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1е the рrосевв of collieionв of 
,tunt•acleue in the regioп of li.Dd. ting пuclМJ 

nucleoп)' where ecale i:пvariu 
sOJDentulll, which is much larger 

aacleus, is transferred to the particle 
hJpOtJaeai' Of the CUIIIUlative effect W88 first advanced __ , , 
1Jt 1971/f • U:nderl;ring а quarlc-parton level of the phe~ 
cQDcept of the cuшulative effect naturally includeв 
ot ha4roD interactioпв ав large momentuш tranвtere 
а ·J01nt-like obgect with momentura larger than that of 
oleon beloage to а group of пucleons of the nucleus. 
t«r рrосевеев of thiв type the поtiоп of nucleon ав 
particle шаkее no веnве, and its interпal вtructure 
1Dto account. 

Such i,ortant properties of the cUJDulative effect 
variance of nclus1ve spectra of hadrons and enhanced А 
ot their production croвs eectione were found alread1' iD 
~ente carried out Ьу v.з.stav1Dвky 1 s group at the 
~*ron with relat1v1вtic deuterons. 
· ' In а nUJDЬer of вubвequent experimente/2

•
3 /v.s 1:!+ .. - .. ,;,ii,j 

..- etwlied in more detail th1 1,nd1cated ............. н 
110JI8 veЖ.U. ecale var.LaЫe ~ +'/(0.25~:1 
..._._ of protone and deuterone and а large eet of 
11 to U). ЖЪе following facts have been eвtaЫiвhed. 

- lor energiae of relat1v1вtic particleв/nuclei ~ ).5 
пucleon there ie :..._ an asymptotic reg:Lme (111 
мntation region) iD which the depenilence of 
sect1ons for reactionв ot the type I + П -
apecific relatirtstic-invar.Lant energ Е of 
8D4 other variaЬles, except the ratio of вcalars 
ie inвipificant. Иеrе 

f ·=(Pa~)/м,m,,, <r.,r1 )= rn,,v'ж~4-~~ oh('A.-\i.aa), 
(Patf1) :: ._m,nt11 cA_(';i,-~0) 1 ~i = ~ &_[(Et-*Ptz)/(f"t-~zfl 

and Р is the projection of particle momentum on the re
action ~iв. Тhе value of boundary energy Е~ 3.5 GeV/nucleon 
followв from the property of вhort-lived correlationв in rapi
dity врасе. According to thiв value, the radiuв of the corre
lationв, А 'i , fdund in experiment в on mu·l tiple particle pro
duction iri hadron interactionв, is approximately 1-2. Hence 

for <r., ~) ~ m, mllch t.y 
the epecific energy is ..,_ 3. 7 what just correвp-:>ndв to the 
energy of incident particle -3.5 GeV/nucle~n. 

- There area вtrong dependence of invariant cros .. & <O <.; t i oщ~ of cu
mulative hadron production on the degree of cumulativi ty (or 
variaЬle Х ) and а wea k one on the flavour of hadronв. Por Х 
from 0.6 up to 3.5 thiв dependence (вее fig.1a) iв well des-
cr,ibed Ьу а вingle exponential function of the type ~ 

~/3An(x) [ х 1 G-C><)"'(r.J Е с{~ = Const А 1 11 ех р -<Х> -.::о .> :J. 

J\ d р; -
with univerвal вlоре parameter < Х> = 0.14 and function 

tt(.X) . / ) GCX)=ConstA 11 ехр(-Х;<=Х> · 

Here А 1 and А11 are the atomic weightв of colliding objectв 
and n(X ) iв equal to 2/3 + Х/3 for Х< 1 and 1 for 

6
; 

Х > 1/S/ and the function 'f (Р_р оЬеув the following relation/ 

~(х) =0 . 9ех р(-2.7Р:)+О . 1 
- For equal valueв of variaЬle Xinvariant сrовв sectionв of cu

mulative pion and kaon production оЬеу, within experimental 
errors, the following relation с;{() t c:J.<5" _ 

Е d~ ("~~~)~Е~~ d~(л-) :::: E"o(cJK) >>Ел~ -Р(К ). 
Ad.p1 ~Р" ~~ " 

- Por large valueв of А 11 and Х > 1 there is an enhanced (ав 
compared to А 21~) А 11 -dependence of production сrовв весtЮnв 
of cumulative particleв. 
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The above regularities of the effect have been studied and sup
ported for different types of interactionв over а broad range of ener
gies. PrimS:ily ~his relateв jo1experiments"car~i~d out Ьу the groupв 
of G.A.Lekв1n 77 { K.Shaginian е and L.Schroder/Эf. 

Thuв, an experimental teвt of the cumu~ative effect carried out 
in systematic studies of incluвive nuclear reactionв with large mo
mentum transferв in the region of limiting nuclear fragmentation • 
1) confirmed the existence of this physicв phenomenon, 2) eвtaЬliehed 
the ,universality of ite principal propertieв and 3) indicated а 
quark nature of cumulative рrосеввев. 

Тhеве reвultв led to the neceвeity of introducing new (for nu
clear рhувiсв) ideвs of the quark вtructure not only of nucleone but 
also of nuclei. In particular, Ьу analogy with "hard" hadron-hadron 
interвctions, the conception of quark-parton structure functions of 
nuclei as independent (not reduciЫe to one-nucleon) objectв of had
ron physice was .introduced. In thie свае, e.g., the longitudinal die
tribution of quarks in the nucleuв and in the region of cumulative 
effect iв determined Ьу the вtructure functionв G(X). When Х > 1 
and Р1 = О, th~ characterize the probaЬility that а constituent car
ries the momentum of а group of nucleons of the nucleuв. 

