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1. INTRODUCTION 

The asymptotic properties of highly excited nuclear matter 
(nucleon and hadron) have been studied by analysing the gene
ral characteristics of baryon clusters and hadron jets (res
p~ctively) produced in different hadron and nuclear interac
tions over an energy range from 4 to 205 GeV using a new rela
tivistic invari~nt approach to the description of these pro
cesses. 

Multiple particle production is the main proc€ss of rela
tivistic nuclear physics. 

In distinction to traditional approaches (e.g., inclusive, 
semi-inclusive and so on) to the description of multiple par
ticle production, the method employed by us makes it possible 
not only to more completely use experimental information but 
also to arder a complicated picture of relativistic nuclear 
processes and to distinctly classify nuclear interactions. 

I 
In the invariant method of analysing/ 1/ multiple particle 

production, the processes 

I +II -,. 1+2+3+••• ( I ) 

I are considered in a space the points of which are the 4-velo
c i t i.e su, = Pi Im i or the 4-momenta P i divided by the masses mj , 

íThe positive invariant quantities hav ng the meani.ng of the 
squared distance in this space 

b ik;::: - (ui - uk) 2 ;::: 2[(Ui Uk) - 11 , (2) 

where i,k = I,II,1,2,3, ... ,are basic variables describing the 
relative particle motion . 

. d /2/ duc í b blThe 1 ea . of'1ntro uC1ng t he var1a es cons1sts..1nik . 

that a statistical regularity is realized in the cross secti .J 
ons of processes (1): in definite domain~ of the b i k variab

i
 1es the bi k distributions decrease monotonously and rather ra

pidly with increasing b i k by analogy with a decrease of the
( 
interaction between objects i and k with increasing their reJ
 

( lative velocity (bik~oo). The existence of the asymptotic be

h~viour of the ~ross sections as a function of b i k results 
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f~om the generalization of experimental observations, and it 
can underly the formulation of the common properties of the 
cross sections of hadron and nucletr interactions, the corre
lation depletion principIe (CDP)/3 • , in the relative veloci
ty space by analogy with Bogolubov's principIe in statistical 
mechanics and the autamodelity principIe in mechanics of con
tinua. 

The b ik variables and thc prabnbility distributions (cross 
sections) depending on them are rcnlly mcnsured quantities: 

dO' 
W(••• , bll~ ••• ) = --  (3) 

nd b i k 

It is evideht that the know1edge of al1 b t k for a11 partic
les of a type (I) process contains fu11 information on this 
processo 

If the set of these experimenta11y determincd quontities' 
is separate~ into two groups 

{.•. b la and {... b d~ I 
, ik"" I , Jn' '.• ~ I , \ 

.1:" 
the CDP leads to that in the asyrnptotic 1imit, ",11on the b i k 
distances (intervals) between points i and k foram different 
groups tend to infinity, the probability distrihutions w,q~ d~
cay into factors. One of the factors descrihoA tho pnrticles 
from the group a and another from the group ~,i.c. 

~~ I b -. ~ ~. wf3. (4) 
a~ _. 00 

In other words, the distributions, describinR mtlltiple partic
le processes, are factorized in the 4-velocity opacc bik, i.e. 
they decay into factors relating to diffcrcnt Cltlstcrs in this 
space. 

The automodelity principIe using the bnn varinb1cs that 
assume asymptotically large va1ues ean ba forOtul1ltcd / 4 1 as 
the so-called intel~ediate asyrnptotics: 

. 1 b Bk
 
W(bafJ' ba kO b~ k •b i k' ••• ) -. b m W(b a k' ~' h tIl' • •• ). (5 )
 

a{3 afJ
 

where thé parameter m, charact~rizing the ve10city of tending 
W to zero, is found experimenta11y or predicted theoreiically. 

Joining the CDP and the automode1ity principIe, ~he proba
bility distributions Wa~ can be presented as 

2 
l li 

... 

a B a 1 ~ 
W ~W---W, (6)

b~~ 
awhere W and W~, independent of large b ik ~ ba ~, depend only

/ 2 1 on their ratio in the asyrnptotic limito According to , in 
our case the ratio of Large quantities (b ~k / ba & having a fi 
nite value at ba ~ -. can be written as follows:00 

(~) ~ (UBUk) 1.-. _ O = ~UkO - (UBUk) -. x k"= U kO - U k z ' (7) 
ba~ ( U Bu~) ua - U ~o 

Here x is the light front variable of particle k and the Z 
axis is directed along the line connecting the vectors of the 
average velocity of particles in the a and ~ groups. Accord

aing to their definition, W and W~ describe the systems of 
particles (isolated systems) which are independent of one ano
ther. 'Let Va be an average point of the system (group) of 
strongly interacting particles, u k the velocity of a k-th 
particle belonging to the system and ui the velocity of an 
i-th particle not belonging to the ~ystem. The system is cal
led "isolated" if a Tl ba i for a I I particles belonging t;o the 

asystem W are much smaller than ba k for alI particles which 
do not belong to the system: 

)' I. , 
- b o Ib ak » b a i 

where bo is a characteristic correlation len8th. According to 
the CDP, ~nte~actions and correlations between the particles 
belonging to the system and those not belonging to it are 
negligibly small. 

