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Abstract. Hadron jet production is studied in soft 
rE- p and cumulative re- C interactions at a 40 GeV/c 
momentum. The collective characteristics of jets and 
the form of the quark and diquark fragmentation 
into charged pions and neutral strange particles are 
analyzed. The results obtained are compared to 
analogous data for e + e- and v(~)p interactions. The 
hadron jet properties are also studied by means of 
relativistic invariant variables - the squared relative 

4-velocities bik= \ ~ - - ~ / .  The results obtained 

show that quark (diquark) fragmentation proceeds in 
a similar manner in soft hadron-hadron collisions, 
cumulative interactions on light nuclei, e § e- annihi- 
lation and deep inelastic v(~)p scattering. In the re- 
lativistically invariant variables the fragmentation 
function is similar for the hadronization of quarks 
and diquarks and it does not matter whether they 
are knocked out of usual hadrons or multiquark 
systems. 

1. Introduction 

Nowadays a great amount of experimental infor- 
mation is collected on hadron jet production in dif- 
ferent types of interaction: e+e - annihilation, deep 
inelastic lepton scattering on nucleons, soft and hard 
hadron-hadron collisions. A comparative analysis of 
all data shows that the behaviour of the most im- 
portant characteristics of the jets in these interac- 
tions has universal properties [1-5]: 

The universality of jets, segregate objects of mul- 
tiple particle production, is interpreted as a result of 
the single production mechanism of quarks (gluons) 

knocked out of the parental hadron and transform- 
ing into hadrons, the products of the reactions. 

A direct check of this mechanism is to observe 
and to study the jets produced in relativistic nucle- 
ar collisions. Varying the size of the nucleus (study- 
ing the dependence of jet production on the atomic 
weight), one can in principle find out the characteris- 
tic size, on which the jet is formed, and also the 
influence of nuclear matter on jet production. The 
study of hadron jet production in cumulative pro- 
cesses is of particular interest as in these processes 
quarks (gluons) are knocked out of the multiquark 
configurations of nuclei. Experiments on the study of 
the limiting fragmentation of nuclei [6-8] and on 
the investigation of the deep inelastic scattering of 
muons and electrons on nuclei [9-11] point to the 
existence of such configurations. 

In this paper hadron jet production is studied in 
cumulative re- C interactions at a 40 GeV/c momen- 
tum. The results obtained are compared with data 
on rc-p interactions at the same energy (P 
= 40 GeV/c) and for e + e-, v(~)p collisions. 

Possible diagrams of the hadron jet production 
in these processes are presented in Fig. 1. The analy- 
sis of soft hadron-hadron interactions [3-5] has 
shown that the production of two hadron jets, col- 
limated in "the c.m.s, in the direction of motion of 
the primary hadron and in the opposite one, is ob- 
served in these interactions. One can assume that 
the jets are produced in the forward (backward) 
hemisphere in the rc-p c.m.s, due to the fragmen- 
tation of noninteracting valence quarks (diquarks) 
belonging to the composition of initial particles. 

Similar representatiQns were used in the study of 
hadron jet production in cumulative zc-C interac- 
tions. The production of hadron jets was assumed to 
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Fig. 1. Diagrams of different processes 

be due to the fragmentation of noninteracting ~(d) 
quarks from the incident n -  meson in the forward 
hemisphere in the c.m.s, of cumulative interactions 
and due to the fragmentation of quarks and di- 
quarks from the multiquark configurations of nuclei 
in the backward hemisphere. Assuming that in the 
studied events the length of quark formation to a jet 
is larger than the size of the carbon nucleus, of 
which the quark is knocked out, one can expect that 
the hadron jet properties in nuclei are similar to 
those in hadron-hadron, e+e - and v(~)p interac- 
tions. 

The investigation of hadron jet properties has 
been made on a statistics of 14,000 n - p  and 8,791 
n - C  events selected on pictures from the 2 m  pro- 
pane bubble chamber exposed to 40GeV/c mesons 
at the Serpuknov accelerator. The technique of event 
selection and experimental data processing has been 
described previously [12-14]. In the analysis of n - p  
interactions diffraction processes were excluded*. 