The propertieв of the вtructure functionв found in experimentв 
оп limiting nuclear fragmentation were the first to show evidence for 
the exiвtence of multiquarR configurationв in nuclei which are вigni
fic811tly different from thoвe in free nucleons and mult.inucleon вув-
tеm~~7 · 

The.вame reвults allowed A.M.Вaldin/11 1 to make concrete predic
tionв concerning not only the behaviour of deep-elaвtic вcattering 
сrовв вectionв of leptonв on the nucleus but аlво their abвolute va
lueв. An experimental check of thiв prediction wав fi~st carried out 
in NA-4 experiments of the JINR-CERN collaboration/~Z/ where the deep
-elaвtic вcattering of JЧ- -mевоnв on carbon nucleuв wав вtudied for2 an energy of 2~ GeV in the interval of momentum transferв ~50 GeV/c. 
Ав seen from fig.1b, the behaviour and characteristics of the вtruc
ture fur1ction of carbon nucleus Р2 (Х) obtained in theвe experimentв 
are вimilar to thoвe round previouвly in the experiment~ on limiting 
nucleвr fragmentation. 

The propertieв of the вtructure nuclear functionв hвve been аlво 
confirmed ii} recent experimentв qn the deep-inelaвtic вcattering of 
.Jf'l-meвonв/13/ and electronв/ ""' on D 1 Ре nuclei performed reвpec

tively Ьу the groups from CERN and SLAC. The results of theвe experi
ments and the data obtained Ьу v.s.stavinsky's group are shown in 
fig.2a. One can see that in the overlapped range of Х values (i.e. 
in the range Х > 0.3) the CERN and SLAC data are in good agreement 
with the Dubna оnев obtained 'from the experiments on limiting nuclear 
fragmentation. Вевidев, ав вееn from the figure, the Dubna reвultв 
give new information on the properties of the вtructure nuclear func
tions in the range of large Х, not yet ~tudied in lepton-nucleus 
interactionв~ gqd on the propertieв of the structure functions for 
other nucl·eit 1~/ 

The above b;haviour of the ratioв of the- вtructure functionв for 
different nuclei directly indicateв the exiвtence of multiquark con
figurationв in nuclei realized Ьу а group of nucleonв inвide the nu
cleuв with effective number Х which are вubstantially diвtinct from 
multinucleon вувtеmв in а free state. In this саве cumulative рrо
севвев can Ье conвidered as а reвult of the interact ion of quarkв 
from the incident object with thiв type of mult i quark configurationв 
in the target-nucleuв. Therefore the data of fig.2a,b сап Ье natural
ly interpreted as the preвence of а significant di fference in multi
quark configurations of D and РЬ nuclei and the exiвtence of truar 
weak difference for Al and РЬ nuclei. Taking into account this fact 
and аlво the data on the A-dependence of the ratio of structure func
tionв for other nuclei at fixed variaЬle X(e.g., Х = 1.3) obtained 

4 

Ьу the group of v.s.stavinsky1 1~{ one са~ expect (see fig.2c) that 
there are ppssiЫe multiquark configurations not only for deuterium 
but also for other light nuclei with А<20 which differ from one 
another. This differen~e should Ье stronger for а larger difference 
of А value of nuclei/45/. 
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1. Multiple particle production proceвses in 
cumulative h + А interactionв 

The result of the experimental test of the consequenceв of the 
cumulative effect diвcuвsed in the introduction Ьаvе been obtained in 
the вtudies of incluвive reactions. However, to obtain more extensive 
information on the dynamics of cumulative proceвses, it is of extreme 
importance to know main propert1es not only of cumulative particles 
but аlво of particleв "accompanying" their production. 

An attempt, to вtudy cumulative рrосеввеs in other than incluвive 
experiments Ьаvе been carried out Ьу вeveral groups from the Labora
tory of НiRЬ Energies, JINR using pictures from the 2m propane bubЬle 
chamber/t&-nt • 

1 .1 • Propertieв of cumulati ve pions and protons •· 
produced in hadron-nuclefS interactionв at 
10 and 40 GeV/c 

Below we §hall diвcuвs resuits of а вtudy of multiple production 
рrосеввеs in лр (40 GeV/c) and рС,рТа (10 GeV/c) colliвionв accompa-
nying the production of cumulative pions and protonв. / 1В/ 

The proceввing and analysis of the results can Ье found in • 
Cumulative events were вelected as followв: events were aвsumed 

to Ье cumulative if in them there wав at least one pion or proton 
emitted at an angle of >,. 135° in the lаь.· syвtem and having }3

0 
~ 0.4 

for pion and ~ ~ 1.3 for proton. Here the cumulative number 
.f3o = . Х = (Е i - Pill )/m N; Е i and Pi11are the total energy and 

mo~entum of вecondary particle in the lab. syвtem and m~ is 
the nucleon masв. А phyвical validity of the aelection of в~cь1values for angle and variaЫe flo is, deвcribed in detail in papert16 • It 
iв Ьавеd on the fact that the indicated values of Х are boundary 
for the behaviour of general characteristicв (average multiplicity, 
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average momentum, average emiввion angle in the lab. вувtеm and ave
rage rapiditieв) of cumulative particleв versuв Х with reвpect to 
all accompanying particleв produced in рС and рТа interactionв at 
10 and 40 GeV/c, reвpectively . 