It should be stressed that expression (5) essentially gene
ralized'scale invariance of the cross sections relative to 
the transfo~mation of alI momenta P i -. ÀPi . It is apparent that 
the quanti ties b ik are scale-noninvariant, b ik -. À2 b ík » and 
their ratio is scale-invariant. The conventional principIe 
of scale invariance is formulated as the existence of simila
rity when the cross sections on1y depend on the ratio of large 
values, e.g. the energy variables (E!EV = x. The proposed 
automodelity principIe suggested the existence of scale non
invariance similarity parameters ba k along with x. The study 
of the similarity 'laws, which are not due to scale invariance, 
is one of the goals of the papers 15.7/, of the r epo r t , 

aThe quanti ty W (s í.mí l a r Ly , VI ~) is the func tion of not on
ly the variables bi k but a l so xk, ;e , it depends on the di-í 
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rection of the cut connecting the points.V and Vf3 . Thisa 
means that at any, as large as possible, ba~ the isolated 
system (cluster) decays anisotropically with respect to the 
indicated direction in its rest system .. Consequently, isotro
py in the cluster rest system is not the signature of an iso
lated cluster ("fireball"). The main signatures of an isola
ted system (cluster) are the CDP and the automodelity prin
cipIe. 

A lot of regularities observed in experiments of relativi
stic nuclear physics and high ene~gy hadron physics satisfy 
the general form of (6). 

The relativistic invariant definition of nuclear clusters 
and .hadron jets as a resul t of man,ifestation of different 
states of highly excited nuclear mattar in interactions bet
ween particles ancl nuelei is a sufficiently new npplication 
of tl1e ÇDP in the form of '(6) for the analysis of multiple 
partic~e pr.ocesses. 

One of the moat important conclusions of the paper devoted 
to the analysis of multiple particle production in the rela
tive 4-velocity space is the existence of two chnracteristic 
distances in it: b 1 ~ 0.01 (nuclear scale) and be'- 1 (quark 
sca Le.) , Two intermediate s sympto t i c regions, b 11t» h 1 811d b ik» 

»b2, should correspond to these values. In those regions the 
probability distributions W as a function of b 1k have to sati 
sfy the'properties of the general structura of to), i.e. tQey 

.must satisfy the automodelity and correlation depletion prin
cipies. 

In this connection, the clusters with relativo volocities 
o'f par t i c Les inside the cluster, 0.01 ~ 1, charnc te r í zebi k « 
highly excited nucleon matter (baryon clustcr production) and 
thc clusters with internaI relative velociticR,h 1k - 1, quark
gluon matter (jet production). The propertics of thesc diffe
rent 4-dimensional clusters should be describad hy formulae 
of the type (6) although they lie in variouB rCRionA nf the 
kinematical variables. 

The results of searching for the studying the properties 
of the 4-dimensional invariant baryon and hadron clusters are 
presented below. These d~ta, have been obtaincd by diffcrent 
authors and published in 15, • 

The data have been obtained with the aid of n 2m propane 
bubble chamber with Ta plates inside its fiducial volume expo
sed to beams of 4.2 and la GeV/c protons and 4.2 A GeV/c nuc
lei at'the Dubna synchrophasotron and to a beam of 40 GeV/c 
pions at the Serpukhov accelerator; with the help of a 2m hyd
rogen bubble chamber ("Ludmila") irradiated with a beam of 
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22.4 GeV/c antiprotons at the Serpukhov accelerator; with the 
76 cm (CERN), 81 cm and 2m (FNAL) hydrogen chambers exposed 
to 205 GeV/c protons and 5.7 and 12 GeV/c antiprotons, respec
tively, and a 15-foot bubble chamber, filled with a neon-hyd
rogeu mixture, irradiated with antineutrinos with a meart ener
gy	 of 35 GeV at FNAL. 

In the relativistic invariant approach the baryon clusters 
and hadron jets are considered as 4~dimensional clusters with 
relatively small values of b 1k in the relativ~ velocity spa
ce. 

The cluster or jet axis is determined as a single vector 

V = tUk/J(tUk)2 that is extracted irom the éondition of mi

nimum of the quantity 

2 bk == - 2 ( V - l\) 2 • 
k k 

Summation is performed over 
rate group of particles. 

Two clu~ters (a and (3)
quantity

I~ 

Ir , [1 v a 2 1A = [TIl n - - ~ (V - l1k) - 
n na a n f3 

(8) 

alI particles belonging to a sepa

are separated by minimizing the 

f3 2]"S (V (J - 11 k) 
IJ	 (9) 

representing the sum of the 4-velocities squared of secondary 
particles relative to the cluster centres. In this case the 
following condition is t~ken as a criterion of cluster sepa
ration: the distance between clusters a and f3 in the 4-veloci
ty space should be ba (3 ~ 1 for baryon clusters and b ~ t o af3for hadron jets. 

To determine the regions of cluster production, the xIcand 
xllc variables ar.e used. The 4-momentum fraction of colliding 
objects carried away by clustp.rs is characterized by these 
variables. They can be expressed as 

m~c(3) ~~ mc:..c(3 )andx I c =m I (\JI u xII c == mIlII) 

aHere m ({3) is the effective mass of cluster 
mass ofcan incident particle/nucleus and mIl 

(Vaefh uI) 
• (lO)(u 1UI!) 

a or f3, m the 
the target mass; 

for the nuc leus mil = mo ,wher-e mo = 931 MeV. 
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The cluster was assumed to be produced in the projectile 
fragmentation region f'o r xI c :> XIIc and in the target frag
mentation regio,n for xIIc > xrc 

1,00,8 
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0,2o 
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0,4 

1,0,---,-----,------,------,-------r-----, 
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o 0,2 Of' 0,0 1,0 

-IJ .....	 :XUc 
b a 

~ 

Fig. 1 ----- T-- I~ 
cc ,,,,t..t,, jI' 

Xlc 

Figures la,b,c illustrate
 
two-dimensional xIc and xIIc
 ... ..::.. .	 j

-:;:",:::'::1'.' ...diagrams for events from rr-p ,
 
cc interactions and those cal-o
 j~1~;;!t .'. ,",culated by the spherical phase '.:I~,("\,,•••••• ~~. 