2. Hadron Jet Properties in rc-p Interactions 

2.1. Characteristics of  the Jets 

The study of the hadron jet production in rc-p in- 

* The event was considered to be a diffraction one if, at least, one 

charged secondary particle had I xel => 08 (x r = 2Pj~(/1/-S) 

teractions has been performed in the collision c.m.s. 
(Ec.~,.~. - I / S  = 8.76 GeV). 

Figure 2 presents the energy (in the c.m.s.) de- 
pendence of the average values of the variable (S )  
for e+e - annihilation [15-19]. The same figure 
shows the value of (S )  obtained for ~ - p  interac- 
tions [5] at 40 GeV/c and for K-+p and pp collisions 
at higher energies [20]. As seen from the figure, the 
average value of (S )  for  ~ - p  events agrees, within 
the experimental errors, with the existing energy de- 
pendence of (S )  for e+e - and soft hadron-hadron 
interactions. 

The average multiplicity of charged particles ( n j  
in ~ - p  [5] interactions is compared to that in e+e - 
annihilation. Furthermore, the average longitudinal 
((Pll)) and transverse ((P• momenta of particles 
relative to the jet axis compared for the two pro- 
cesses. 

These data are shown in Figs. 3 and 4, respec- 
tively. As seen from the figures, the considered char- 
acteristics coincide, within the experimental errors, 
for both types of interaction at the same energies in 
the c.m.s. 

Figure 5a and b presents the distribution of ~+ 
mesons in the forward hemisphere and of re- mesons 
in the backward hemisphere over the variable x v 
=2P, r / ]~-  (Pit is the projection of the momentum 
P* on the jet axis) in the rc-p c.m.s. [5]. They are 
compared with analogous distributions of charged 
pions for e § e -  annihilation at an energy of 7.4 GeV 
[21]. In the forward hemisphere the distributions are 
in agreement, within the experimental errors, for 
both processes whereas in the backward hemisphere 
the x e distribution of zc- mesons falls faster for 7z-p 
events than for e+e - annihilation. As noted in the 
introduction, one can assume that the production of 
the hadron jets in the backward hemisphere in the 
rc-p c.m.s, is due to the fragmentation of uu or ud 
diquarks belonging to the composition of the initial 
proton whereas in e+e - annihilation the fragmen- 
tation of quarks is considered. 

Therefore the difference of the two distributions 
in the backward fiemisphere of ~z-p events may be 
d u e  to the differences of the quark and diquark 
fragmentation functions into pions. 

In connection with this it is of interest to com- 
pare the experimental data on ~ - p  interactions with 
similar characteristics on v(70p collisions, in which 
according to the simplest scheme (Fig. 1) of the 
quark-parton model, the particles, emitted to the 
forward hemisphere in the c.m.s, of secondary had- 
rons, are assumed to be the products of the fragmen- 
tation of u(d) quarks, and the particles emitted to 
the backward hemisphere - the products of the frag- 
mentation of uu(ud) diquarks. 
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(S )  for different types of interactions on the c.m.s. 
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2.2. Fragmentation of Quarks and Diquarks 
into Pions 

Comparing the diagrams of =-p and v('~)p interac- 
tions (Fig. 1) and assuming that the light quarks 
and d interact with the same probability, the follow- 
ing relations can be written for the fragmentation 
function 

D(XF) = 1/%~(dN/dx~) 

(XF = Pp~/Pmax, PI~ is the projection of the momentum 
on the reaction axis): 

DTr~_p(Xt)--!l)~T - - 1 D ~ "  , 7r --2~vp(XF)-P'2 ~ptXF) 

f o r  XF>=O.I* (1) 

D ~ _ 1 ~ 2 ~ . -  v ( x ~ ) -  ~ O ~ v (xF) + ~ O~ v (x~) 

for xv<-0 .1 .  (2) 

The charge-conjugate relations for the quark frag- 
mentation 

D~ + (x~) = D~ (x~) 