Main properties of the indicated general characteristicв of char-
ged particleв produced in рС and рТа interactionв at 10 GeV/c are 
the following: 

- there iв an enhanced A-dependence of the production сrовв вec-
tionв of cumulative pionв and protonв. The value of 

n = (&t_G"~/6"2.)j(fnAA!A2.) 

1~ 1.44 ± 2'24
3 

for cumulative protonв and 1.13 ~ g·0°g for cumulative 
р~оnв. • • 

' - the eventв, having cumulative protonв , are accompanied, ав а 
rule, Ьу an increaвed multiplici ty of all proto11B, and the eventв, 
having cumulative pionв , Ьу an increaвed multiplicity of а11· pionв. 
For inвtance, the ratioв Rp/~ of the average multiplicity of accom
panying protonв in the eventв with cumulative protonв(~np><~ or 
accompanying pionв in the eventв with cumulative pionв ( <nзt>~.._..,) to 
the average mul tiplici ty of emi tted protonв or pionв ( "n р111>,,ц) for 
all рС and рТа eventв are equal to: Rp., 1.57±0.07, Rx~= 1 . 28± 
±0.09, Rзt= 1.30:!:0 . 08 (for рС collisionв) and Rf .. 1.53±0.08, 
Rп+ = 1.42:!::0.13, RJ!- = 0.99:!::0.11 (for рТа). 

- all average characteriвticв (except multiplicity) of вecondary 
particleв in interactionв with cumulative proton production have no 
diвtinct differenceв in compariвon with the characteriвticв in int er
actionв with cumulative pion production. For example, the ratioв of 
the indicated characteriвticв, within experimental errorв, are equal 
to uni ty. 

In addition, within the availaЫe вtatiвtical accuracy, no de-
pendence of theвe characteriвticв on cumulative number }о i в ob
вerved both .for protonв and for pionв . 

- the general characteriвticв of "leading" protonв and pi ons 
(i.e. particleв having .х:: ;. ~/Pm""">2 in the NN с.m.в. ) , accompanying 
the production of cumulative protonв and pionв, are invariaЫe verвuв 
cumulative variaЫe )Зо· 

- the dependence of the invariant incluвive сrовв вectionв for 
cumulative protonв and pione in рС and рТа colliвione on variaЬle 
Q = Х-В (Х iв the cumulative number of the hadron considered and В 
itв baryon number) вhоwв their univereal behaviour: theвe dependenceв 
have an exponential form with univerвal conвtant< Х>= О.14(вее fig.З). 

Вевidев, the dependence of the invariant inclueive сrовв · вectioos 
of cumulative protons on their momentum вquared aleo hав an exponen
tial form with вlоре parameter when approximating Ьу the expreвsion 
~ехр(В Р1) with В= 15(GeV/ c) for рС and рТа interactionв. 

All the above general characteristicв of вecondary particles 
produced in рА collisions at 10 GeV/ c coincide, within experiщen
tal errorв, wi th the п-с reвul te obtained previously at 40 GeV fc/ 1~ 1. 
The correlationв under diecuвeion have been аlво obвerved for proton 
produqtiqn in pion-nucleuв interactiqne

1
at momenta of 3,7,6, and 9 

GeV/c/2°/, in ~+А :lnteractionв/21 , and in neutrino/antineutri-
no-nucleuв co~liвionв/22 /. All theвe factв confirm the univerвality 
of the general · characteriвticв for the рrосевеев of cumulative hadron 
and accompanying particle production in hadron-nucleuв interactione 
although invariant вpecific energieв differ Ьу а factor of > 30. 

6 

1.2. Hadron jetв in cumulative .1t-C inter
actionв at 40 GeV/c 

The analyвiв of multiple hadron production in different proce~, 
вuch as е+е- annihilation, deep-inelastic lepton-hadron colliвionв 
and вoft hadron-hadron interactionв, has ehown that the production of 
hadron jetв , which have а number~f univerвal properties, iв . observed 
in theвe interactions. Collective characteristicв of the jetв, "ephe
ricity", "thruвt" and othere, the multiplicity of hadrons and their 
momentum dietributionв in the jetв coincide for theвe processes at 
equal energies in the с.m.в. The observed вimilarity of the ~ertieв 
of hadron jets iв probably due to the existence cJ: а ei.!}gl~ mechaniвm 
of quark hadronization for вoft and hard interactione/23/. 

It iв of intereвt to вtudy the properties of hadron jetв prod~ 
in hadron-nucleuв colliвions which can give information on the influ
ende of nuclear matter on their formation and will allow one to ев
tаЫiвh more general regularitieв of quark hadronization for different 
tурев of interactionв. 

Cumulative рrосеsвев are of principal interest. In this саве 
quark-parton вtructure functionв,determined due to multiquark вtаtев 
in nuclei , are obtained from data on limiting nuclear fragmentation 
(Е ~ 3-4 Ge V) • ' 

Quark hadronization from multiquark nuclear вtаtев iв practical
ly unвtudie~. Therefore it iв particularly intereвting to select jetв 
in the region of nuclear fragmentation and to compare them with the 
properti•eв of hadron jetв in е+е- and hadron-hadron interactions . 

