? +Aeh. )

Tables 2a, 2b and 2c¢ show the values obtained for the Ai and t coefficients as results
of fitting.

These results show again the similarity between the Mg — Mg and C - C nucleus-

nucleus reactions. For the i~ — C reaction the coefficients are different from the nucleus-
nucleus ones and in this case we can also see the difference between the fragmentation
regions-of the incident = and of the target.
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3. Clusters in the Four-Velocity Space

According to [1—3,5], a group of secondary particles, close to one another in this
space, will be called a cluster. The cluster a contains n, particles characterized by their

A
.. A . .
four-velocities u . The cluster axis Va 15
a

>

n
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34
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Vo= —pF—— (10)
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o
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Niss
- 1
i=1°
e d
We can write the distance between a cluster particle and its axis as follows
N A 2
ba_ka——(Va—uka) . (1)

The cluster width is represented by the mean value of this variable. The distance between
clusters is written as

_ A A 2
baB =—(V, - vﬁ) ) (12)

The clusters are clearly separated if the distance between them is larger than the sum of
their widths.

The first algorithm to create clusters used in this paper was proposed in [1—2].

This algorithm can be applyed if the number of secondary pions ns24.

All the n secondary particles are supposed to belong either to the beam or to the target
fragmentation regions, so they can be divided into two clusters: o and B, which contain
n, and ng particles respectively (n, + ng = n). From all the possible ways to divide these

particles one has chosen the variant leading to the minimization of the following functional

n n
a

A% = min -E(QG—Q )2-—2

:a=l IB=I

V. -2l (13)
B,

We shall take into consideration only those events which satisfy the conditions baB >b .,

where b ., is given and means the smallest value for the distance between the clusters
which are considered still clearly separated. For 1~ — C at 40 GeV/c we take bmin =10,
while for Mg — Mg at 4.5 A GeV/c and C — C at 4.2 A GeV/c, the parameter b . is equal
to 5.
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3.1. Pion Cluster Distributions. The clusters are considered as four-dimensional objects
and the same variables can be defined for them as for the particles.

Variables Xg and Xg for cluster o have the same meaning as for particle i (3—4).

A A AA
Py MV .u
) IR (14)
¢ PgPr Mmplgur
A A ANA
T _ fa'l:B _ Ma}\/a:‘B (15)
@ pgpp mpigup’

where Ma is the effective mass of cluster o.

In Figures 3.1a, 3.1b and 3.1c we present the XB — XT(XOI;“"" - X *8¢) plots for the

pion clusters separated by using the algorithm described above.

For n~ — C, the beam and target fragmentation regions are clearly separated from one
another. For nucleus-nucleus reactions the clusters cannot be found close to the axes, as in
the case of single-particle plots. For Mg — Mg one can observe concentrations of points
corresponding to the beam and target fragmentation regions; the separation is not distinct

as for © — C. For C — C the fragmentation regions are more difficult to observe because
the number of separated clusters is smaller.

sk ", Mg—Mg at 4.5 AGeV/c 18 : ' C—Cat4.2GeV/c

o3 oA RE B T 12 A Te i xB
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7 C at 40 GeV/c

Fig.3.1c

Considering the distance from cluster to the primary particles, bz and bﬁ, functions

F(b(:) and F(b(f) can be determoned in the same way as for the single particles (7,8),

dodQ
Fehy=1[2 1 o (16)
oM BT db’dQ
Q o ((1) T o o
4 --«-bol
FoB=1[Z 1 dcdg“. an
oM BB db%dQ
QMg A" 5 0By
3t

Tables 3.1a, 3.1b and 3.1c present the slopes for the pion clusters in the fragmentation
regions of the target and the projectile.

The difference between the hadron-nucleus and nucleus-nucleus reactions is significant,
as well as for single particles.

We also notice the difference between the nucleus-nucleus reactions Mg—Mg and
C - C. As we mentioned before, for C — C less clusters can be separated, because of lower
multiplicity. For Mg — Mg we have more particles in the final state as the streamer chamber
makes it possible to select central collisions.

3.2. Asymptotic Properties of Pion Clusters. In [1—2] it was shown that the cluster
width becomes constant ((b, ) = 4) for large enough values of the energy Vs; the asymptotic

regime is reached for i~ — C at Ppeam = 40 GeVie.
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Table 3.1a
Reaction Fit parameters Target fragm. Beam fragm.
Al 0.34+£0.09 0.12£0.08
Mg — Mg f 1.6£0.1 1.7+0.3
t 4.5 GeV/
afo belie Az 0.71%0.08 1.08 +0.07
n 0.610.1 0.72£0.06
Table 3.1b
Reaction Fit parameters Target fragm. Beam fragm.
c—C Al 0.90 £0.05 0.88£0.05
t 4.2 GeV/
o aee hevie n 1.05 +0.04 1.07 +0.03
Table 3.1¢
Reaction Fit parameters Target fragm. Beam fragm.
Ay 1.00 £0.08 0.10£0.01
C n 0.54 +0.05 11.1£0.3
at 40 GeVie A2 0.23+0.03 —
n 2.0x0.1 —

In Fig.3.2 we illustrate the dependence of the cluster width (bk) on the energy s for

different nuclear reactions.
As one can clearly see, the nucleus-nucleus reactions
~4 A GeV/c are localized in the pre-asymptotic region.