* In the region ]xrl<0.1 in n - p  collisions the influence of qq 
interactions is assumed to be significant 
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Fig. 4. The dependence of the average transverse and longitudinal 
momenta of secondary particles relative to the jet axis on the 
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values of (/1) and (PII ~ corresponding to e-p  interactions at 
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average values of (PII) for Ixpl__>0,1 obtained with and without 
taking diffraction processes into account 

and 

~ -  - -  ++ D~ (xp)-D. (x v) 

are taken into account  in (1). 
The funct ion of the f ragmenta t ion  of quarks,  

D++(xF), into rc + mesons in + - p  events [5] is com- 
pared with the funct ion obta ined  from the vff)p data 
[22] according to (1) (see Fig. 6a). In  Fig. 6b we 
compare  the funct ion of the f ragmenta t ion  of di- 

quarks, D +-(xv), into + -  mesons in + - p  interact ions 
and  the D+-(xv) funct ion obta ined  from vff)p col- 
lisions according to (2). The dis t r ibut ion for the two 
processes agrees well, within the experimental  errors, 
except for the region txpl=<0.1, where the contri-  
bu t ion  from interact ing quarks in rc-p collisions is 
substantial .  

Approx ima t ing  the f ragmenta t ion  funct ions by 
the expression 

D+ + Cxp) = A exp( - B .  Ixrl), (3) 

we find that the values of the parameters  A and  B 
are approximate ly  equal for both  processes (Ta- 
ble l). 
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Fig. 5a, b. The x r distributions of charged particles relative to the 
jet axis: zx - for e+e - annihilation (I/~=7.4GeV); �9 - for ~-p 
interactions (]/S=8.7GeV): a for ~+ mesons in the forward 
hemisphere, b for ~- mesons in the backward hemisphere 

2.3. Fragmentation of Quarks and Diquarks 
into Strange Particles 

To compare  the f ragmenta t ion  of quarks and  di- 
quarks  into neutral  K ~ mesons and A ~ hyperons for 

I d~r 
different types of interaction,  we used the 

fl dxE 
scaling funct ions [23]. The analysis of the e + e -  data  
was performed by means  of these functions. Here xg 



A.M. Baldin et al.: Hadron Jets in Soft and Hard Particle Interactions 367 

z:~ 
~"d 

..~ 0 

0 

~ 0 " - -  

t ( f  - 

I15' I 
0 

I I I I I I I I 

�9 9C-~]F , - '~ ;  x 

'IP 

o 

§ 
r 

r 

a 

Fig. 6. a Fragmentation functions: �9 2 vp "2~9p ' 0 - -  D,~_p 

t0 

t0" 

ttf 

I I I I I I I I II~' 
o,~ a4 o,s 0,8 t,o _, 

x~ b 
for xF>0. 

I I I I I 

�9 9 ( 9 ) p ~ r ; x  

I I I I 

I* 

+I + 

-0,6 
I I I I I I 

0 -O,a -0,4 -0,2 0 
X~ 

b Fragmentation functions: �9 5Dvp +sD~p, o - D,~_p for x r < 0  

_ 2 E *  P* 
l / ~ ,  f l = ~ - ;  P*,E* are the momentum and en- 

ergy of the hadron in the c.m.s. 753K ~ mesons 
(K~ -)  and 345A~ (A~ -)  were 
used for the analysis in r t -p  interactions 1-24, 25]. 

The x E dependence of the 1/fi (&r/dx~) functions 
for K ~ mesons and A ~ hyperons in the fragmen- 
tation of quarks in rc-p [5] (forward hemisphere) 
and e § e -  collisions 1-26, 27] is shown in Figs. 7 and 
8 (the distributions are normalized to the area in the 
region xE>0.15 for K ~ mesons in e+e - interactions 
and x~>0.25 for A hyperons in rc-p collisions). As 
seen from the figures, the distributions for both pro- 
cesses coincide within the experimental errors. The 
1 da 
- - -  function for K ~ mesons and A hyperons can 
fl dx~ 

be approximated by the dependence 

1 da 
- A exp(-Uxe) .  (4) 

fl dxE 

The slope B in l t -p  interactions equals 10_+ 1 and 8 
_+ 3 for the two types of particles, respectively. These 
values are approximately equal to those for e+e - 
annihilation (B -~ 8) 1-27]. 