Figure 4 preвentв роввiЬlе diagramв of the fragmentation produc
tion of hadron jetв for ~-Р е+е- and cumulative л-с interactionв . 
The analyeiв carried out inl2~/ hав вhown that the production of two 
hadron jetв in л-р interactions, collimated towardв an incident рШn 
and in an oppoвite direction, can Ье ~ainly conвidered as а reвult of 
the fragmentation of noninteracting u(d ) quarkв (forward hemiвphere 
in the с.m . в. ) and uu(ud) diquarks(backward hemiвphere ~n the c.m.вJ 

· f r om primary particleв. Similarly, the production of вecondary par
ticle jetв in the с.m.в . of п-с interactionв can Ье preвented ав а 
reвult of t he fragmentation of noninteracting u(d) quarkв from in
cident п--mевоn in the forward hemiвphere and ав а reвult of quark 
fragmentation f rom multiquark вtаtев of carbon nucleuв in the back
ward hemiвphere (region of target-nucleuв fragmentation) . 

In thiв paper we diвсuвв the fragmentation of quarkв and diquarkв 
into charged pionв, neutral вtrange к -mевоnв and Л0 -hyperonв and 
collective characteriвticв of jetв . 

Experimental data have been obtained uвing the 2m propane bubЬle 
chamber ехровеd to а beam of 40 GeV/ c л- -mевоnв at the Serpukhov 
accele~ator . The work wав done on вtatisticв of 6480 л-с interac
tionв*J in which charged pionв and protonв were meaвured ( the latter 
were identified over а momentum range of 200 ~ Pt:\b ~ 800 MeV/ c). 550 
К0-mевоnв (К0 _ .,. nt JC ) and 294 ло -hyperonв (,.Л:_.,. рл- ) were аlво 
used in the analyвiв . 11688 inelastic л-р interactions with 753 К0 -
mевоnв and 345 Л" -hyperonв were uвed to eompare wi th the .:п- С data. 

The method of вelection of л- р and Ji:-C interactionв, the iden
tification of neutral strange particles and ' fчrther processing of 
the events are deвcribed in detail in рареrв ~ '· 

*JPion interactions with quaвi-free nucleons were excluded. 
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Multinucleon Jt-C interactions with the total charge of secon
dary particleв Q "' N+- N_ ~ +1, where N+ and N_ are the numbers of 
secondary positive and negative particles per interaction, were se
lected for the analyвis. In this case the protons having Р1 , ~JOO 
MeV/c were excluded ав in thiв re~ion the fraction of spectator pro
tonв of the target-nucleus is large.For each group of multinucleon~~ 
interactions with charge Q ~he analysis was performed in the c.m.s. 
of incident л· -meвon and the correвponding number of nucleons ( -..)n) 
involved in the interaction. Ln the eventв with Q = +1 there were 
two interacting protonв, with Q = +2 three protons and во on. Ав 
neutronв also participate in theвe collisions, their number was esti
mated Ьу the momentum conвervation law for the events with given Q 
in the collision c.m.s. 

The energy of collision is defined Ьу the formula 

Е с .т . <; . ;:=. {S ~ V2. ))., mN Ел . 
wi th m N the nucleon mass and Е n the energy of incident pion. Such 
an approach makes 1 t possiЫe 11> oЬsave 'the change of the properties of 
hadron jets, produced on nuclei, with increasing the number of nucle
onв involved in the interaction what is somewhat вimilar to an inves
tigation of the properties of hadron jetв versuв the a;tomic number gf 
target-nucleus. Е.:- R 11 

The cumulative events were selected using variaЬle fti=·~, 
where Ei and Pttl are the energy and longi tudinal moment1m of 
вecondary particles in the lab.system.' According to the estab\ished 
selection criteria, an event aвsumed to Ье cumulative if а л--meson 
with j3~~0 . 6 or а proton with JЗ~ ~ 1 wав regiвtered in it. However, 
the hadronization of quarks from multiquark nuclear stateв can occur 
во that none of the particleв hав the value of fi• outвide the ki-

, nemat1cal 11m1t of pion-nucleon collision whereas the вum of all f[ 
in а jet, produced in quark hadronization, iв larger than 1 

Л =- f ft i > ~.о. 
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Ав вhown/ 2'/the eventв with cumulative particleв incompletely 
reflect all cumuiative рrосеввеs and their configuration in momentum 
space. Thuв, cumulative interactions were вelected according to the 
above condition: ' the events were selected in which the va
lue of fto _fpr а group (jet) of particles, moving backward in the 
с.m.в. ( л v~ ), was larger than 1. А group of particles вatisfying 
the condition ( fto>1.0) was aвsumed to Ье а cumulative jet. 

ТаЫе 1 preвentв the number of cumulative eventв thus selected 
and their· fraction of all зr-С interactionв. The fraction of cumula
ti ve ·jetв wi th · Ко -mевоnв and Л 0 -hyperonв wав reвpecti vely "' 8}& 
and 10% of all cumulative jets. 

