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Comprehensive investigation of the hadrooroduction processes on atn~ic 

nuclei at high energies is very important for the strong interaction nhv­

sics, in particular for clarifyino the snace-time structure of the h~~ro­

production process. One of the basic physical quantities characterfzin~ the 

space-time picture of hadroproduction on atom1c nuclei is ~ultiplicitv of 

~-particles (representing mostly the recoil protons wit~ velocities 

0.3 ~ p ~ 0. 7). Ref. [1] describes within the multirle scatterina theorv 

all the available experimental data on mean multiplicity of protons with 

energies Tp = 30 + 300 MeV produced 1n high-enerqy interactions of varfo11s 

hadrons with atomic nuclei. It has been shown in (t] that besi~Ps multinle 

re-scatte1-ings of the leading hadron, a certain contribution to ~-particle 

rrvltiplicity is made by secondary interactions of relatively low-enernPtic 

pions ( Pgr < 3 GeV/c) from the target fragmentation reoion. 

The situation will be somewhat different in the case of rleer-inelastic 

leptoproduction processes. In this case, the incident particle (lenton) in 

the nucleus doesn't undergo multiple collisions (except for the case of 

electroproduct1on at a small value of Bjerken variable X 6 of 0.1, 1•hen a 

transition of virtual photon 1nto quark-antiquark pair is oossible [2] · 

, in this work we do not deal with the quoted kinematic renion). ~s a result 
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of the deep-inelastic interaction of lepton with one of the nucleus nucleon~ 

an energetic current quark-parton is produced, while a "residual" nucleon 

fragmentates into nucleon and rehtively low-enerqetic (in lab. system) 

pions the secondary interactions of which make a certain contribution to 

multiplicity of '}-particles. Mean multiplicity < 11 ~ > is determined 

both by this contribution and the one of secondary interactions of knocked­

out quark or the products of its hadronization with nucleus nucleons, which 

depend on such p~rameters as mean times of transition of ouark-oarton into 

constituent quark (3] and of the latter into hadron, mean lenoth of their 

interaction in nuclear matter, etc. Thus, experimental data on < n~ / can 

give, in principle, information on parameters characterizino the hadronizat· 

fon process in the current quark fraQmentation reoion. 

As such a parameter. which can be estimated frOIT' a con>paris~n with ex­

periment. we have chosen in this work time-averaoed cross section 6 of 

interaction of energetic quark or its hadronization oroducts with nucleon. 

Though this parameter is a rather rough characteristic of the current ouark 

hadronization process, nevertheless its exoerimental estimation woulc1 allow 

one to make important qualitative conclusions. Thus, to the value 

6 << 10 mb corresponds a pattern, when the soace-time interval of evolut­

ion of the current quark-parton into the constituent one exceeds consinerah·· 

ly the nucleus sizes, ~ » R ; at the values of 6 beino of the order 

cf cross section of interaction of constituent ouark with nucleon 

( 6 ,.., 10 mb) t" < R ; to larger values of 6 , e.o. O /(' 15-2r'I mh. 

corresponds a ~attern when quark-parton hadronization takes olace durino 

space-time intervals of the order of internucleon distances in nucleus. so 

the formed hadron or a jet of hadrons suffers secondary interactions in 

nucleus. 

.!. 

In Ref.(lJ we have obtained an expression for mean multiplicity of 

<;}-particles in hadron-nucleus interactions in the energy ranoe of 1no Ge 

and above with account of the pion secondary interactions from the fr~Qll'en­

tation region of the target. Analogously, one can easily obtain the exoress· 

ion for < 11~ > 1n the case of lepton-nucleus interaction at hiqh enero1es 

(the energy y transferred to quark-parton exceeds a few tens GeV): 

_ 6 J 2 2 [ N ( 0, 01) J < n~ >esi - are+ c.:i 2R T d f, + m, cu1 1- .A t 
(1) 

