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Expressions for mean multiplicity of g-particles in deep inelastic lepton-nuclei interac-
tions are obtained in the framework of multiple scattering theory. These expressions allow
one to get information on space-time picture of quark-parton hadronization. A-dependence
of mean multiplicity of g-particles for (anti-)neutrino-nuclei interactions is obtained using
these expressions.

PACS numbers: 25.30.—¢

Comprehensive investigation of the hadroproduction processes on atomic nuclei at
high energies is very important for the strong interaction physics, in particula: for clarifying
the space-time structure of the hadroproduction process. One of the basic physical quantities
characterizing the space-time picture of hadroproduction on atomic nuclei is multiplicity
of g-particles (representing mostly the recoil protons with velocities 0.3 < 8 < 0.7).
Ref. [1] describes within the multiple scattering theory all the available experimental data
on mean multiplicity of protons with energies T, = 30+ 300 MeV produced in high-energy
interactions of various hadrons with atomic nuclei. It has been shown in {1] that besides
multiple re-scattering of the leading hadron, a certain contribution to g-particle multiplicity
is made by secondary interactions of relatively low-energetic pions (p, < 3 GeV/c) from
the target fiagmentation region.

-The situation will be somewhat different in the case of deep-inelastic leptoproduction
processes. In this case, the incident particle (Iepton) in the nucleus does not undergo multiple
collisions (except for the case of electroproduction at a small value of Bjorken variable
xg < 0.1, when a transition of virtual photon into quark-antiquark pair is possible [2];
in this work we do not deal with the quoted kinematic region). As a result of the deep-
-inelastic interaction of lepton with one. of the nucleus nucleons an energetic current
quark-parton is produced, while a ““residual’ nucleon fragments into nucleon and relatively
low-energetic (in laboratory system) pions the secondary interactions of which make
a certain contribution to multiplicity of g-particles. Mean multiplicity {n,» is determined
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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 param-
eters as mean times of transition of quark-parton into constituent quark [3] and of the
latter into hadron, mean length of their interaction in nuclear matter, etc. Thus, experi-
mental data on {n,> can give, in principle, information on parameters characterizing the
hadronization process in the current quark fragmentation region.

As such a parameter, which can be estimated from a comparison with experiment,
we have chosen in this work time-averaged cross section ¢ of interaction of energetic quark
or its hadronization products with nucleon. Though this parameter is a rather rough
characteristic of the current quark hadionization process, nevertheless its experimental
estimation would allow one to make important qualitative conclusions. Thus, to the value
o < 10 mb there corresponds a pattern in which the space-time interval of cvolution of the
current quark-parton into the constituent one exceeds considerably the nucleus size,
7> R; at the values of o being of the order of cross section of interaction of constituent
quark with nucleon (o6 ~ 10 mb) © < R; to larger values of ¢, e.g. ¢ = 15-20 mb, there
corresponds a pattern in which quark-parton hadronization takes place during space-
-time intervals of the order of internucleon distances in nucleus, so that the formed hadron
or a jet of hadrons suffers secondary interactions in nucleus.

In Ref. [1] we have obtained an expression for mean multiplicity of g-particles in
hadron-nucleus interactions in the energy range of 100 GeV and above, with account of the
pion secondary interactions from the fragmentation region of the target. Analogously,
one can easily obtain the expression for {n,> in the casc of lepton-nucleus interaction
at high energies (the energy v transferred to quark-parton exceeds a few tens GeV):

o N, o))
{ngdia = W1+W2—AJ‘T2d2b+m1W1 [1— —~A—1]
4 o-l 2 32 N(O, O'l)
+ — — | T*d*b—1+ ———=>=—=].
o mwy [ZA J + 1 (1)

The first term in the right-hand-side of (1) represents the mean number of g-particles (in
the following, the recoil protons with energies 7, = 30300 MeV are implied) in elementary
lepton-nucleon interaction; the second term describes the mean number of g-particles
produced as a result of multiple collisions of energetic quark or products of its hadroniza-
tion with the nucleons; the third and fourth terms describe a constribution to g-particles
mean multiplicity from interactions in nucleus of secondary low-energetic pions, produced
in the target fragmentation region in lepton-nucleon scattering (the third term) and in sub-
sequent collisions of energetic quark or products of its hadronization with nucleus nucleons
(the fourth term). The meaning of averaged cross section o appearing in (1) as a free
parameter is explained above. T(b) = [ o(b, z)dz is a projection of nuclear density
o(r) q) o(F)dr = A) on the plane of the impact parameter; N(0, o) is the so-called effective
nucleon number
1— e-aT(b)

N(0, o) =j~——d2b.
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The other quantities in (1) are determined from the data on elementary lepton-nucleon
and pion-nucleon interactions. Consider the (anti-) neutrino-nucleus interaction process.
The choice of this process is motivated by the fact that at present there are enough experi-
mental data on (anti-) neutrino-nucleon interactions, which enable one to determine the
characteristics of the elementary act in (1). Thus, , is the mean number of g-particles in
elementary lepton-nucleon interaction (averaged over protons and neutrons of nucleus).
In case of (anti-) neutrino-nucleon interactions, using the result of [4], we have

wi(vp) = 0.11,  w(vp) = w(vn) ~ 0.09, w(vn) = 0.03.