Туре .of 
inter
action 

Q 

\ 

Statistics of events 

Average Energy Number of 
number Е events 
of inter- c.m.s. with given 
acting (GeV) Q and 
nucleons n:t~ 

ТаЫе 1 

Fraction of events 
in% with given Q 
from all л-с 
interactionв 

1 2 . -- J ---- 4 5 ь 

Multi
nucleon 
inter
actions 

Events 
with 

cumula-
tive 
jets 

А:;::1.о 

Events 
with 

cumula-
tive 
jets 
л~1.5 

+1 20)2 15 
+2 970 - 7 
+ 395 J 
+4 1)8 1 
а 5~----~-28 

+1 
+2 
+3 
+4 

ill 
+1 
+2 
+3 
+4 

3.0 15.3 118) 8.7 
3.8 17.3 776 5.7 
5.0 ' 20.0 333 2.5 
5.5 21.0 127 0.9 

2!1~ 18 
3.7 17.0 664 4.9 
4.2 18.2 576 4.3 
5.0 20.0 283 2.1 
5.5 21.0 114 0.8 

1.2.1. Properties of common characteristics 
of jets and hadrons in jets 

1. Common characteristics of jets 

The study of jet particle production in :n- С interactions has 
been performed using the standard varia!;!les: spherici ty ( S ) and 
thrust (т} Sphericity (s) is defined as follows: 

with 
~ and 

;; = ~ WILV\. (_~ р~ ~ /~ 1 PZI') 
" ~ 

-~ 
Р1 the momenta of secondary particles in the collision c.m.s. 

P~i the transverвe momenta of particleв relative to воmе ахiв. 

9 ' 1 
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The ахiв, for which ~ Р1с hав а minimum value, iв aввumed 
to Ье а jet ахiв. Тhruвt lT) iв found aeeording to the formula: 

т"' mo..J~. ( ~ r Р~ 1 i. 1 f 1 r ~ r ). 
* Here Р ,1t iв the projection of the momenta of вeeondary partieles 

on some direetion. The jet axis is defined ав an ахiв whieh maximizes 
the1s~ L.!pt,! < • Тhеве variaЬles are deseribed in detail in pa-
per ~71. It should Ье noted that variaЬles S and Т determine the 
jet eone opening angle. 

· Figure 5 вhows the dependenee of averag~. values of ·spherieity 
..::S > on eollision energy Ее .m .в for е+в- ( V, о) annihilation. An 
average value of..::S> for .1t.P !nteractionв at Ee.m •• =8.7 GeV is 
also shown Ьу an arrow. -In the ваше figure are presen~ed average va-
lues of..::. S > verвus Ее m for the jets of seeondary partieles eolli-
mated towardв а primary p~~n and in an opposite direetion in the eu
mulati ve ( 8 ) and noneumulati ve ( А ) eventв. Ав seen from the figu
re, the value of ~ S> for both jetв in eumulative 1СС interactionв 
agrees with the е+е- data at equal energies in the е.m.в. For the 
noneumulative events one can вее а disagreement with вimilar data on 
е+е- interaetions for the hadron jets produeed in the fragmentation 
region of target-nucleuв. An analogouв pieture is observed when eom
paring the values of variaЬle < Т~ • 

"'r ., f .. ~.:гп i! = =-- .;·гjiп .. . . 
"' . f . -"'1 "'1 

'* ' '* 
ц· r- ~ л ~м ~ .~ 1 _1 

~ 

t t t t~' + ~ ~ t •• 
цtf- уФ о6 

10 15 10 IS 30 fO 15 20 25 .XJ 

Е ~ .,.s IC.e· ! 

Fig. 5 

In order to rule out а роввiЬlе influenee of sueh nuclear effectв 
ав Fermi-motion and pion abвorption in the nucleus whieh сап lead to 
the produetion of particleв and groups of particleв with the value of 

~t 0 outside the kinematical limit of pion-nueleon eolliвionв, we 
have'seleeted jets with ~0~1.5. · 

For the eumulative jets thuв seleeted,the dependenee of average 
valueв of ~S> on energy Ее.m.в. does not differ from that pre
sented in fig.5 . 
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2. Multiplieity of seeondary partieles 
It is known that in various types of hadron-hadron intersctions 

and in е+е- annihilation the multiplieity of eharged particleв is 
different: е .g., in рр eollisions the average values of < n ± > are 
smaller than in е+е- annihilation at the ваше energieв in the е.m.в., 
and in ;r;- ~ and к-р interactions the valueв of < n:t > coincide 
wi th the е е- data at Гв ~ 12 GeV. It is of interest to compare the 
multipliei ty < n+> in е+е- · annihilation and in eumulative рrоеев-
вев. - ..,.,. 

Figure 6 depicts the average multiplieity of charged particleв 
versus Гs in е+е- and eumulative :л-с colliвions. It is seen 
that in · eumulati ve рrосеввев the value of < n:t > inereaвes wi th in
creasing Ее m 8 , and,within experimental errorв, it eoineideв with 
the values ol' <.n:t> for е+е- annihilation at equal Ее m в,• How-
ever, t .he analys:tв hав · shown that ~his inereaвe of < n+> • ~n cumu

lative processeв i a greatly due to increasing the number-of protonв 
in the final state/21/. 
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ТаЬlе 2 вhоwв the average multiplicities of K0-mesonв and Л 0 -

hyperonв in я-р and cumulative ~-с interactionв with charge 

1' 

Q = +1,+2. Ав вееn from the ТаЬlе, the multiplicitieв of K0 -mesons 
and Л 0-hyperonв in cumulati ve interactions are larger than in pion
-proton eollisionв. Nevertheleвs, in ~-с events the multiplieity 
of neutral kaons increaвes proportionally to the average multiplieity 
of JL 0-mевоnв, < n .n~ in theвe eventв.I t is вuрровеd that 6 -quanta 
in the eventв are mainly produeed from the dееаув of :11°-mевоnв, 
therefore <( n.n• > =~ < n )'> t в о that, wi thin · the -experimental errors, the 
ratio <'1 к•'>/< ""'")iв вimi lar for theвe interaetionв. Conвequently, in 
cumulative рrосеввев no additional воurсев of strange meвon production 
is observed as compared to neutral pions. G 

In compariвon with the multiplicity of Л -hyperons in pion-nu
cleon colliвionв, the multiplicity of Л0 -hyperonв in eumulative 
eventв increases approximately in proportion to the number of nueleons 
involved in the interaction. 