+ ~1 mcu 1 [f~ ~T2cl2~_ 1 + N. (~,61 ) J 

The first term in the right-hand-side of (1) represents the mean number of 

CJ- -particles (in the following, the recoil protons with energies 

""f p a 30 ~ 300 MeY are implied) in elementary lepton-nucleon interaction; 

the second term describes the mean number of ~-particles produced as a 

result of multiple collisions of energetic quark or products of its hadro­

nization with the nucleus nucleons; the third and fourth tel"Tl'S descrihe a 

contribution to ~ -particles mean multiplicity from interactions in nucleus 

of secondary low-energetic pions, produced in the target fraQmentation rP­

gion in lepton-nucleon scattering (the third term) and 1n subseouent colli­

sions of energetic quark or products of its hadronizat1on with nucleus nu-

cleons (the fourth term). The meaning of averaged cross sect1on El anoear-

1ng 1n (1) as a free parameter is explained above. T(g):: ~p(B,~)dz­

is a projection of nuclear density j'( i) ( ~f (i) d =i:: .fl) on tile rlane 

of the impact parameter; N (0,6) is the so-called effective nucleon 

number -6T(~) 

N(0,6)=~ 1- e d2b 
6 
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The other quantities in (1) are determined from the 1ata on elPmentary 

lepton-nucleon and pion-nucleon interactions. Consider the (anti)neutrino­

nucleus interaction process. The choice of this process is due to the fact 

that at present there are enough experimental data on (anti)neutrino-nucleor 

interactions , which enable one to determine the characteristics of the ele-

mentary act in (1). Thus, Ct.le is the mean number of ~-particles 1n 

elementary lepton-nucleon interaction (averaged over protons and neutrons 

of nucleus). In case of (anti)neutrino-nucleon interactions, usin~ the re­

sults of [ 4] , 11e have 

c.ue(vp)=o,11, U)e(~P)~C:Ue(.Yn)zo,og, we (~n) 'l:; 0103 

rn 1 is the mean multiplicity of pions (of a11 sians) in the taroet frat'1-

me~tation region in lepton-nucleon interaction; in case of (anti)neutrino­

nucleon interactions, making use of the results of Refs.["-.5], one can na-

rametrize the dependence of 9T -meson mean multirlicities on the effectivf 

'ass of hadron system W as follows: 

2 <mgr+ >~p ~ < rn.rr->~n::::: 0,26 + 0,28 en w ' 

<msr->vp::::::. <m~+>fo ::>o-o,3a+o,2senw 2
, 

<m31"-t >~p::::: <msr- >$p ::::;<mgy+\n:<><m.rr->~n~o,12+0118enw~ 

< mSi 0 >.~(~)N ~ 1 [ < msr• >:;i(~)N + <mgr- >v(~)N] 

m1 = < mgr-t> + <rnsr->+ <m 51 a> 

01 is averaged cross section of interaction of s<>con~arv oions from the 

target fragmentation region wHh nucleon, CU2. is the mean number o~ iJ- -
particles in these interactions; to estimate E3'1 an~ U)1 (averane~ over 

6 

1. pion energy spectrum) we have used the data of [ 6] on part111 l and d1fferen­

tia 1 cross sections of exclusive channels of pion-nucleon interactions 1n 

the region PSi < 3 GeV/c: 

61 ::.: 2 7rnB, CU1(Sfp)~0,55 7 
Cr.)1 (5i'n) ::::0,30 

Quantities 00 and rn. are · the inclusive characteristics of i11ter· 

action of energetic quark with nucleus nucleons: CU is the mean number of 

CJ- -part1c1es, and '." is the mea;i numl:>er of pfons from the target frag­

mentat1on region in interactions of quark or products of its hadron1zat1on 

with nucleon. We assume (see also [l] ) • that these characteristics at !'uffi4 

ciently high energies do not depend on the type of incident particle and use 

estimations given in [I] , CU R: 0.15, m z 3. 

Parameters 1n (1) are practically independent of the value of quark eneri 

gy Y 1n the region of sufficiently high values of the latter ( ~ is 

above a few tens GeV). this lead1ng to independence of quantity < n 9 >rn 
on v. . Hereafter 

1

we shal 1 ccmsfder the r~ufred modifications 1n (1) at 

not too high V ( V ~ 20 GeV). 