The value of the ratio 2s=(nK>/<n~>, charac- 
terizing the pickup probability of strange and non- 
strange quarks from the sea, is 0.18_+0.02 for ~ - p  
interactions in the region x~=0.2+0.5  which is in 
agreement with the e + e -  data (2s--0.17) [26, 27]. 

In Figs. 9 and 10 we show the xe dependence of 
the 1/fi (da/dxE) functions for K ~ mesons and A 

Table 1. Approximation D~(Xv) by the expression-A exp(--B]xFI ) 

Type of Region x F A B z2/n 
process 

zc-(xv<0 ) v(~,)p --0.425 __<xv__< --0.125 5.5_+0.6 9.4_+0.5 4.9/ 7 
n - ( x v < 0  ) n - p  -0.425 < x v <  -0.125 5.1_+0.2 9.0+0.2 4.8/ 7 
n+(xe>O) v(~)p 0.125 <xv< 0.725 4.6_+0.3 5.5+0.2 9.1/10 
n+(xe>O) n-p  0.125 <xv< 0.725 4.7_+0.2 6.8___0.1 12.9/10 
n - (xF>0  ) v(~)p 0.225 < x F <  0.775 5.5__+0.4 4.9_+0.2 13.3/12 

(xF>0) rc-p 0.225 <:xF=< 0.775 4.2_+0.2 4.4+0.1 62.6/12 
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hyperons produced in the fragmentation processes of 
diquarks in ~z-p [5] (backward hemisphere) and pp 
interactions from 16 [28] to 405 GeV/c [29, 30]. The 
same figures present the normalized data for e § e -  
collisions. 

The distributions for neutral kaons in hadron- 
hadron interactions in the region x~<0.5 do not 
differ, within the experimental errors (~30%) ,  from 
the similar distribution in e+e - annihilation. The 
approximation of these distributions by the depen- 
dence (4) for rc-p interactions yields B=9_+1 in 
agreement with the e + e -  data. The result obtained 
shows that the functions of the fragmentation of 
quarks and diquarks into neutral kaons in the re- 
gion xE<0.5 do not differ from one another within 
the experimental errors. 

The values of the slope B in the 1/fl (da/dxE) 
distribution for A hyperons in ~ - p  interactions at 40 
and 16 GeV/c [5] in the backward hemisphere in the 
c.m.s, are respectively equal to 3.6+0.4 and 4.4___0.3 
which is approximately 2 times smaller than in e + e -  
annihilation. Even though the xz region is different, 
this probably means that the fragmentation func- 
tions of quarks and diquarks into A hyperons have a 
different x~ dependence. However, to make more 
definite conclusions, more accurate e+e - data are 
needed, especially in the region x E > 0.6. 

2.4. Average Charge of the Hadron Jets 

It is of interest to define the average charge of the 
hadron jets produced in the forward and backward 
hemispheres in the c.m.s, and to compare it with the 
expected value from the quark-parton models. 

If one neglects the difference between ~ and d 
quark interactions and assumes that valence quarks 
and diquarks fragment independently, the average 
charge of the jets emitted forward in the c,m.s. [31- 
333. 

i ~ i d <Q>~=~(2( )+~(2( )+<(L>=-0.5. (5) 

For the jets emitted backward in the c.m.s. 

<Q)b =�89 + 2 Q(ud) + <Q,) ~- 0.83, (6) 

where <Q,> is the average charge of the sea quarks 
cancelling the colour of the fragmenting quark or 
diquark. To select the hadron jet with the quantum 
numbers of the fragmenting quark (diquark) with 
large probability, the average charge <Q> was de- 

fined depending on the value of x=~lxv ,  I, (Fig. 11) 
i 

where summation is performed over all charged par- 
ticles in the jet. In the region of large x values 
x>0.8 ,  the average charge of the jets in the forward 

<Q> 
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i 

the events with no~__>4 for ~-p interactions: a in the backward 
hemisphere; b in the forward hemisphere. Full circles are the x 
=Y, lx~,I values and <Q)'s are determined for all the particles in 

i 
the jet. Open circles are the x values and <Q)'s are determined 
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and backward hemisphere turned out to be close to 
the expected values of <Q>= -0 .5  and 0.83, respec- 
tively. 