m, is the mean multiplicity of pions ¢of all signs) in the target fragmentation region in
lepton-nucleon interaction; in case of (anti-) neutrino-nucleon interactions, making use
of the results of Refs. [4, 5], one can parametrize the dependence of n-meson mean multiplic-
ities on the effective mass of hadron system W as follows:

{Mys Py & {My=D5, ~ 0.26+0.28 In W2,
My Doy = (igs D5a & —0.3840.28 In W2,
(M D5y & Mp=dsp & (M Dy & {My=dy, = 0.1240.18 In W2,
{Mpadyin = + [{me Duem+ M=yl
my = {mys Y+ {my=>+ (M.

o, is averaged cross section of interaction of secondary pions from the target fragmenta-
tion region with nucleon, w, is the mean number of g-particles in these interactions; to
estimate o, and w, (averaged over pion energy spectrum) we have used the data of [6]
on partial and differential cross sections of exclusive channels of pion-nucleon interactions
in the region p, < 3 GeV/c:

o, ~27mb, w(mp) =055  wy(mn) = 0.30

Quantities w and m are the inclusive characteristics of interaction of energetic quark
with nucleus nucleons: w is the mean number of g-particles, and m is the mean number of
pions from the target fragmentation region in interactions of quark or products of its
hadronization with nucleon. We assume (see also {1]) that these characteristics at sufficiently
high energies do not depend on the type of incident particle and we use estimations given
in {1}, wa 0.15, m~ 3.

Parameters in (1) are practically independent of the value of quark energy v in the
region of sufficiently high values of the latter (v is above several tens GeV), this leading
to independence of quantity (n,>,, on v. Hereafter we shall consider the required modifica-
tions in (1) at not too high v (v < 20 GeV).
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The result of calculations by expression (1) were approximated by the dependence
(ngdu = Blo, WHA™?, )

Note, that such parametrization does not hold for a large range of variation of atomic
number 4 (12 < 4 < 208) (e.g. index « in the light nuclei region is always larger than in the
heavy nuclei one). For this reason, parametrization (2) was used separately for the region
of light (4 < 40) and the region of medium-weight and heavy (4 2 40) nuclei. The depeﬁd-
ences of « and Bon ¢ and W? for vA interactions are presented in Figs. 1a and 1b separately
for the two mentioned regions of A (solid lines). As one can see from Fig. 1, the 4-depend-
ence of g-particles yield is defined practically by the cross section ¢ (index a« depends
weakly on the invariant energy W). At ¢ = 0 the 4-dependence of <{n,) is weak (« ~ 0.1
for medium-weight and heavy nuclei, & ~ 0.2 for light nuclei) and enhances noticeably
at 6 ~ (10+20) mb, reaching the value a ~ 0.3 for nuclei with 4 = 40, and o = 0.3+-0.35
for light nuclei. Thus, experimental measurement of the A-dependence of g-particles yield
enables one to estimate parameter ¢ and thus obtain information on the space-time picture
of the hadronization process of quark-parton “knocked-out” from nucleon.

Quantities B(o, W?) are increasing functions of lg W? with a slope practically inde-
pendent of 6. As it was expected, B(o, W?) for light nuclei depend on ¢ very weakly (at
A — 1 the o dependence must vanish).

Consider now the region of not too high values of v (v is less than a few tens GeV),
In this case one cannot make use of approximation made in deriving expression (1). First,
one should take into account that at multiple inelastic collisions with nucleons the quark
loses energy, owing to which the mean multiplicity of pions m in the target-nucleon frag-
mentation region begins to decrease if the quark energy v is less than a few tens GeV
(as was mentioned above, at higher energies m & 3 being practically energy-independent).
To estimate the energy dependence of quantity m (the fourth term of (1)) we have used
the pion-nucleon data [6] and found that the mean multiplicity m versus momentum p of
incident hadron (quark) in the region 2 < p < 20 GeV/c can be parametrized as m = Cp?,
where C= 1.1, y = 4, p in GeV; while in the tegion p > 20 GeV/c, m ~ const ~ 3.

Moreover, in hadron-nucleon interactions in the region of epergies below a few tens
GeV the mean multiplicity w of recoil protons (g-particles) depends on incident particle
energy (w grows with decreasing energy). The same dependence should be expected in case
of quark-nucleon collisions. Using the data given in [6] one can parametrize the energy
dependence w in the range from a few GeV/c to a few tens GeV/c ip the form of
w = wo—bp’, where wo = 0.5, b~ 0.2, >~ 0.16, p — in GeV; in the region p > 30 GeV/c
w = const = 0.16. The account of the energy dependence results in modification of the
second term in (1).