The results of calculations by expression (1) were anproximated by t~e 

dependence 

, < ns >~A:: B ( 6, wi) .Ro<.(6,W2) (2) 

Note, that such parametrization doe' not hold for a large range of vari· 

it~on of atolll1c number A( 12 ~ A ~ 208-) (e.g. index ol 1n the light nu­

clei region is always larger than 1n the heavy nuclei one). For this reason, 

parametrization (2) was used separately for two ranges of A: for the regions 
\ 

of light (A~ 40), medium-weight and heavy (A '~ 40) nuclei. The dependences 
2 . 

of cl and B on · 6 and W for Y .A interactions are present~ 
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in Figs.la ana lb separately for the two l"entfon~ reofons ~f A fsolf~ 

lines). As one can see frOIT' Ffg.l, the A-deoendence of ~ -oartfcles vfeld 

fs daffnP.d practically by the cross section 6 (fndex o(. deoen~s weaklv 

on invariant energy W ) . At 6 :::: 0 the A-dependence < n~ ~ fs weak 

(ol "'0.1 for mediun:-wefght and heavy nuclei, cl..."" t".2 for Hc:ht nuc1e1). 

and enha~ces noticeably at 5 ~ {10t20) mb, reaching the v~1ue d.. -v 0.3 

for ' nuclei with A >,...to, and o(. ~ 0.3 ~ 0.35 for 1foht nuc1e1. Tiius; ex­

perfm~nta l measurenient of the A-dependence of ~-particles yield enables 

one to estimate parameter E5' and thus obtain fnformat1on on the soace-t1me 

picture of the hadronfzation process of quark-carton ''lcn(ICked-out• from 

n1o1cleon. 

Quantities B (6, W2
) are 1ncreas1nq functions of e~ W 2 

w1th a 

slope practically independent of 0 . As was expecte-1, 8(6, W2
) for 

lisht nuclei depend on 6 very weakly (at A - 1 the 6 deoendence 

r11Jst vanish). 

Consfder now the reg1on of not too htcf,I values of ~ v 1s less 

than a few tens GeV). In this case c .. :~rf'Ot 1111ke use of approx11'1(ltion, 

when In deriving expression (1) 1nd tr stt.attna fts ouant1t1es the ene~y 

dependence of the latters was neqlectllc Ftrst. one should take frto account 

that at multiple inelastic colltsfollS ~1tt1 nucleons the quark loses enerqy. 

owing to which the mean l!l.llt1p11cfty of pfons m 1n the target-nucleon 

fragmentation region begins to decrease ff the ouar~ enercy v is less 

than a few tens GeV (as was mentioned above, at hfoher eneroies rn ~ 3. 

being practically energy-independent). Tc estirr~te the enerov deoendence of 

quantity rri (the fourth tern1 of (1)) we have used the o1on-nuclecn data 

(6] and found that the 111ean ""ltfplicity m versus ll'lOl"entum P of inct­

dent hadron {quark) fn the rf9ion 2 < p < 20 GeV/c can be parametr1::oe<! 
. ~ 1 

as m:: cp , where C Z 1.1, ~::: 3 , p fn GeVs; while in th' 
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region p ;,. 20 GeV/c m :::: const -z 3. 

Second, in hadron-nucleon interactions in the reoion of eneraies ~el01< 

a fe1o1 tens GeV the mean mult1ol1c1ty w of recoil oro t Ms ( 9 -rartfc1es • 

depends on incident particle energy ( GU grows wit~ d~t ~asing enerov\. 

fhe same dependence should be expected fn case of Quark-nucleo~ collisions. 

Using the data ~1ven in [E] one can Parametrize the energy denen~ence (&) 

fn the range frOI" a few GeV/c to a fe1o1 tens GeV/c fn the fom of 

(() :: C&)o - g P 
5 

, where W 0 ~ 0. 5, g "'° 0. 2, 0 <:: 0 .1€. p - in 

GeVs; in the region p > 30 GeV/c U) o:: const ~ O.lE. The account <'f 

the energy dependence resuits in wodification of the second tem in fl). 

To obta1n the expression for < rt~ >rn with respect to the enerov 

losses of the qunk propagating 1n the nucleus, we assume that Ju,rk. just 

like hadrons, in collision with nucleon loses on the aver! n !uC•Jt i£ >" r 

of its energy; aporoximately the same estimation follows f ro!!' t~e s-;ra<>stec 

fn [7] expression for the energy loss distributinn in ouark-nuclenn C"11f5io~. 