! 

volume modelo One can see tbat 
real events from rr-p and CC ;'iiJ 'r1i);1" "":':::':;\ ';:i:",'.. " 

'.. \.: ~~~bl:;1rtllj.t.\I'I\("("""': ....
interactions in the projectile	 '"" '~~rl~.~ ~.,' I: ;.' . . . 

"!")'I'and target fragmentation regi
li' '~_. ~ 8 ons are separated (clusterized) L 4
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into two groups of particle~. ((',] c
 

In the case of simulated events c
 
such an effect is not observed.
 
The values of the xlc and XII c variables used to determine
 
the limits of the fragmentation regions are presented below.
 

In our analysis the distributions of particles from diffe
rent interactions have been studied by the following quantiti 
es: 11,) .b

k 
= -(V - Uk)2i s the distance of selected particles 

to the cluster centre; b ) bIc = -(uI - V).
2all 

t he distance bet
ween the cluster and the projectile; c) -(uIl - V)2 •. thebIlc = 

distance between the cluster and the target; d ) ba{3 = -(Va-V{3)~ 
the qistance between two clusters and so on. 
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2.	 STUDY OF THE FIRST INTERMEDIATE ASYMPTOTICS
 
IN THE REGION 0.01' « 1. UNlVERSALITY OF THE
b ik« 
PRO~ERTIES OF 4-DlMENSIONAL BARYON CLUSTERS IN 
RELATIVISTIC NUCLEAR INTERACTIONS OVER THE ENERGY 
RANGE 7 .< b .< 5' 70 -	 I II -

According to the classification of relativistic nuclear 
interactions adopted by us, the given re~ion is separated in
to two independent subregions: bik - 10- and O. 1 .< bik .< 1. 
The first of them (bi k - 10- 2) corresponds to the interaction 
of nuclei as weakly bound nucleon' systems. The proton-neutron 
model of the nucleus is valid in this region. The second re
gion (0.1 <b ik.< 1) is intermediate (tr ans í t Lonal.) . Except the 
nucleon degrees of freedom, the quark degrees of freedom lea
ding to the reconstruction of hadron systems being to manifest 
themselves in this region. 

2.1.	 Properties of Baryon Clusters in the Region
 
10- 2
bik 

To study the properties of baryon clusters in the region 
- 10- 2, where we deal with classical nuclear physics, nonb ik 

interacting (spectator) protons from the target-nucleus and 
the projectile (for an exposure to carbon), p~oduced in hadron
nucleus (pC, pTa at 4.2 and 10 GeV/c and rr-C at 40 GeV/c) and 
nucleus-nucleus (CTa and CC at 4.2 A GeV/c) collisions, have 
been selec t ed , The pro tons wi th 150 ~ P lab :.:s 300 MeV or =bIli 
= 2(E i / mi - I) in the interval 0.025 .:;. b Ili ~ 0.1 were attribu
ted to spectator protons. 

Figure 2 a, b shows the b k distributions of pro tons for 
various types of interactions. One can see that the obtained 
distributions for prótons, fragments of the same target-nuc
leus, are similar within the experimental errors, i.e. they 
depend on n~ither the type of interactions nor the energy in 
the investigated interval 7 :::. ,bIIl··S 570. An analogous beha
viour (see Fig. 3) takes place for the distributions ofbIl c 
protons for various types of interactions. 

The following average values of .< bk> and.< bIlc> have 
been obtained: .<bk> = 0.031+0.002, < bIl c> = 0.024+0.002 for 
(rr-, p,d,C) + C Lnt.er ac t i onsvand < b k > = 0.048+0.001, < brr.> 
= 0.031+0.003 for (d,C) + Ta interactions in the target nuc
leus fragmentation region. 

Figure 4 presents the b k , bIl c distributions of stripp
ing protons (i.e. protons with 2.8~ Plab~ 5.4 GeV/c and e~ 40 

relative to the direction of the projectile motion) produced 
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10 

in CC co11isions from the incident carbon nuc1eus. It is seen 
that these distributions are similar and the va1ues of <bk> 

and < blc >' are sma11: < bk> = 0.036+0.001 and <bIC> = 0.026+ 
+0.001. 

The foregoing shows that the val.ue s of and< blI c> < b 1c> 
are e10se to the c1uster size and much sma11er than those of 
br II for. a l l types of the considered interactions, e , í v 

< blIc> "" < b1c> "" < bk> « b • Thus, in the region ·b i k - 10- 2, 
where the proton-neutron mode1 of the nuc1eus is va1id, the 
protons from various hadron-nuc1eus and nuc1eus-nuc1eus inter
actions being fragments of the nuc1eus represent a system -2 
(a 4-dimension~1 c1uster) having a very sma11 size, bik-10 

in the re1ative ve10city space. This system is characterized 
by the universal properties depending on neither the type of 
interactions nor the energy from 4 to 40 GeV/c per nuc1eon. 
The asymptotic regime for the production of stripping partic
1es begins even at E~ 1 GeV!6/. 

