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FOUR-DIMENS IONAL JETS AS UNIVERSAL CHARACTERISTICS
OF MULTIPLE PARTICLE PRODUCT ION

A.M.Baldin, B.V.Batiunja, I.M.Gramenitsky,
V.G.Grishin, L.A.Didenko, A.A.Kuznetsov,
2.V .Metreveli

A new definition of the jets as clusters in the
four-velocity space has been used to make an inva-
riant analysis of multiple particle production pro-
cesses in pp , pp , v ps n C ,pC and pTa collisions
at energies from 6 to 205 GeV. It has been observed
that the characteristics of four-dimensional jets
are universal, i.e., independent of neither the pro-
perties, nor the emergy of colliding particles for
P > 22 gev/e.

The investigation has been performed at the La-
boratory of High Energies, JINR.

YeTHpEXMEPHHE CTPYM - YHUBEpCaNbHLIE XapakTepuCTHKu
MHOXECTBEHHOIO POMAEHUR YacTuy

A.M.Banpus u gp.

Ha ocHoBe HOBOro onpepenesHusi CTPyil Xak KiaCTepoB’
B YeThPEXMEPHOM MNPOCTPAHCTBE CKOPOCTElH NpoBeleH HH-
BapHaHTHHI aHANMH3 MHOXECTBEHHLX HPOLECCOB NpH CTONK— .
HOBEeHWH Pp , mp , n~C,pTa,pC M pp B obracTH sHep-
ruit ot 6 po 205 I'sB. lNoxasaHo, 4TO XapaxTepHCTHKH
YeTHPEXMEpHHX CTpPyil YHHBepCanbHH, T.e. He 3aBHCAT
HH OT CBOHCTB CTANKHBAOMHXCA YAaCTHI,, HH OT JHEPTHU
cTonKHOBeHus ana Pp,q > 22 I'aB/c.

PaGora BmmnonHeHa B JlaGopaTOpHH BHCOKHX SHeprui
oufu.

The traditional analysis of the jet behaviour of se-
condary particles with the aid of variables "spherici-
ty", "trust" and others deals with relativistic noninva-
riant quantities and the jet characteristics depend not
only on the frame of reference, but also on the proper-
ties of colliding particles. A new method of describing
multiple particle production processes, which employs
only Lorentz invariant quantities, has been suggested
in papers devoted to the study of relativistic nuc-
*lear collisions.
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The aim of the present paper is to report results of
the analysis of jet production by the new method in va-
rious processes (Pp ,# p,7 C,pC,pTaand pp ) in a wide
energy range from 6 to 205 GeV. The main result of this
analysis is the discovery of the fact that the four-di-
mensional jets are universal.

In the invariant method of analysing multiple particle
production, the processes

1+H—o1+2+3+..; (1)

are considered in a space the points of which are the
four-velocities Ui = P; /mj or the four-moments P, of the
particles divided by their masses m; . The positive inva-
riant quantities having the meaning of the squared dis-
tances in this space

bik=“(ui—uk)2=2[(uiuk)—-1], (2)

where i,k = I, 1I,1,2,3,..., are basic variables descri-
bing the relative particle motion.

The idea of the introduction of the variables b;, con-
sists in that in the cross sections of the processes (1)
the following statistical regularity is realized: in de-
finite domains of these variables (see below) the by,
distributions monotonously and rather rapidly decrease
with increasing bjy . This fact reflects the quark funda-
mental property - asymptotic freedom, that is, vanishing
of interactions at small distances or at b, — «.We divide
the whole set of particles into groups: the first group
comprises m, particles; the second one,m, particles,and
consider the case when byg=-(% -V ) 2. e here V, is the
middle point in the group 2 Vgsthe one in the group B.
In other words,(uf V,) ~ (uPvg) ~ 1, but ? vg ) -
~ (uF Va) - (Vg Vg) —s=The set of m, particles is desc-
ribed in terms ofithe variables ib,; ,(uf N ), ¢; ! an
set oflnB particles in terms of the varia€1es{bﬁjiuj Na)¢ji-

Here
v v
N, = —=— and nﬂ=—__‘i_. (3)
(W,'Wg) -(W,-VB)

¢; and ¢; are azimuthal angles,(u?-Ng) and (ujB-Na ) at
(V- Vg)+ = transform to the light cone variables xf =
=u% -~ ya and x = ufy - uf’  respectively.

l8sin§zthis notation, it 1s possible to formulate the
correlation depletion principle as a general property of
the invariant distributions describing multiple particle
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production

Pl by G N ), mi byg o by BN ),
P by 1 e PP g P

ai * %1 *°°

This principle is analogous to the correlation depletion

principle suggested by Bogolubov in statistical physics.