To sin:plify the calculations we shall use the aonroxir.atfon when the fnphs­

ticity coefficient 1n each eleMentary act of qu.1rr-nucleon fnteractfr"n ts 

equal to its mean value C£ = 0.5. In the ouoted arrroxir•tions t~e calct ht­

icns In the J1JJlticlP scatterin9 thecry lea~ to the followin~ exnr<>s~t"~~ f~r 

the seccnd and fourth terrs of formula (1), resnectivelv 

<n~\ =Ci>o ~ ~T2d.2b - tJ[ 1 _ N(~,IJ.6) J 

r 1 6, N (0,.136) -t 
< rt~ >'t = mcu1 L !3- - J3 (6,- ~6')' .A 

6 · N (o,6,) 
\6,-J36)-A j 

where '1: 1 - ce 0 ~ 0,1 

5 

13:::: 1- ~~ z 0,21 ) 
J 

rr=~p/ft m = cpa", p:::: v-
is the quark initial energy in Ge~s. 
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Tht: resu 1 ts of ca lcu 1 a tior.s of ( n a \ 11 
at v = 20 GeV with res-

pect. t:i Expressions (3) and (4) are given in Figs. la, lb (dotted lines). As 

one can see from Fig.I, the qualitative picture of dependences ol(6, W2
) 

ana B (6', W2) on 6 and W2 
is the same as the one at higher 

energies. Note also, that the results of calculations of ~ -oarticle mean 

11,Jltipl icity in a11tineutr1no-nuclei interaction~. < n~>$°'1' • only by 

a few pPr cent differ from the rPsults of Fi ~.1. 

The only data published [a] on ~ -part1c:le mean multiplicity 1n deen· 

inelastic )(~).A interactions attribute to v(~)Ne interactions 

t wean v_ lues V "' 20 GeV and Wi ~ 25 GeV2 for neutrino, and 

V ,..., 10 G.cV and W'°-15 GeV2 for antineutrino). Presented in Ref.(8] 

value < na>~(~)Ne = 0.71 ± 0.12 is obtained at averaging the neutrino and 

rtine~trino cid ta ba sed approximate~y on the same statistics. In Fig.2 this 

.-ri ten ta 1 va 1 ue is compared to the theoreti ca 1 predictions at various 6 
calculati ons are pe .. formed using e.xpression (1) , where the second and 

ire! terms are replaced by expressions (3) and (4), at the values 

20 GeV 3nd vt/-= ?5 GeV2 for ~Ne interactions and v = 10 GeV 
. ..,,2 
" 15 GeV2 for ~Ne ones. As is seen from Fiq.2 , the large ex-

..;rin.ental error.s allow one to estimate the averaged auark-nucleon cross 

secticn only qualitatively: 6 ~ (11.5 ± 6.5) mb. ~early the same estimat­

io• 6 z 10 ir.b,i s obtained from the analysis [9,10] of inc l usive St>t'ct-

f f'a~t hadrons 1n deep -inelastic e.A scatterino [11]. The result 

in this ~ork points out that in the energy region up to a few t ens 

to ouar!; in deep-inelastic lepton-nucleon scatterino one 

t the secondary interactions of 'l\)ark (or the nroducts of its 

izcJt'on) witti the nucleons, i.e . a transition of the current qua rk-

Ln into the constituent quark (or into a jet of hadrons) occurs during 

10 

{ 

the space-time intervals t' not exceeding the nuclei sizes. This conclu-

sion is in agreement w1th the recent estimation t' ~ 0.1 fm·v (Gev) 

obtained in Ref.[12] , wherein the process of fast hadrons production in 

deep-inelastic JACu and )Ao C interactions at 200 GeV in1t1a1 eneray 

has been studied. New, more detailed experimental investigations of inclusiv~ 

and multiple characteristics of hadrons produced both in the reqion of 

current quark fragmentatior and in the region of the tarqet fragmentati on 

1n the deep-inelastic lepton-nucleus foteractio:is w111 anow one to obtain 

a more trustworthy information on the s ~ace-time picture of auark hadroni­

zation. 
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F i g u r e C a p t i o n s 

Fig.1. The values of exponent ~ {Fiq.ia) and coefficient 

B {Fig.lb) detenn1n1ng the mean multiplicity of 

~-particles 1n vfl interacttons 

(<n3>~ = B(6,W2).AG.<6,w2J) 

Fig.2. 

versus the effective mass of hadronic system v<I 

and averaged quark-nucleon cross section 6 
{see the text). Solid lines denote the case when 

the transferred to quark energy )> exceeds a few 

tens GeV; dotted lines - the case when y is ·less 

than a few tens GeV. 

A canparison of experimentally measured mean ~1tipli­

c1ty of p -particles in v(~)Ne interactions 

wfth the theoretical predictions versus 6 (see the text). 
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