I I 't 

fi pc 10 Ge.VIc
1 dN 

• pC 4,2GeWc
 
Nd~K , 1j-~.. ' o cc 47 GeVjc


• nc 40 GeVjc
 
--dc 4,2G~ V/c
~~ * ~~ 

I10 .,~ 
1 dN • CTa 4,26eV/c
Nlfu: o dTa 4,26eV/c 

• pTa 10GeVIc't'~ '1 100 f- D > :::003 ?J, 
-1 ~ <OK, 

~ lJ ~ 10 

< ~ ... >'"0,05 ~ 
0,1 t-  1 

1,0 f 1 t 

tJ--------.lI 01 LL-0,01 ~ ---.L 

O 0,05 0,1 , ° ons 0,1 0,15 

~K t,< 

a b 
fi' 

Fig. 2 
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... 

,
1000r ~ Fig. :3• pC 4,2. 6eVIc 

• dC 4~ 6eV/cF(f>üc) o CC 4,2 GeV/c 
c.pC 10 6eVIc Fig. 4'~à --n-c 40GeVIc 

100 
1 dN 
N<lF...ac)~''t 

100, o -&K 
• -1llc ~~ 

o~. 

o10J - •o.'~ft o + 
\ o~~\ 

t 
1,0r- ' 'rMt~j 1t~*1\ 

o,; 111/1 
------.1_ ...LO,l~ 0.01L_ -~~_------.l.-- _~_._~

O 0,05 0,1 o 0,05 0,10 0,15 0,20 

~ITc ~ ... (~IC) 

2.2. Properties of Bàryon C1usters in the Region 
0.1 ::. b i k< 1 

The considered b ik region is intermediate. The protons in
vestigated in this region can manifest themse1ves as quasi
partic1es in c1assica1 nuclear interactions and as fraementa
tion products of quark systems if the interaction occurs at 
the quark-g1uon leveI. 

The existence of baryon c1usters in the 0.1 < b j k < 1 region 
has been studied for CC interactions at a momen-tum of 
4.2 GeV/c per nuc1eon. The events with np~ 4 were se1ected. 
Spectator events from the target-nuc1eus and the projecti1e 
were exc1uded. It was expected that two proton c1usters asso
ciated with the target and projecti1e fragmentation can be 
produced in most events. 

The se1ection of such two c Lus t e r s (a and (3) and the se
paration cri teria of their production region are described in 
Section 1. The c1uster was assumed to be produced in the pro
jecti1e fragmentation region when xlc / xIIc and in the target 
fragmentation region providing > • The xlc and xIIcx II c X1c 
variab1es were found from the equations of the energy-momen
tum conservation 1aws. With sODe simp1ifications they can be 
expressed in the same manner as (10). 

From the above procedure the fraction of se1ected evepts 
was -86% of alI ana1ysed CC interactions. The average mu1ti
p1icity of pro tons in c1usters was equal to 3.74+0.04 and 
3.49+0.04 in the fragmentation regions of the tarEet-nuc1eus 
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and the projeetile, respeetively. The average values of <bk> 
were found to be 0.324+0.004 and 0.343+0.004. 

Figure 5 shows the b a (3 dis
tribution of two elusters. As 
is seen, in the ba {3 > 2 region

1dlL this distribution is deseribed 
N~~ cc - lnetast.Lc by a power dependenee of the 

form 

dN A 

<lhaS b~13 
1,0 

• 
with m = 4.3+0.3 what agrees 
wi th the expec ted /4 / behaviour.

0,1 In the ba {3 ~ ] region < ba {3 > = 
= 2.3]+0.03. 

Thus, the elusterization of 
nueleons also manifested itself 

0,01 distinetly in the transition 
region, and the average size of 
4-dimensional proton elusters 
is mueh smaller than the distan
ee between them, e , < bk> «í c 

0,001 « < b a {3 > • 
To study the properties of 

baryon elusters from CC inter2 4 6 8 10 
.aetions, we have analysed the

~o(J:! invariant distributions of pro
tons from the eluster (F(b k))Fig. 5 
and proton elusters of relative

ly eolliding nuelei (F(bn(I) e)) • These distributions are 
depieted in Fig. 6~,b. The behaviour of the F(b k) and F(b Ue ) 
funetions ean be presented as two exponents 

F( bk) = a 16xp(-bk/<bk>1) + a 2exp(-b k/<b k>2) 

with the average values of and equal to 0.]54+<b k>l <b k>2 
~0.0]4 and 0.288~0.028, respeetively, and 

F ( b IId = C 1e x P (- bn e I < blI e> i) + C 2e X p (- bn c 1< bn e> 2) 

wi th bhe average values of < bII e> 1 and < b II e> 2 being respee
tivelY·0.]4+0.02 and 0.5]+0.05. 

The béhaviour of the Feb I e ) funetion for elusters produeed 
in' the beam fragmentation region has a similar eharaeter. 