Thus, summarizing briefly the study of the had- 
ron jet properties produced in soft ~z-p interactions 
at a 40 GeV/c momentum,  one can draw the follow- 
ing main conclusions: 

1. In soft ~ - p  interactions the production of two 
hadron jets is observed which can be considered to 
be due to the fragmentation of noninteracting va- 
lence quarks (forward hemisphere in the c.m.s.) and 
diquarks (backward hemisphere in the c.m.s.). 

2. The functions of the fragmentation of quarks 
and diquarks into pions and strange particles in soft 
~ - p  interaction coincide, within experimental errors, 
with similar functions in e + e -  and v(~)p collisions. 

3. Hadron Jet  Properties in ~ - C  Interactions 

To study the production of hadron jets in ~ - C  
collisions, multinucleon interactions with the total 
charge of secondary particles Q =  + 1, +2,  + 3, + 4  
were selected. For  each group of multinucleon in- 
teractions with charge Q the analysis was performed 
in the c.m.s, of incident re- meson and the cor- 
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responding number of interacting nucleons, (vN) 
[34, 35]. The energy of the collision was defined 
according to the formula 

E~.m.~.=]/~"~V2VNmNE ~ (7) 

with m N the nucleon mass and E~ the energy of 
incident pion. 

The cumulative events were selected using the 
variable/31 E7] 

/3i=(Ei -- Pll,)/mN, (8) 

where E i and P]h are the energy and longitudinal 
momentum in the laboratory system. According to 
the established selection criteria, an event is assumed 
to be cumulative if a rc• with/3i>0.6 [36] or 
a proton with/3z > 1 is registered in it. However, the 
hadronization of quarks from the multiquark states 
of nuclei can occur so that none of the particles has 
the value of/3~ outside the kinematical limit of pion- 
nucleon collisions whereas the sum of all /3i in the 
jet, produced due to the hadronization of quarks, is 
larger than 1. 

/30 = ,~_,/3, > 1.0. (9) 
i 

Thus, cumulative interactions were selected accord- 
ing to the condition (9). A group of particles, emit- 
ted backward in the c.m.s, of (re- vN) interactions and 
satisfying the condition (9), was assumed to be a 
cumulative jet. The fraction of cumulative events 
thus selected was ~ 18 ~ of all n -  C interactions. 

3.1. Jet Characteristics 

Figure 2 presents the average values of (S )  versus 
E ...... for the secondary particle jets, emitted in the 
direction of motion of the primary pion and in the 
opposite direction, in cumulative (/3o > 1.0) and non- 
cumulative (/3o<1.0) events. The particles with [xv,[ 
=2"IPI~[/E . . . . . .  ~_~0.05 are assigned to jets. As seen 
from the figure, for both jets in cumulative e - C  
interactions the value of <S} agrees with the e + e-  
data at the same energies in the c.m.s. In noncumu- 
lative events, however, there is a disagreement with 
the data on e+e - interactions for the hadron jets 
produced in the fragmentation region of the target 
nucleus, this shows evidence for another mechanism 
of their production. 

In Fig. 3 we show the energy dependence of the 
average multiplicity of charged particles in e+e - 
annihilation in the c.m.s. [16-19]. The average val- 
ues of (nch} for cumulative events with /30 > 1.0 ver- 
sus energy in the c.m.s, are given in the same figure. 

The <rich ) multiplicity in cumulative processes in- 

creases with increasing l / ~  and coincides, within the 
experimental errors, with the <rich ) value for e+e - 
interactions at equal energies. 

3.2. Characteristics of Charged Particles 
in the Jets 

Figure 12 shows the transverse momentum squared 
distributions of charged particles relative to the jet 
axis in cumulative rc-C interactions with Q=  +1 
and e + e-  annihilation. These dN/dPZ~ distributions 
are similar for both types of interaction considered. 

Figure 13 presents the distributions of secondary 
particles in the forward and backward hemispheres 
in the c.m.s, of cumulative re- C interactions with Q 
= +1 over Xll =2Pll/E . . . . . . .  where PIE is the longitu- 
dinal momentum of particles relative to the jet axis. 