To obtain the expression for {(n,>;, with respect to the energy losses of the quark
propagating in the nucleus, we assume that quark, just like hadrons, in collision with
nucleon loses on the average about ¥ = 0.5 of its energy; approximately the same esti-
mation follows from the suggested in [7] expression for the energy loss distribution in
quark-nucleon collision. To simplify the calculations we shall use the approximation that
the inelasticity coefficient in each elementary act of quark-nucleon interaction is equal to,
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its mean value k = 0.5. In the quoted apprcximations the calculations in the multiple
scattering theory lead to the following expressions for the second and fourth terms of
formula (1), respectively

(nds = wo 5?4 J T2d*h—p [1 - N((Z”")] 3)
1 o, N(0, fo) oN(0, o)
(1g2e = v, [E " Bor—pora © (al—ﬁa)A] @

n=1-x*~01, B=1-x"%x021, v=>bp’ly, m=Cp’, p=xv

is the quark initial energy in GeV.

The results of calculations of {(n,>,, at v = 20 GeV by means of expressions (3) and
(4) are given in Figs. 1a, 1b (dotted lines). As one can see from Fig. 1, the qualitative picture
of dependences a(s, W?)and B(s, W?) on o and W2 is the same as the one at higher energies.
Note also, that the results of calculations of g-particle mean multiplicity in antineutrino-
-nuclei interactions, {n,);, differ only by a few percent from the results of Fig. 1.

The only data published [8] on g-particle mean multiplicity in deep-inelastic v(v)A
interactions concern v(v)Ne interactions (at mean values of v ~ 20 GeV and W2 ~ 25 GeV?
for neutrino and v ~ 10 GeV and W? ~ 15 GeV? for antineutrino). The value {7,) . xe
= 0.71+0.12 presented in Ref. [8] is obtained by averaging the neutrino and antineutrino
data based approximately on the same statistics. This experimental value is compared
in Fig. 2 with the theoretical predictions at various ¢. The calculations are performed using
expression (1), where the second and fourth terms are replaced by expressions (3) and (4),
at the values v = 20 GeV and W? = 25 GeV? for vNe interactions and v = 10 GeV and
W2 = 15 GeV?2 for vNe ones. As it is seen from Fig. 2, the large experimental errors allow
one to estimate the averaged quark-nucleon cross section only qualitatively: ¢ ~ (11.5
+6.5) mb. Nearly the same estimation, ¢ & 10 mb, is obtained from the analysis [9, 10]
of inclusive spectra of fast hadrons in deep-inelastic €A scattering [11]. The result obtained
in this work points out that in the energy region up to a few tens GeV transferred to quark
in deep-inelastic lepton-nucleon scattering one must not neglect the secondary interactions
of quark (or the products of its hadronization) with the nucleons, i.e. a transition of the
current quark-parton into the constituent quark (or into a jet of hadrons) occurs during
the space-time intervals t not exceeding the nuclei sizes. This conclusion is in agreement
with the recent estimation t = 0.1 fm - v (GeV) obtained in Ref. [12], where the process
of fast hadrons production in deep-inelastic pCu and pC interactions at 200 GeV initial
energy has been studied. New, more detailed experimental investigations of inclusive and
multiple characteristics of hadrons produced both in the region of current quark fragmenta-
tion and in the region of the target fragmentation in the deep-inelastic lepton-nucleus inter-
actions will allow one to obtain a more trustworthy information on the space-time picture
of quark hadronization.
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Fig. 1. The values of the exponent « (Fig. 1a) and coefficient B (Fig. 1b) determining the mean multiplicity
of g-particles in vA interactions ((n;>yo = B(o, W) 427 W) versus the effective mass of hadronic system
W and averaged quark-nucleon cross section o (see the text). Solid lines denote the case when the energy
» transferred to quark exceeds a few tens GeV; dotted lines — the case when v is less than a few tens GeV
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Fig. 2. A comparison of experimentally measured mean multiplicity of g-particles in v(v)Ne interactions
with the theoretical predictions versus o (see the text)

REFERENCES

[1] S. R. Gevorkyan, G. R. Gulkanyan, A. V. Vartanyan, Acta Phys. Pol. B15, 599 (1984).
[2} J. D. Bjorken, Hadron Final States in Deep Inelastic Processes, SLAC-PUB-1756 (1976).
[3} J. Nyiri et al., Quark Model and High Energy Collisions, KFKI-1982-36.
[4] P. Allen et al., Nucl. Phys. B214, 369 (1983).
[5] H. Grasler et al., Nucl. Phys. B223, 269 (1983).
[6] Flaminio et al.,, Compilation CERN-HERA 83-01 (1983); E. Braccu et al., Compilation CERN-
-HERA 75-2 (1975).
[71 G. Nilsson et al., Phys. Lett. B83, 379 (1979).
[8] B.S. Yuldashev, Interaction of High Energy Neutrino and Antineutrino with Neon Nuclei, in Interaction
of Particles with Nuclei at High Energies, Tashkent 1981, p. 74.
[9] A. Dar, F. Takagi, Phys. Rev. Lett. 44, 768 (1980).
{10] S. R. Gevorkyan, G. R. Gulkanyan, Yad. Fiz. 36, 1504 (1982).
[11] L. S. Osborne et al., Phys. Rev. Letr. 40, 1624 (1978).
[12] A. Arvidson et al., Hadron Production in 200 GeV u-Cu and u-C Deep Inelastic Interactions, preprint
CERN-EP/84-52 (1984).