10'" 

~ 

Consequently, from rhe behaviour of the F(b k) and F'bn(1)~) 
funetion$ one ean eonelude that the produetion of two types 
of nueleon elusters is observed in cc interaetions: eluster I 
is eharacterized by the "temperature" (or the mean kinetie 
energy of pro tons in the eluster rest systernJ, 

< Tk >1 = fi N <_b k > 1 = ( 72~7) MeV, and 

the 4-veloci ty value relative to the target nueleus .< blI e > = 

= 0.]4+0.02, the seeond eluster (11) has a higher temp~rature 

< T k>2-; (J35+13) MeVand > 2 = 0.5]+0.02~ It has been fo<b n e 
und that the-part of alI CC inelastie events, forming eluster 
I, is - 87% and eluster 11, - ] 3%. 

i; ==1.35± 13, MeV 

~=72:'± Ii MeV 

O) 

1,0 

0,01 

cc - í.nefasti.c 

F(gQc) I , 

1,0 <f.ÜC>' = O,14±O,02

/ 
0,1 

0,01 

I 
~ 

0,00111 I I 

. o 1,0 2,0o 1,0 2,0 
-&K f,Üc 

a b 

Fig. 6 
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Figure 7a,b presents the behaviour of the characteristics 
of nucleon clusters as a function of tqe type and energy of 
interacting objects. 

• pC 4,2 GeV/cF(fJrrc) 
• de 4,2. GeVlc 
o cc 426eV/C'100• n-c,40 GeV/c t. pC 10GeV.k1 ctN 

oCC ,li,2. GeV/c x n-c 40 6~V/cN~K 
• pC, 4,2GeV/c 
6pC,10 GeWc
 

10
 *--de,4,2 GeWc 
10r-{lH

9.;lI*
91;~ < '&K >~ 0,125 

.tdII 

't ~l , 
1,0 +'l 

1,0 I- • f fl' 
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<tOe >~D," 1tt?t~i 
O~ t f\ o,l~	 t tf! 

11 
I{l'i] 

I I I I I-J0.01 I I I i 
O '0,1 0,2 0,3 0,4 0,5o 0,5 1,0 

~K 1;~c 

a b 
Fig. 7 

To provide similar conditions for compar~son of various nu

clear reactions, the protons with 300 ~Plab S 800 MeV/c were
 
selected. There must be no less than two of such pro tons in
 
the evento The clusters selected in this way belong essential 

ly to the type "cluster l". From the figures one can see that
 
for a wide class of nuclear reactions over an energy interval
 
o f 7 ,:5 bIl I ::s 570:
 

(a) the	 cluster size « b k> ) is similar; 
(b) tbe proton cluster 4-velocity relative to the parent
 

target-nucleus is of the order of the cluster size, i.e.
 
< bIJc> "" .< b k> ; I
 

tc) the distribution of nucleon clusters relative to the
 
targe~nucleus in universal;
 

(d) for 1T-C interactions at 40 GeV/c there is a - 20% dey;i 
ation of the 'lndicated values what can be explained by the in
fluence of the quark-gluon degrees of freedom at these energies. 

Thus, the property of baryon clusterization distinctly 
manifests itself in the transitional 0.1 < bik,< 1 region of 
relativistic nuclear collisions. For the first time two types 

Iof 4-dimensional baryon clusters are directly separated. They 
·.diff·er from one another by their properties: one o f them is 
characterized by < Tk>l = (72+7) MeV and < bUc> = 0.14+0.01, 
another by <T k>2= (135+13) MeVand = 0.51+0.05. The<b l lC>2 
mean size of proton c Lus t er s ,«. b k> , is 3.10- 1 and <hIl c > =IO-~ 

l'
In the 4-velocity space the properties of baryon clusters 

(cluster I in our case) have a universal character depending 
on neither the type of interactions nor the collision energy'. in an interval of 7 < b 111 < 570. This fact should be conside
red as a manifestation of the automodelity p~operties in the 
region of small bi k and as a generalization of the phenomenon 
known as "nuclear scaling". Nuclear scaling is the invariance 
of cross sections with changing the collision energy; automo~ 

delity also implies the independence :ot t he bn a , bl,8' ba,8
variables and other large b ik• 

3.	 STUDY OF THE SECOND INTERMEDIATE ASYMPTOTICS IN THE 
1 REGION. UNlVERSALITY OF THE PROPERTIES OFbik» 

4-DlMENSIONAL HADRON JETS AND OBSERVABILITY OF COLOUR 
CHARGES 

In the b ik» 1 region, hadrons lose the meaning of quasi
particles of nuclear matter, and the interaction occurs at 
the quark-gluon level. This region is most favourable for 
studying the hadron jet properti.es as, according to the pre
sent-day notations, the hadron jets are the products of con
version of the quark or gluon, knocked out in the collision 
of primaty particles, to hadrons. 

In the relativistic invariant approach the jets are consi
dered as hadron 4-dimensional clusters with relatively sroall 
values in the relative velocity space. 

As the studies in the field of relativistic nuclear phy
sics show/2~ the transition of hadron interactions to the 
quark-gluon leveI is accomplished already for bik~ 5. From 
here it follows that the jets have to be separated even for 
(VIIuI )-(VIUn)"" 3.5 (VII .and VI are the j e t axes in the 
fragmeptation regions of particles 11 and I), and the jet 
width in the considered space should be approximately equal

1: to the same value. 
The determination of the jet axis and the selection method 

of particles belonging to the jet are similar to those alrea
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dy used in the study of 'batyon clysters (se~ Section I). Two 
jets will be separateu in the relatíve 4~veloéity space if 
the condition b f3 > la Ls fulfilled. T~ separate the jets pr6a 
duced in the fragmentation regions of colliding objects, the 
x' and variables were used 'whi~h characterize the 4-mo-I c XII c 
mentum fraction of primary-particles carried away by the jet I 

(s'ee (la»). For the jets produced in the fragmentation regi
ous of the projectile and the target,. the following values of 
the variables were respectively chosen: xlc.?' 0.3 and x n c < 
.< 0.3; ~IIc.? 0.3 and xIc'< 0.3. The' experlment showed that the 
rtumb er of unsepara t ed events .( í e., belonging to t he region, 

x I c> O. 3 'and xII c > O. 3) was ~ 2%. 
'The analysis w'as performed using a set of experimental da

ta on hadron-hadron (TTlJ, PP ,PP), hadron-rnuc l eus (TT-C. pC) 
and v N interactions ófvarious types over an energy range 
from 6 to 205 GeV. 