From the figure one can see that the distribution 
of particles in the jets, emitted in the direction of 
motion of the primary meson, in cumulative rc-C 
interactions coincide with the corresponding distri- 
bution in e + e-  collisions. However, for the particles 
produced in the fragmentation region of the nucleus, 
the XlF distribution differs strongly from the corre- 
sponding distribution of charged particles in e + e-  
annihilation. This can be due to the differences of 
the initial states of interacting objects which lead to 
different compositions of secondary particles in the 
final state and, consequently, to distinctions in their 
phase space distributions. Therefore it would be 
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interesting to compare identical systems of second- 
ary particles in the final state (in this case the meson 
subsystems) in their rest frame. With this aim the 
events with two identified protons were selected 
from cumulative 7c- C interactions with Q = + 1. The 
protons were excluded from the analysis. The energy 
of the remaining meson subsystem, (Mo) ,  was equal 
to 10GeV. Figures 14 and 15 illustrate the distri- 
butions of charged pions over the variables x~ 
= 2P~/Mo and 

Y~I = �89 ln((E~ + P~)/( E~ - PI~)), 

where P~ and E ~ are the total momentum and energy 
of pions in their rest frame; P~ is the projection of 
the momen tum P~ on the jet axis. These distri- 
butions agree, within the experimental errors, with 
the corresponding distribution of pions in e + e -  an- 
nihilation. 

3.3. Quark and Diquark Fragmentation 
into Strange Particles 

550K ~ mesons ( K ~  and 294A ~ hyperons 
( A ~  - )  were used for the analysis [37]. 

1 do- 
Figures 7 and 8 present the ~ ~ function ver- 

sus x E for K ~ mesons and A hyperons produced in 
the fragmentation processes of quarks (forward 
hemisphere in the c.m.s.) in cumulative n - C  in- 
teractions [38]. The normalized x~ distributions of 
K ~ mesons and A hyperons in n - p  and e+e - in- 
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Fig. 14. The x~ distribution of pions produced in cumulative n -  C 
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teractions are shown in the figures for comparison. 
As seen, the presented functions in the interactions 
under study are similar within the experimental er- 
rors. The approximation of these distributions by 
the dependence (4) for cumulative rc -C interactions 
yields B ~ o = 9 + 2  and BA=13_+4 (Table2). They 
coincide, within the experimental errors, with values 
of B for ~ - p  and e+e - interactions. 

To compare the properties of K ~ mesons and A 
hyperons, produced in the target-nucleus fragmen- 
tation region in cumulative processes, with the rc-p 
and e+e - data, we have selected a subsystem con- 
sisting of mesons and one baryon [38]. Then the 
production of A hyperons and K ~ mesons in the 
backward hemisphere in the rest frame of the select- 
ed subsystem can be considered to be due to the 
fragmentation of uu, ud and dd diquarks from the 
multiquark states of the carbon nucleus. The energy 
of the selected subsystem of secondary particles, 
(Mo) ,  is 12.3 GeV. 

1 dcr 
Figures 16 and 17 show the ~ dx~ function ver- 

sus x[  for K ~ mesons and A hyperons produced in 
the target-nucleus fragmentation region in cumu- 
lative rc -C interactions with Q =  + 1, +2. Here, x)  
=2E~/Mo and E ~ is the energy of particles in the 
rest frame of the subsystem M o. From the figures 

1 da  
one can see that the presented ~ dx-~E distributions 

for strange particles in the x)  region for cumulative 
~ - C ,  ~ - p  and e + e -  interactions are in agreement 
within the experimental errors. The values of the 
parameters B~o and B A equal to 8 + 4  and 5.2_+0.7, 
obtained by approximating these distributions by 
the dependence (4), agree, within the experimental 

Table 2. Values of the Parameter B 

Type of Forward Region Backward Region 
particles, hemi- of hemi- of 
Type of sphere in approxi- sphere in approxi- 
events the c.m.s, mation the c.m.s, mation 

KO-mesons 9_+2 xE__>0.1 8 _+4 x}>0.15 
~z C-cumul. 