\Vithin the experimental errors, the ratio<"'л>/<~~>is вimilar for 
:л-р and :rt-C interactionв. 
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таЬlе2 
о Multiplicities of К0-mевоnв and 

,.._ -hyperons in :л -р and cumulative Jt-c interactions 

т-уре or- - 1 _С Q .. +1,+2 
interaction Jr Р JL 3.3 

Туре. of ко Л о l ко ,л. о 
part~cleв 

.( V1. 1< .. > о .23±0 .01 
<"··"У~ 1'111·.> о .090±0 .006 
<n ... .-.~/L '1)~'> 0.23:!:0.01 

0.065±0.006 1 0.34±0.02 
о.о25±О.ОО2 о:о98±О.о.о6 
0.065±0.006 j 0.102±0.006 

0.16±0 .01 
0.045!0.004 
0.047±0.004 

3. Characteristicв of charged particles 
in 'jets 

Besideв the analysiв of the collective characte~iвticв of the 
jetв, вphericity and thrust, it iв intereвting to compare one-particle 
momentum diвtributionв of вecondary particleв in the jetв for cumula
tive д--с and е+е- interactionв. 

Pigure 7 preвentв the behaviour of the invariant production с~ 
•.. ectionв · of )f--mевоnв and protonв from cumulative jetв verвuв vari-
aЬle P.,i. • Ав seen, approximating the experimental data Ьу the depen-
dence f ( (3;_) == Co.,st f!Xf ( - (> ~ /< ~;_> ), 

we get <~о. > = 0.145~.005 for л--mesonв and .<::: (!>.:> .. 0.122±0.008 
for protonв. Wi thin experimental errorв, the values of < f3;_> are in
dependent of the number of interacting nucleonв of the target-nucleuв 
in the range from .2 up to 5; and they are in good agreement with the 
uni versal parameter <.Х > "' О .14 obtained previouвly in e:xperiments on 
limiting fragmentation Ьу the v.s.stavinsky group. t 

А comparative analyвiв of the ratioв of the production croвs 
вections of one charged hadron to thoee of hadron jetв, G"_, /о :let• 
for .1t -:с (Q iв from +1 to +4) and .Тt -р interactione ehowe tnat 
the сrовв вectionв of cumulative jetв flying forward in the с.m.в. 
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increaee Ьу а factor of "- 10 in cumulative рrосеевев ав compared to 
вimilar .-Ji -р reвultв. · 

In fig. 8 iв ehown the tranвveree momentum вquared diвtribution 
of all вecondary particleв in cumulative interactionв with Q = +1 
relative to the jet axf~. The Pl diвtributione of particleв are вi
milar, within the experimental errore, for the jetв produced in the 
forward and backward hemiephere in the c.m.s. of ( ~- ~~ ) colliвionв. 
So figure 8 preвente the вummed dietribution for both hemiвphereв.The 
~rвmomentum ~ed diвtribution of charged particleв relative to 
the_Jet ахiв in е+е- annihilation for approximately close energieв 
( ..J,.<r = 13 ,;. 17 GeV) is given in the e'ame figure for comparison. Ав 
вееn, theвe diвtributionв are вimilar for both types of the interac-
tionв conвidered. 1 

Figure 9 illuвtrateв the Хн"' 2 Р" Ec.s . .., . dietributionв of eecon
dary particleв in the forward and backward hemi·вphere in the с.m.в. 
of л-с interactionв with Q • +1, where Р 11 iв the longitudinal 
momentum of particleв relative to the jet axis. Тhе data are compared 
wi th а вimilar diвtribution for е+е- annihilation at l[ff"' 7.4 
GeV/ 271. The dietribution iв normalized во that the area under it in 
the range ( .r ,1 \~О .1 iв the eame ае in л -с eventв. 

~ 
-11 

0,01 L+-~-+:----'-.,J,-J__r_,.~-..,J-"-~---,-:!--J . о 0,5 \0 - 1,0 - o.s " 
:х: , 

Fig. 9а, 9Ъ 

Prom the figure one сап ~ее that in cumulative 1L -с collteionв 
the diвtribution of particleв in the jetв, collimated towarde an in
cident ~ --meвon, iв in agreement with а вimilar diвtribution in 
е+е- interactione. Por particleв, produced in the fragmentation nu
clear region in theвe events (both for pionв and for protonв), the 
JСц diвtribution relative to the jet ахiв differs from а вimilar 
diвtribution of charged particlee in е+е- · annihilation. 

Thiв difference can Ье due to variationв of initial stateв of 
i nteracting objectв which leadв to variouв compoeitions of secondary 
particleв in the final вtate and to 4ifferenceв in their рhаве 
врасе diвtributionв (in cumulative Jr -с interactione with Q а +1 
the average number of nucleone, < -\1.,:> , iв - 3.3 whereae in e+e
annihilationв at VS• 7.4 GeV the mean multiplicity of рр pair per 
event .C:: t'\.p p> i в 0.1). 