Figure 8a,b presents the b k distributions of TT--mesons nor
malized to unity for 1T-P, TT-C, PP and P P interactións in the 
beam and target fragmentation regions. According to the auto

targ.fragm. 
• -Rp, 40 (leV/c~~ 'l'l\it o-n-C,lto 6eV/c
 

6 - pp, 205 GeV/c
'õ' I": ."\ 
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·1 modelityand correlation depletion principIes, in the Plab~ 

> 22 GeV/c region the properties of 4-dimensional jets (clus
ters) depend on neither the process, in which they are produ
ced, nor the. collision energy. As expected, the average valu
es of < b k> are equal to ~ 3,r~. 

The coincidence of the distributions for TT-P and TT-C cumu
lative interactions as a function of the scale noninvariant 
parameter b k in the beam and target fragmentation regions me
ans that the fragmentation functions of quarks, diquarks and 
m~ltiquark systems into pions have a universal character in 
the relative 4-velocity space. From these data it also fol

. I 
l lows that the carbon nucleus has no influence on hadron jet 
I production, i.e. they are mostly produced outside the nucleus. 
I The observed universality of the hadron b k distributions, 

i. e. independence of the type of a fragmenting obj ect (TT-, P , 
'i', C) and the collision energy atPlab~ 22 GeV/c, rneans that 
the hadronization of quarks, diquarks and multiquark systerns 
in these variables is the same at high energies, and it can 
be interpreted as a charactéristic of colour charge interacti 
on with vacuum irrespective of other properties of the systern 
carrying a colour charge (quark or diquark). In this connecti 
on, it is of great importance to study the properties of ha~
ron jets applicable to hard processes, in which the jets are 
produced in the hadronization of colour objects in vacuum. 
With this aim we have made the analysis of the hadron jet pro
perties in deep inelastic lepton-nucleon collisions in which, 
according to the existing notations, the "isolated" quark, 
hadronized in vacuum, and the diquark, which hadronization is 
similar to the soft one of quarks and diquarks in hadron-had
ron collisions, are produced. 

In the analysis we have used the experimental material on 
íJN interactions obtained at.< Ec> =35 GeV by the IHEP-ITEP
FNAL and Michigan University Collaboration. 

Q2 
The events with Q 2= _q2 ~ 1 (GeV/c)2 and x = 2W ~ 0.1 ha

ve been s~lected to separate deep inelasticvN collisions with 
va l.eut u-quarks, where q is the 4--momentum transferred to the 
nucleon, M the nucleon mass and v = Ep- EJl+ the energy of had
rons in the laboratory system. For separation of the rnultiple 
particle produc tion region W2 ~ 9 GeV 2 (W s the total hadron 
energy in the c s mv s , }, The conditions ~ei = O or 1 and fiN'~ 1 

1[: 
í 

(e i is the charge of secondary particles and n N the number of
! secondary nucleons in the interaction) are used to exclude 

nuclear effects that are due to cascade nucleon reproductionFig. 8 
in the neon nucleus. . 
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Fig. 9 

Figure 9 shows the distributions of rrt-mesons in the jets 
produc~d in the fragmentation of knocked-out quark and di
quark for three energy intervals of the hadron system. The 
particles, belonging to one or another jet, are selected with 
the aid of the invariant variables 

(Pqq'P~ ·>0 ..1	 (Pq'Pk ) -. > 0 •. 1,
and x qq == -r=--P q)- ~ ( 11) x q =	 (P Ci·Pq~ - q 

where P = xPN+ q , Pqq. = (1- x)PN ' Here PN and Pk are t he 4-moq 
menta of a nucleon and a k-th particle. In the bk~ 2 region 
alI the distributions have an exponential character, r
 

exp(-bk/.<b k » and are similar within the experimental er
·1.
~' I	 rors for the quark and diquark fragmentation at the same ener

gy W. As in the case of soft processes, the average jet size,lt 
<bk>, is equal to -4.0 at the same energy in the c.m.s. 

Thus, in the reIative 4-velocity space the properties of 
4-dimensional hadron jets in soft and hard in~eractions are 
universal anc independent of neither the type of a fragment
ing system (rr-, p, p, C, q, rnq) nor the primary collision 
energy at yTs = W~ 6 GeV. This shows evidence that the jet pro
perties are determined by the neutralization of colour charge 
in vacuum, the process is statistical in character and incie
pendent of the production method. 

As is seen from Fig. 10, the independence of the jet proper
ties (their universality) reaches the asymptotic regime at W~ 

~6 GeV (o r at E q (E q q ) ::: 3 GeV). According to the CDP, from 
these data it follows that at ener~ies higher than those in 
our studies the hadron jet properties should be the same as 
in Fig. 8a,Q because, as could be expected, the "separation" 
í.rito clusters/jets becomes stronger with increasing b1n • 

As noted above, according to the CDP, in the relative 4
veloc~ty space the probability W as a function of the vab i k 
riables should have the ba~ properties of automodelity assum
ing asymptotically large values. 