K~ 10_+1 xE>0.15 9 +1 x~>0.15 
- p, 40 GeV/c 

A-hyperons 13-+4 xE>0.15 5.2-+0.7 x)-_>0.2 
~z- C-cumul. 

A-hyperons 8_+3 xe_->0.3 3.6-+0.4 x~>0.3 
;z p, 40 GeV/c 

A-hyperons 10-+1 x~>0.45  4.4-+0.3 x~>0.45 
n- p, 16 GeV/c [28] 

K ~ A-particles ~ 8 x~ __> 0.1 
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errors, with those for the n - p  data. For  A hyperons 
produced in the fragmentation processes of diquarks 
in rc-p and cumulative n -  C interactions, the values 
of the parameter B are smaller than those for e + e-  
annihilation, however. 

From this section we conclude that single quark 
fragmentation functions are similar within errors for 
e+e - annihilation and forward jets in cumulative 
r t - C  and soft n - p  collisions. The same holds for 
diquark fragmentation in backward jets in cumu- 
lative rt- C and soft n - p  collisions. From these simi- 
larities, it can be concluded that the hadron jets in 
pion-carbon interactions are mainly formed outside 
the nucleus. 

4. Description of the Hadron Jet Properties 
in Relative 4-Velocity Space 

To stude the hadron jet production, the standard 
variables sphericity (S) and thrust (T), are commonly 
used: 

S=-~(~ P ~ / ~  ]P~I 2) (10) 
i i 

T = ( ~  IPN,I/~ [ P,-[) (11) 
i i 

where P~ are the momenta of secondary particles in 
the c.m.s, of colliding objects; P~, and PII, are the 
transverse and longitudinal momenta of particles rel- 
ative to some axis. Such an axis, for which ~P~, is 

minimal or ~,lPll~l is maximal in the determination 
i 

of the values, respectively, is considered the jet axis. 
However, the variables S and T are not Lorentz- 

invariant, and their values depend strongly on the 
reference frame, These facts should be taken into 
account in the analysis of experimental data and, in 
particular, in the study of the hadron jet properties 
in hadron-nucleus and nucleus-nucleus collisions. It 
is very difficult to define the c.m.s, in each individual 
case (i.e., versus the number of interacting nucleons 
of the nucleus) for such types of interaction. 

Thus, to analyze the hadron jet properties in 
these interactions, a new method, based on a re- 
lativistically invariant description of multiple pro- 
cesses in relative 4-velocity space, has been proposed 
[39-41] 

blk = -- (P~ -- P~k ]2 = 2 [(P/Pk) - 1 ] . (12) 
\ m  i m k / k m  i rag 

Here P/ and Pk are 4-momenta, m i and m k are the 
masses of primary and secondary particles. In this 
method a jet is considered as a cluster of hadrons 

with relatively small values of b~k. A unit four-di- 
mensional vector is used as a jet axis: 

V = E u i / t / ( Z u , )  2 where u i = P j m  ~. (13) 
i i 

Summation is performed over all particles from the 
selected group of particles. The distribution of the 
particles in the jet is analyzed by means of the 
variable 

b k = - ( V  -u~) 2. (14) 

The above definition of the jet axis corresponds 
to a minimal value of ~ b  k for the jet particles. The 

k 

( V - u O  2 and (V-un)  2 distributions of the jets rela- 
tive to the reaction axis 

I + I I - + l + 2 +  .... (15) 

where indices I and II refer to primary particles, can 
be analyzed. 

As will be shown below, the new method of 
invariant description of the hadron jet properties has 
advantages in the study of jet production in nuclear 
interactions. To select the particles belonging to a 
jet, the variable x i was used [40], which is deter- 
mined in a relativistically invariant manner. For  the 
I + I I ~ i + . . .  reaction the following designations are 
introduced: 

mi(u#,) mi(u~un) and x , - - -  (16) 
x , , -  m,(u, uii) m,(u,u.). 

where u~=Pjm i is the 4-velocity of a secondary par- 
ticle, u i = ~ / m  I and u n=Pn/m, are the 4-velocitites of 
an incident n -  meson and a target nucleon, respec- 
tively. The pions with Xp~>O.1 and x,<__0.1 belong 
to the jet produced in the beam fragmentation re- 
gion and the pions with x , > 0 . 1  and xp~__<0.1 to the 
jet produced in the target fragmentation region. 