Mg—Mg and C—C at
Pbeam
3.3. Comparison of Different Algorithms. In paper [3] we have described a new cluster
finding algorithm:
The clusters are defined as groups of particles satisfying the following condition: for
every pair in the group the distance between two particles bik is smaller than the given value

bO‘ For all the reactions we have used 4.

The main difference between this algorithm and the previous one lies in the possibility
of getting any number of clusters. Besides, there are also particles which do not belong to
any cluster. It would be interesting to compare the clusters created by means of different
algorithms.

Tables 3.3a, 3.3b and 3.3c show the slopes of the invariant functions for the clusters
separated with the help of these two different algorithms. :
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A F ¢ C-C ot P=4.2 AGeV/c beam fragm.
a 45 3 V¥ C-C at P=4.2 A GeV/c target fragm.
v F O Mg—Mg at P=4.5 A GeV/c beam fragm.
4 F ® Mg—Mg at P=4.5 A GeV/c target fragm.
3.5 f— O = C at P=40 GeV/c beam fragm.
F B 7 C at P=40 GeV/c target fragm.
3 _:__ A p-p at P=205 GeV/c beam fragm.
25 F A p-—p at P=205 GeV/c target fragm.
2 ET % LUND at P=360 GeV/c beam fragm.
F * LUND at P=360 GeV/c target fragm.
L+ 5 2l el
Y 10 10
s'? (GeV)
Fig.3.2
Table 3.3a
Mg — Mg Target Target Beam Beam
at 4.5 GeV/c A1 b < bo A3 bt < bo
Ay C0.34£0.09 0.77£0.01 0.121+0.08 0.34 £0.01
n 1.6+0.1 1.32 £0.01 1.7£0.3 257+0.02
A 0.71 +0.08 — 1.08 £0.07 —
n 0.6+0.1 — 0.72£0.06 —
Table 3.3.b
c—-¢C Target Target Beam Beam
at 4.2 GeV/c A% bix < bo AL bi < by
A 0.90 £0.05 0.90 £0.02 0.88 £ 0.05 0.40+£0.01
n 1.05 £0.04 1.1 £0.01 1.07 £0.03 2.3110.03

For the n” ~ C reaction, the results do not significantly depend on the algorithm. For

the nucleus-nucleus reactions the coefficients are close for the target fragmentation region,

while they are different for the beam fragmentation region.
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Table 3.3¢
rc Target Target Beam Beam
at 40 GeVi/c 4 bix< bo A3 bix < bo

Ay 0.86 £0.11 1:3+£02 1.0 0.10£0.01
3! 0.69 +0.09 0.59+0.07 100103 8.6+0.5

Az 0.14 £0.06 0.09 £ 0.03 — —
©n 220+0.20 237+0.03 — —

4. Power Dependence of the ba[i Distribution

The relative invariant velocities b, can be used to describe any nuclear reaction. The

experimental results have shown that the secondary particles are emitted mainly in the
fragmentation regions of the primary particles, so, they can be separated into two inde-
pendent groups (clusters), & and B. According to the automodelity and correlation depletion
principles, the multiple production cross section can be expressed as follows [4]:

b_. b,.
Lo, % By e
W(blk )— bm W baia, baB 3 e W bB’B’ baB y ’ (18)
of

where bO!B is the distance between the clusters (12).

As the distance between clusters is large enough (baB> 10) this distribution is
described by a power function:

1 dN A
Nab =g (19)
(!B aB

Table 4, shows the values of the m parameter obtained for various reactions and dif-
ferent algorithms to separate clusters.

It is very interesting that the parameter m has almost the same value for different
reactions, irrespective of the algorithm used to separate the clusters.

Table 4
Apin bix < bo
Mg — Mg at 4.5 GeV/c 36+0.3 32%0.1
C—Cat4.2 GeV/c 39+0.1 35102
C at 40 GeV/e 3.0x0.1 29+02




56 Kulakov B.A., Karachuk J. Cluster and Single-Particle

5. Conclusions

A clear difference is seen between the hadron-nucleus and nucleus-nucleus reactions.
It could be illustrated by discrepancy of plots (Xl.B— X[.T) and invariant functions F(b’B),

F(biT) for © measons. This difference becomes more significant for clusters. However we

must stress the likeness of hadron-nucleus and nucleus-nucleus characteristics for power
dependance for baB distribution (parameter m) for both algorithms.

The analysis of cluster and single-particle characteristics, plots (X(f— XaT) and invariant
functions F(bg), F(bZ) shows:

For clusters, fragmentation regions are developed more weakly than for single-particle
ones. More strong variation of slopes is observed for different reactions in the case of
cluster distributions than for particles.

The invariant distributions of the clusters created by using different algorithms are
almost the same for the hadron-nucleus but different for the nucleus-nucleus reactions
(especially for the projectile fragmentation region).
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