1 b~:W(b a f3 ' ba i , bf3i' ••• ) ... - W(bai' ---f-U-, •••• ). (12)
bJ:{3 ba{3 

I! 
I 

The properties of W as a fun
ction of the ba k and b{3k vari 
ables for different types of in
teractions have been discussed 
above. Now we want to present 
results of the study of the be
haviour of the W distribution 
versus in light front variable 
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• bak a a

for par t í.c Le k: xk = --Ib ~ UkO - U k z • A accordance 
baf3 a{3 ~ 00 

with the above general principIes, one can expect that the 
properties of the W distributions as a function of the scale 
invariant parameter of simi1ari ty (x kY shou1d satisfy the au J 

tomode1ity principIe in the bik~ 5 region, and the iso1ated ! 
;LIsystems (4-dimensiona1 jets a and (3 in our case) shou1d decày 

anisotropica1ly in the rest frame of the system/jet with res
pect to the d í r ec t i orr of the cut joining po í.rrt s V and V{3 ina 
the re1ative ve10city space. 11 

These and other hadron jet properties have been studied by 
ana1ysing the characteristics of 40 GeV/c rr-P, rr-C and 
205 GeV/c pp interactions. 

T~e x k distribution o f rr--mesons in the jets is shown in 
Figo 11. This distribution as we11 as the b k distributions 
studied previous1y are similar for the jets produced in the 
beam target fragmentations, and their behaviour depends on 
neither the type nor the energy of co11isions in an interva1 
from 40 to 205 GeV. This means that the hadron jet properties 
are universal for the fragmentations of various quark systems 
(q, qq, mq ) in the considered energy range. 

Figure 12a,b i11ustrates 
the Ieos eI distribution of rr-

1d..t! mesons in the jet rest system,• Jtn~m.C 1 
o :hn~lJln-J][1:, 40GeWcN d:l~ where e is the ang1e between 
·:fzIllJ"'- P}l>.ft

0 
9m. .n:- n-p,40GeV/c the ve10city vector of partic1,0 

x pp 205 GeW'c 1e u's_}_n this system and vec
tor V a f3 o In fact, the dist ~1t ributions for alI types of inO,1~t ~. 
teractions have an anisotropic

t*~ * character. 
~ t~ •Op1 To determine the va1ues of 

parameter m in Eq.(12), the 
T # ~ 

t~ 
~ml	 ?a§ dist~i~u:ions, of ha~r?~ ,I 

o	 5 10 _" 
(X =~. k These distributions are presen-

K "",j. '~ '. •ted ~n F~g. 13. As expected, 
Fig. 11 the distributions from baf3 > 2 

have a power dependence of the 
form _ --1 

with m = 3.1+0.1 independent of the type and the 
b,T{3 

co1li~ion energy in an interva1 from 40 to 205 GeV within the 
experimental errors. 

We have a1so studied the invariant distributions of hadron 
jets versus their 4-ve10cities re1ative to the tareet )(b II c 
and Tthe incident partic1e (bI c ) . 
18 
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Figure 14a,b,c shows that the behaviour of these distribu
tions has an exponentia1 dependence of the type 

Í- dN 
N d:I.:p o Jrp 40GeV/c 

- exp (- b I (II) c / < bl (II) c > ) • nc 40GeWc 

• pp 2056eWc0,1 
1 

with the fo110wing average va1u.2 
'~ es of < bI CII) c > : < b Il ? = 1.61,~ 

4e"0,01 +0.06 in the target fragmenta
t9~ 

tion region and	 < blc? = 10. 1~t~ 
"~ +0.4 in the projecti1e fragmen~,

0,001 tation reg~on, i.e. the avegageHt"1»·fI,.
D"~ 'l- =3,3 ! 0,1 re1ative ve10city of the jetmll p 

mJ(-C .~,O '0,1 

from pro tons is much sma11ermpp = 3,0t 0,2 ~'t'
0,0001 

than the one for the jet from 
pions. Under similar se1ection 
conditions the ratio <blc>/<buc>0,00001 1 I I I I I I I I I 

10 50 100 . 6 2 0.5 h . 'I
~o(Jl ~s o ~.3 w at approx~mate y 

Fig. 13 equa1s the proton to pion mass
 
ratio. Substituting the proton
 

and pion masses in the expressions fer re1ative 4-ve10ci~ies
 
and for some effective mass M and performing -the
b1c bll c
 

corresponding transformations, we obtain the resu1t/ 7 7 that
 
can be formu1ated as fo110ws: the quark objects· with equa1 
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effect:ive mass independent of the type of a fragmenting sys
tem (17,p, C) are the sources o f hadron j e t s . 

Thus, in the asymptotic region of large bik(b ik ~ 5) the 
cIusterization of hadrons (hadron jet production) is observed 
in the beam and target fragmentations. The 4-dimensional had
ron jets have universal propertíes dependíng on neither the 
type of a fragmenting sys tem C17-, p, p, C, q ) nor the colli 
sion energy. The asymptotic regim~ takes pIace at ~~ 6 GeV. 

The observed uníversaIity of the jet properties, i.e. their 
independence of the production process, can be interpreted as 
a resuIt of colour interaction with QCD vacuu~. 

In connec tion wi th the said above, Lnt.er e s t has been arou
sed in the question on the possibility to obs~rve objects 
with colour charges. There exists an opinion that objects 
Ce.g., quarks and gluons) are unobservable because they stron~ 

gly Lnt-erac t; with vacuum f Luc tua t í.ons and immediateIy converto 
to hadrons. 