Figure 18 shows the b k distribution of n -  mesons 
relative to the axis of the jets produced in the beam 
and target fragmentation regions of n - p  interac- 
tions. A similar distribution of n -  mesons in pp 
collisions at P = 2 0 5  GeV/c is also presented [42] 
(the data have been obtained using a hydrogen bub- 
ble chamber at FNAL). One can see that the distri- 
butions coincide within the experimental errors, i.e. 
in relative 4-velocity space the fragmentation of 
quarks and diquarks into pions is of the same char- 
acter. Furthermore, the distribution obtained does 
not depend on the energy of the collision over an 
energy range of 40 + 205 GeV/c. 

Figure 19 illustrates the b k distributions of n -  
mesons in the jets produced in the target and beam 
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fragmentation regions. These distributions are also 
in agreement within the experimental errors. 

The b k distribution of re- mesons in the jets 
produced in the target fragmentation region of ~-  C 
interactions at P = 4 0 G e V / c  and of p p  collisions at 
P = 205 GeV/c are compared in Fig. 20. These distri- 
butions are similar as well. 

Table 3 presents the average values of b k for the 
different types of interaction. These values are small 
(bk--~4) (bni=570 is the total interval in ~ - p  col- 
lisions at P = 4 0 G e V / c )  and do not depend, within 
the errors, on the type and primary energy of in- 
teraction over the considered range of energies. 

From this section we conclude: 
1. Quark fragmentation and diquark fragmen- 

tation look the same in the new variable b k. 

2. The b k distribution is the same at 40 and 
205 GeV/c (scales). 

~ l z  
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Fig. 20. The distribution of ~ -  mesons o v e r  b k calculated relative 
to the axis of the jets produced in the target fragmentation 
region: (o) - z - p ,  (n) - g - C  interactions at 40 GeV/e and (A) - 
pp collisions at P =205 GeV/c 
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Fig. 19. The distribution of 7r- mesons over b k calculated relative 
to the axis of the jets produced in ~-  C interactions in the target 
(o) and beam (o) fragmentation region 

Table 3. Average values of the b k variables for 7r mesons 

Region of jet n - p  n -  C 
production 

PP 

Beam fragmen- 4.2_+0.1 4.2_+0.1 4.54-0.1 
tation 

Target fragmen- 4.1 _+0.1  4.4-+0.1 4.54-0.1 
tation 
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3. No difference can be observed for hadron jets 
in re- C interactions from quark or diquark fragmen- 
tation jets in soft ~ - p  interactions. This confirms the 
conclusion from Sect. 3, but now on the basis of the 
combined information from quark and diquark frag- 
mentation. 

5. Conclusions 

From the analysis performed one can draw the fol- 
lowing main conclusions: 

1. In relativistic nuclear interactions the produc- 
tion of two-hadron jets is observed which are col- 
limated in the direction of motion of colliding ob- 
jects in their c.m.s. (i.e. in the beam and target frag- 
mentation regions). 

2. The main properties of the hadron jets are 
similar, within the experimental errors, to those ob- 
served in soft and hard hadron-hadron collisions 
and e + e- annihilation. 

3. The functions of the fragmentation of quarks 
and diquarks into hadrons in relativistic hadron- 
nucleus interactions coincide, within the experimen- 
tal errors, with the corresponding functions in soft 
hadron-hadron and e § e-  collisions. 

4. The hadron jets in cumulative hadron-nucleus 
interactions are mainly formed outside the nucleus. 

5. In relative 4-velocity space the b k distributions 
of secondary particles relative to the jet axis in dif- 
ferent types of interaction are similar and do not 
depend on energy (E=40+205  GeV/c) both in the 
target and in the beam fragmentation regions. Thus, 
the new property of multiple processes, which does 
not depend on energy and the quark system com- 
position, characterizing the dynamics of quark had- 
ronization has been established in a relativistically 
invariant approach. 
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