According to our concepts, the jets are a particular case
of the factorization (4). We determine the jet axis as

a single four-vector V that is extracted from the condi-
tion of minimum of the quantity

Ekbk=—%(V—uk)2. ‘ | ’ (5)

The summation is performed over the particles belonging
to a separated group of particles. The quantity (5) is
minimal for
o
¢ Uk

V = ; (6) .

2.
\/(% “k)

As investigations in the field of relativistic nuclear
physics show, the transition of hadron interactions to
the quark-gluon level sets is rather early/g/: for

by > 5. (7

Hence, the jets were expected to be separated already for
(uy - V) ~ (up- V) ~3,5 and the width of the four-dimensional
jets to be equal to about the same value.

The study of jet production in soft hadron collisions
has shown that in these processes it is observed the pro-
duction of two jets, emitted in the forward and backward
hemispheres in the center-of-mass system, the characte-
ristics of which depend on the type of a fragment1ng sys-—
tem (quark or diquark) and the collision energy /3:4/ How-
ever, as is shown below, the difference in the jet cha-
racteristics is due to a relativistic noninvariant ap-
proach. In the present paper the selection of the partic-
les belonging to the jets is made by means of relativis-
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tic invariant variables *’

u

i = 14 Il
Ip = ml (@;- N;;) > (0.1 + 0.2), where Ny = )
: Gy -y )
or
x = u,

m,

1 -
my (“1 NI )Z 0.1=-02), where NI = (—u—l-.—u—n——) .
For the case of nuclear collisions the atomic mass unit
Mg = 931 MeV is substituted for my;. As the criterion of
the particle selection with respect to X, and x; becomes
more strict,we select such hadron jets that carry away an
ever-growing fraction of the four-momentum of primary
hadrons. The hadrons that cannot be attributed to one or
another jet are in the range Xp 2 0.2 and x; > 0.2. They
make up less than 1Z of the secondary particles and their
origin is due to hard processes. In the range x, > 0.1 and
X; 2 0.1 the fraction of such hadrons increases up to 23%.
Within the accuracy of the experimental data in question,
good characteristics of the fragmentation region for the
projectile are x, > 0.1 and x; < 0.1, and for the target
are x;, > 0.1 and x, < O.1.

The present study was performed on the basis of a set
of experimental data on hadron-hadron and hadron-nucleus
collisions of various types in an energy range from 6 to
205 GeV. Approximately 220 thousand events were analysed,
The data on 40 GeV/c # p and n~C collisions and 22.4 GeV/c
PP collisions were obtained with the aid of a 200 cm pro-
pane and a 200 cm hydrogen ("Liudmila") bubble chambers
irradiated by ,~ and p beams at the Serpukhov accelera-
tor, The data on 10 GeV p(c3H8) and pTa collisions were
obtained by irradiating the 200 cm propane bubble chamber
with Ta plates inside its working volume at the Synchro-
phasotron. The data on 205 GeV/c pp collisions and 5.7
and 12 GeV/c Pp collisions were obtained with the aid of
a 76 cm hydrogen chamber (FNAL) and a 81 cm and a 200 cm
hydrogen chambers SCERN/). The experimental details are
described in refs.”’®>~ 11/ pata summary tapes containing in-
formation about the kinematical parameters of events had

been used. :

* A more general method of jet separation is to find
correlated particle groups in the b,y - space 7t/ Gith corre-
lation radius <bj > -~ 1. This is especially important for
the separation of multi-jet events.
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Figure | gives the by distributions of 7~ mesons for
40 GeV/c m Ppand n C collisions and 205 GeV/c pp colli-
sions in the region of fragmentation of targets (p, C) for
Xy > 0.1 and 3,< 0.1 and projectiles (s~.p) for x, > 0.1
and x; <. 0.1, In figure 2 we give the same distributions
for 22.4 GeV/c Pp collisions and for 40 GeV/c » P and n C
collisions in the target fragmentation region at x; > 0.2
and Xp < 0.2.

In order to obtain the jet characteristics under iden-
tical experimental conditions in various processes iden-—
tified protons with P < 0.8 GeV/c were excluded from the
cons1derat10n, and the ones with P > 0.8 GeV/c were taken
to be 7+ mesons. In the target fragmentation region, be-
cause of an admixture of nonidentified protons which af-
fect the obtaining of .the jet axis, the <by> values for »~
mesons can be overestimated by about 10%Z.