However, Iet us consider the conditions of observab~lity 

of known unstabIe par t í.cLes, The mo s t important cr i t er í.a of 
their ob servab i Lí. ty are the following: .a) .the cross sections 
Ca) can be presented as a = apWd with a sufficientprecision, 
where Wd is the decay probability of a particIe or a sêconda
ry ínteraction and a the production cross section; b) univer
saIity, independencePand relativistic invarriance. of Wd • As 
known, the properties of Wd are reIiably detected in experi
mento' The properties of unstabl~ partícles are deterrnined by 
those of Wa, i.e. their observability takes pIace. 

By analogy, if we know the properties of invariant univer
sal jets, we can also determine the properties of quarks and 
gluons. From this it follows that the observability conditions 
of quarks completely satisfy the cri teria a) and b). It should 
be noted that the universality of the jet properties ensures 
that quarks and gluons survive over a Iong period of time to 
cover the distance Iarger than the size of the pa~ent system 
(see, e.g., Fig.· 8a,b). 

aConsequently, the observed universaIity of W , W~ and so 
on, i.e. the simiIarity of their properties in different reac
tions, and their invariance show evid~nce for the observabili 
ty of objects having colour charges. 

4. COLCLUSIONS 

Our analysis of different hadron and nuclear muItipIe par
ticIe production processes in a wide energy range made in the 
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frame of the new relativistic invariant approach to these 
processes has established the following: 

1. The classific~tion criteria of relativistic nuclear in
/ 2 te~actions suggested in papers , 31 are valid: the 0.01 <b ik < 

< 0.1 region corresponds to classical nuclear physics and the 
proton-neutron model of the nucleus holds true in it; b ik ~ 1 
corresponds to the region in which hadrons lose the meaning 
of quasi-particles of nuclear matter, and the int~raction oc
curs a't the quark-gluon leveI; the O. 1 < b i k < 1 region is in
termediate where the quark degrees of freedom play a signifi 
cant role in hadron system reproduction (perestroika). 

2. The general principIes, namely the automodelity and cor
relation depletion ones, allowing one to give a universal des
cription to thé asymptotic hadron properties have been formu
lated. According to these prin~ipies, the validity of the con
clusion of the existence of two b ik regions is shown. These 
regions are characterized by different asymptotic properties 
of highly excited nucl~ár matter: in the first of them (0.01« 
«b ik« 1) there take place the asymptotic properties of h í g-: 
hly ex~ited nuclear'matter, ~n the second one (~ik- 1) the 
asymptotic properties of highly excited hadron matter. 

3. The properties of baryon,clusterization manifest them
selves distinctly in the first intermediate asymptotics in 
the bik « I region. Two types o~ 4-dimensional baryon clusters 
that differ from one another by thelr properties have been 
first separa t ed , The first cluster has ,< T 1>= (72+7) MeV, whe
re .< TI> is the average kinetic energy of protons-in the rest 
system, and it is nearer the parent nucleus (.<bII c -> 1= O. 14.!, 
+0.02) in the relative 4-velocity space; the second one has
<T 2> = (135+13) MeV and is more distant from the parent nuc-
Leus . 

The average size of 4-dimensional baryon clusters, 
is 3'10- 1, and.<b II c> ' as expected, equals-l0- 1 • Thepro
perties of 4-dimensional baryon clusters-I have a universal 
character depenpent on neither the type of interactions nor 
the collision energy in an interval of 7 ~ ,;:; 570. This factbII r 
should be considered, as the generalization of the phenomenon 
known as "nuclear sca Ling'". 

4. In the second intermediate asymptotics in the b ik » I re
gion hadron jet (4-dimensional hadron cluster) production is 
mainly observed in the beam and target fragmentation regions. 
It has been found that the 4-dimensional hadron jets from soft ,	 . ..
and hard processes have unlversal propertles, l.e. they de
pend on neither the type of a f r agrnent í ng sys t em (rr-, P , P , C, 
q ) nor the primary energy. The asymptotic regime occurs at 

22 

b > 10. The universality of the hadron jet properties,
-J 1J 2 

i.e. their independence of the process in which they are pro
duced, makes it possible to interpret them as a characteris
tic of colour charge interacti0n with QCD vacuum. The obser
ved properties (universality, independence of the reaction 
type and relativistic invariance) of 4-dimensional hadron jets 
prove the possibility of determination of quark and gluon pro
perties, i.e. the possibility of obseryability of objects ha
ving colour charge. 

The authors would like to express their gr~titude to 
A.M.Baldin for numerous discussions and support in this work. 
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In the invariant method of analysing onultiple particle production, these 
processes are considered in a space the points of which are the 4-velocities 
a 1 =Pi lm, where Pi are the 4-momenta and m1 the masses of particles, and 
b1k= -(ui- uk) 2 = 2[(u1 · uk)-1] are basic variables. General asymptotic proper 
ties of the cross sections of hadron and nuclear processes atb 1 ...... have 
been formulated as relativistically invariant in these variables. The most 
important of these regularities, the aut~nodel ity principle (substantially 
generalizing scale invariance) and the correlation depletion principle, have 
been experimentally substantiated. According to the automodel lty and corre
lation depletion principles, the existence of two asymptotic b111. regions 
has been established experimentally. These regions are characterized by dif
ferent properties of highly excited nuclear matter (nucleon and hadron). It 
has been found that baryon clusters are mostly produced in the first region 
(0.01« bik«1) and hadron jets In the second one (bn» 1). 

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