· Therefore it would Ье more correct to compare identical syetems 
of eecondary particleв in the final вtate (in thie саве meвon onee) 
in t hei r reet frame • 

13 

"" 

' 



With thiв aim the eventв with ' two identified protons were. вe
lected from cumulative ~-с interactionв with Q = +1. The protonв 
were excluded from the analyвiв; the energy of the remaining meвon 
вувtеm, < М0 > , wав 1 О GeV. The value of < М0> wав decreaвed Ьу 6% if 
the fraction of neutronв in the final вtate wав accounted for. 

The :Х: ~ = Q Р~ 1Мо and ';:\~1 diвtributionв of charged pionв, 
calculated in the reвt frame of mевоnв (М0 ) 0 were analyzed. In thiв 
саве pS iв the total momentum of pionв in their reвt frame (М0) and 

~~.· the rapidity determined relative to the jet ахiв in the ваше 
system (the jet ахiв wав reconвtructed Ьу variaЬle Т). 

In such atl approach the production of pion jets in the fragmen
tation region of target-nucleuв can Ье interpreted as а reвult of the 
fragmentation of quarkв from multiquark stateв of carbon nucleuв. 

f()() 

1= ме•i!; Vs •?,lt~ 
10 

fO 1=- . ~ ~ ···~. • , 
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" 

Fig. 10 ' Fig . 11 

Figureв 10 and 11 compare the dN/d~ndctN,'d~~1 diвtributionв of 
charged · pionв, produced in the nuclear fragmentation region for cu
mulative ::л- -с eventв at <М0> = 10 GeV, wi th the Х~ and ';5 ~ diвtri
butionв of pionв in е+е- annihilation for approximately equal ener
gieв V]f • Ав вееn from the figureв, theвe diвtributions of pionв are 
B\milar for both tурев of interaction. 

1.2.2. Quark ahd diquark fragmentation 
into strange part.icles 

Comparing the processeв of quark and diquark fragmentation into 
neutral К ·-meвons and Л0 -hyper(~f}1Jor .,;o:ariouв types of interaction, 
we uве the scaling function S7f.> 0 ; :х: Ell.n terms of which the e+e
data are analyzed . Here ::Х:е_ ~ 2 I::?'JS; (3= f:К/Е" ; Р* and Е* . are the 
momentum and energy of the conвidered hadron in the colliвion с .щ.в. 
According to quark-parton model preqictionв, for quark fragmentation 
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thiв function dependв only on variaЬle JCE: 

~ d.. CS" r--- F:: ( r E) . 
J3 d.Xe. '} 

Ав taking into account factor S is important only for e+e
~nihilation, we analyze the function 11/~ (с!о/с<хе:)ав in paper/ 2 Y/. 

1. Fragmentation of u(d) quarkв 
into вtrange particles 

. -1 d<S" 
Figures 12 and 13 preвent the (3 ТхЕ f'unctl on versuв Жв for 

neutral к -mевоnв and Л0 -hyperons produced in the cumulative' рrосеs
вев in the forward hemisphere in the с.m.в. of л-v~ colliвionв. Simi
'lar diвtributionв for neutral· вtrange particl;в j n л- р and e+e
interactions are given in the same figures/2~ • 

• rc'" = iб,> c;ev 
О 1Гр -{S = В,? GeV 
6 е • e'VS = i 4 GeV 

ri 1t ~~ 
10 

~н 
' + trrr~ r А 1 

1t~+ 
Е. w 

~~ 
~~ 
- !<>. 

~r-

1 t 
0,1 f- 0,1 

о о, г 0,4 0,6 о 0,4 0,6 о, в 

х, • ZE} /5 х, = 2E'/fg 

Fig. 12 1 Fig. 13 

From the figures one can see that 1 within the experimenta l errore, 0 

the dependence of the function ~ /~r~·Y/dx'E)on :Хв iв similar for К -
-meeons and Л0 -hyperons in cumulative .JCC, -'r-P and е+е- inter
actions. The Yi!>(d6'/ofXe_)diвtributionв for К 0- and л" -particleв сап 
Ье approximated Ьу the exponential dependence 

~ ~ <У- = А е.х 1JЕ в :х:Е.). 
f' "'-::Х:.Е 

From , figures 12 and 13 it ie вееn that, within the experimental 
errorв, the вlopes of the "'/~(ot~~~ xe)diвtributionв determined Ьу pa
rameter В coincide for K0-mesonв and ~о -hyperonв produced in 
quark fragmentation (!o~ard hemiвphere), in cumulati ve л-с, ~-Р 
and е+е- collisionв/J'o /. · с. 

The average mul tiplici tieв of K0 - mes one and 1. -hyperons, pro
duced in quark fragmen tation i n JCp and cumulative :тт- С interac
tionв, are аlво вimilar: 

<. rt"'~<: = о .072!0 .014; 
.( ~л>_,;: с= О .006;t0 .003; 

..::'~>t"'>'~-" = 0.065!0.005 f or О.2 s:Хв "' О.5; 

<:: VI.">";:p= о.оо6:!;О.ОО1 for 0.3 .:;. :Х:в ~ О.6 • 
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Тhеве valueв of <:"'~е.> and L. "'-л~ are in appro~mate agreement wi th 
the average multiplicity of к•-mевоnв and1 л1-hyperonв produced in 
е+в- colliвions due to вtrange веа quarkв Зi in the ваше ~Е range. 