It can be seen from the figures that in the cons1dered
energy range 227205 GeV/c the obtained distributions are
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Table 1

<by > values for =~ -mesons

Plab Fragmentation Type

region of collision <bg>
205 GeV/c X2 0.2 PP 5.0+0.4

x £.0.2 '

p

40 Gev/e x> 0.2 n='p 4.7+0.1

X, < 0.2 n=C 4.8+0.1
40 GeV/c x> 0.2 7P 5.0+0.1

7= C 5.0+0.1

XpiOl 7= C (x>1) 5.7+0.1
22.4 GeV/c PP 4.66+0.08
12 GeV/c x, 20.2 PP C 4.08+0.04
10 GeV/c xps 0.2 p(C3H8)+pTa 2,840.1
5.7 GeV/c PP 3.67+0.02

identical and independent of neither the type of a frag-
menting hadron (v, p, p, C), nor the energy. Table | gives
the average <b, (~)> values for pp, »~p and »~C colli-
sions in an energy range 5,7-205 GeV/c. Also they are
identical for P > 22.4 GeV/c.

These results imply that the fragmentation of quarks
and diquarks in the bjy variables has a universal cha-
racter and is independent of the energy in contrast to
the traditional noninvariant approach. From the same data
it follows that the carbon nucleus does not affect the
jet formation, which gives evidence of the fact that the
quark hadronization proceeds outside the nucleus.

A noticeable decrease of the <by (r~)> values at lower
energies (5.7 and 12 GeV) is likely due to a conside-
rable influence of the phase volume boundary and an im-
portant contribution of PP annihilation processes that
have a multijet character., ’

Of a special interest is the study of cumulative jets,
that is, the jets produced out of quarks which are
knocked out from the multiquark configurations arising
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" in the nuclei. Such events are formally given by

1
X = PR 3% .. .
%xl -~ %(Pl N;) >1 (9)

The summation is performed over all the pions entering
the jet (X§2A0.2,!P <.0.2). From the data obtained in
such a way (Table 1) it follows that the characteristics
of the cumulative jets are close to the ones which are
due to the fragmentation of ordinary hadronms.

A similar analysis of the b, distributions was also
made for the strange K} and A particles from collisions
of various types. The average <by (KJ )> and <by (A)> va-
lues for » p,nm C and pp collisions at P = 40 and 22.4 GeV/c
are presented in Table 2. In the considered energy range
the <bg > values for Kg and A particles, in just the
same way as for pions, are seen to be independent of
neither the type of a fragmenting system (P, p, 7, C ),
nor the primary collision energy. However, it should be
emphasized that the average <bg> values for strange par-
ticles are smaller than the ones for pions by about a fac-
tor of 3*4.

In conclusion, we have studied the single-particle
distributions of hadroms (7%, A , Kg ) in jets in the
four-velocity space. A total of 220 thousand events ob-
tained with the aid of various detectors and accelerators
in the incident particle momentum range from 6 to 205 GeV/c
-has been used to show that the four-dimensional jet cha-
racteristics have a universal character. They are inde- ,
pendent of neuther the type of fragmenting particles (775
P,p nuclei), nor the primary hadron momentum (for P >
> 22 GeV/c). The difference between the properties of
the universal four-dimensional jets and the jets obtained
by traditional methods has been found to be essential,

The independence of the jet characteristics of the frag-
menting system properties (especially for nuclear colli-
sions) gives evidence that the by distributions are due

to the vacuum properties, the QCD particular features at
large distances. The QCD interpretation of these distri-
butions can give new universal parameters of strong inter-
action theory.

We are pleased to thank the Collaboratioms of the
200 cm propane and the 200 cm hydrogen ("Liudmila") bubble
chambers for use of experimental material and useful dig-
cussions. The authors are also grateful to the CERN-Praha,
Amsterdam-Helsinki-Liverpool-Stockholm and Argonne-Mont-
real-Toronto Collaborations for use of their DST om 5.7
and 12 GeV/c PP and 205 GeV/c PP collisions.
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<byx > wvalues for'Kg mesons

Table 2

Plab Fragmentation Type
region of collision <by >
x,2.0.1 m~p 1.74+0.07
40 GeV/c X< 0.1 mC 1.7:0.1
X, 2 0.1 7P 1.48+0.08
x_<.0,1 nC 1.6+0.1
P —
22,4 GeV >0, -
eV/e  x¢20.2 op 1.52+0.06
X <0.2
p
<bg > values for A particles
Plab Fragmentation Type
region of collision <bg >
xpzAO.l n7p 1.8+0.1
x, < 0.1 7 C 1.540.2
40 GeV/c -
X, 2 0.1 7P 1.15+0,07
x,<.0.1 7 C 1.21+40.08
Xy 2 0.2 PP 0.94+0.05
22,4 GeV/c xps 0.2
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