Uвing tha data obtained, we have made an attempt to evaluate are
lative pickup probability of вirange в(в) · quarkв from the ' вea in 
compariвon with u(u) and d(d) quarkв. Тhiв probability can Ье de
termined Ъу л 5 = <"ot> f<r>..,:> • Тhе value of .Лs for cumulative .:Jt- С in
teractionв turned out to Ье 0,18±0.03 what, within the experimental 
erro·r~, agr~eв wi th that of .Лs obtained for :х.- р and е+е- colli
вionв/ 2~3~/. For quark fragmentation а relative pickup probaЬility 
of diquarkS from the веа determined Ьу the relation .Лео,<+=.l::"-:. wав 
0.11!Q.o6. The ваще v:

1
alue of -"<v'l<- wав obtained in f:f/'"lnterac-

tionв (О.14~.ОЗ)f 2Ч and е+е- annihilation ( --.о.О8) 2 
• 

2. Diquark fragmentaiion into вtrange particleв 
Ав вhown in the previouв paragraph, in order to compare correct

ly the propertieв of hadron jetв in variouв tурев of interactions, it 
iв neceвsary to вelect identical вувtеmв of вecondary particleв in 
the fina l зt~t ~ . Thiв iв the reaвon why for compariвon of the proper
tieв of К0-mевоnв and Л0-hyperonв, produced in the target-nucleuв 
fragmentation region in cumulative рrосеввев, with the ~Р and e+e
data, we have вelected а . вувtеm of вecondary particleв conвiвtin§ of 
mевоnв and а baryon. Then the production of ло -hyperonв and К -
-шевоnв in the backward hemiвphere in the reвt frame of the вelected 
вuЬвувtеш can Ье conвidered ав а reвult of the fragmentation of uu, 
ud or dd diquarkв froш multiquark вtates of carbon nucleuв and 
other baryons as вpectatorв. Cumulative .:11"- С colliвionв wit·h Q•+1 
and one identified proton, with Q=+2 and two protonв. were вelected 
for thiв compariвon. Тhеве protonв were not excluded from the analy
вiв. The energy of the remaining вuЬвувtеm of вecondary particleв, 
<М0 >, was 12.3 GeV. 
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Figureв 14 and 15 
sonв and Л0 -hyperonв 

А cl~ ХЕ 
вhow the ~~Е function vcrвuвVfor K0 -me
produced in the target-nucleuв fragmentation 
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region for cumulati ve :п- С interactionв wi th Q:a+1, +2. Here :>:: ~ = 
"QE 5/Mo and Е 5 iв the energy of particleв in the reвt fraшe of 

subsyвteш М0 • In the figureв are аlво preвented the 1/f!>(dб'/cl.:r:e:) 
diвtributionв for neutral вtrange particleв froш е+е- and ~-р 
colliвionв in the backWard hemiвphere in the с.m.в. Ав seen from the 
figureв, the 1/f!o(d6'/dxi)diвtributions for K0 -mesons and Л

0 

-hyperonв 
agree, wi thin the experimental errora, in the considered jC; ~ 
range 1·or theвe different рrосеsвев. The вlорев В of the A/fl.(titr"/d. :x:i;) 
diвtribution for neutral strange particleв produeed in the backward . 
hemiвphere in the reвt frame of вuЬвувtеm М0 can Ье obtained Ьу ap
proximating theвe distributionвЦr1he depenience mentioned above • • 
From figureв 14 and 15 it is вееn that the value of paraшeter В 
for К0- and Л"-particleв in cumulative eventв are consistent, 
within the errorв, with the data. The value of slope В lS also вimi
lar for К 0-mевоnв from cumulative events and е+е- annihilation. Ав 
for Л 0 -hyperonв produced from diquark f~agmentation in JCp and 
cuшulative л-с interactionв, the slope В iв вmaller than in e+e-
annihilation . The reвultв obtained mean that diquark fragшentation ihto neut-
ral kaonв and Л" -hyperonв from multiquark a·tateв in light nuclei 
occurв in the ваше manner as diquark fragmentation into the ваше par
ticleв for вoft hadron interactionв. 

Concluвion 

Summarizing all the foregoing, the following concluвionв can Ье 
drawn: 

- the eвtaЬliвhed regularitieв, following from the experimental 
data obtained in limiting fragmentation experimentв at th.e вynchro
phasotron, show evidence for the exiвtence in nuclei multiquark вtаUв 
which -strongly differ from nucleonв in their вtructure. Тhеве regula
ritieв have been in part confirmed in CERN (NA-4 and ЕМS) and SLAC 
experiments on deep-inelaвtic muon and electron вcattering on riuclei; 

- reвultв of вtudying correlation phenomena and hadron jet pro
duction in cumulative hadron-nucleuв рrосеввев indicate that the 
fragmentation of multiquark вtаtев in light nuclei iв вimilar to that 
of quarkв and diquarks in "вoft" and "hard" hadron colliвionв; 

- in"hadron interactionв with light nuclei the fragmentation of 
quarks into hadron jetв occurв mainly outside the nucleuв. 

1 • 
2. 

3. 

4. 

5. 
6. 
7. 
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Кузнецов А.А. El-84-374 
Кумулятивнь~ эффект и процессы множественного образования 

частиц 

Дается обзор экспериментальных результатов изучения кор

рекционных явлений и свойств струй адронов, образованiDЫХ в ку

мулятивных адрон-ядерных взаимодействиях при импу.пьсах 10 
и 40 ГэВ/с. Исследования выполнены на снимках с 2-метровой 
пропановой пузырьковой камеры Лаборатории высоких энергий ОИЯИ. 

Работа выполнена в Лаборатории высо~х энергий ОИЯИ. 

Преприит Объединенного ннс~а идериwх нссnедований. Дубна 1984 
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