


INTRODUCTION

Nuclear reactions with large momentum transfers at relati-
vistic energies are of much interest due to the fact that ac-
cording to the existing ideas they must essentially be affected
by quark structure of atomic nuclei. The study of nuclear
quark structure is certain to give new information about multi-
quark systems and interactions, which is important for the
construction of large-distance quantum chromodynamics (QCD).
Cumulative production of particles, that is, production of
particles beyond the kinematic limits of one-nucleon collisions,
is in this connection of a special interest and is the subject
of many experimental and theoretlcal papers (see, e.g. re-
views/1:2:3/ ) The notion of cumulative effect has originated
from the ideas that the hadron interaction at large momentum
transfers is local and that a point-like object perceiving
a momentum larger than that of the whole nucleon belongs to
the group of nucleons of the nucleus’®, 1t is just in this
sense that we mean cumulation’®/ The point-like character of
1nteractions ot hadrons possessing internal structure (dyna-
mically deformable form factor) was first postulated by Markov
as long before as the quark hypothesis was suggested. He had
made the important prediction that the total lepton-nucleon
interaction cross sections tend, as the energy increases, to
the elastic point-like particle cross sections. The fact that
the interaction is local or that the form factors, masses and
other dimensional characteristics of particles are nonessen-
tial, naturally leads to the conclusion about scale invariance
of the hadron interaction cross sections. Scale invariance
is one of the characteristic features of cumulative effect.

Over the past years, the cumulative effect has extensively
been discussed on the basis of quark-parton models and QCD.

In QCD the hypothesis about locality of hadron interaction

and a relatively weak coupling of quarks in hadrons are natu-
rally explained by the small value of the running coupling
constant and the idea about asymptotic freedom of quarks. The
quark-parton model, which is an analog of impulse approximation
in nuclear physics, utilizes these fundamental properties of
quark matter so as to express the hadron interaction cross
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section for elementary interaction of a parton b , being a
constituent of hadron B and in terms of the momentum distri-
bution function GBnﬁxmi ) of partodb in hadron B. Here pf

is the squared transverse momentum of the parton and x is the
fraction of the longltudlnal momentum of hadron B which is
carried by parton b . In particular, the deep inelastic lepton-
hadron cross section is of the form

2 b 2
- UB(X'Q )“2‘"’ OO.GB/b (er )' (l)

where a% is, in the case of electron or muon scattering, the

point-like charge interaction cross section, oP= 2. , Q2.
’ 0 Q4’ »

the squared four-momentum transfer, and x=9___ is the frac-
2(P

tion of momentum p of hadron B which is carried by constituent
b . The distribution functions Gg,,(x,Q%) are given the name

of quark-parton structure functions. Theory is at present un-—
able to predict them, however, they have a universal character
and can be used to express various processes involving hadrons
B . As applied to nuclei, it is advisable to introduce quark-
parton structure functions of nuclei. In this case, instead

of the momentum of the whole nucleus P we introduce a momen-—
tum per nucleon P°«P/A , where A is the atomic weight, and

respectively, x%=xA - 32 .. According to the above consi-
2(P%n)
derations the cumulative éffect is defined as 1nc1u51ve reac—

tions in the region x°x1 . The quark-parton structure functi-
on of nuclei in this region is the probability that a consti-
tuent (quark) carries the momentum of a nucleon group.

Thus, the quark-parton structure functions of nuclei are
independent (irreducible to one-nucleon) characteristics*
which are the major objects of experimental studies in the
domain of relativistic nuclear physics and which are to be
explained by modern quark theory.

The above considerations show that the most direct method
of measuring quark-parton structure functions of nuclei is
the measurement of deep inelastic scattering of leptons on
nuclei. However, because of small values of electromagnetic
and weak interaction cross sections, the basic information on
quark-parton structure functions of nuclei has been extracted
from nuclear limiting fragmentation studies 2 Moreover, the

* An attempt to obtain quark-parton structure functions of
nuclei on the basis of the collective tube model has been made
by Dar and his co-workers’ 2%/,
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data on limiting fragmentation of nuclei have been used to
predict/7/ the cross section behaviour for deep inelastic muon
scattering in the region x°> 1,

Undetermined but universal quantities entering the cross
section for limiting fragmentation of nuclei (contrary to the
case of deep inelastic lepton scattering) are the cross sec-
tion for elementary interaction of constituents and the pro-
bability functions for hadronization of a quark to a hadron C,
D, c(z) » where z is the fraction of the quark momentum which
is carried by hadron C. Starting from the idea of soft color -
neutralization (hadronization) of partons, one usually assu-
mes that the momentum distribution of produced particles (in
the hard spectrum part) practically coincides with the momen-
tum distribution of the partons out of which the particles
are produced.

For small transverse momenta of produced particles , the
parton elementary interaction cross section can be approxima-
ted by a constant. It thus follows that the one-particle in-
clusive cross section in the cumulative region

E.él}:l‘((,ﬁl) (2)

p

is proportional to the quark-parton structure function of nuc-

lei. These considerations have just been used to measure the

important characteristics of the structure functions. Here
(Py-Pp)

(:E;ln =ch(y; ~¥;;) is the invariant specific energy of nuc-
Il

lear collision; P; and Py, the four-momenta of colliding nuc-
lei: y; and yj,their rapidities: m; and m,their masses. In
the frame of reference where, e.g., nucleus Il is at rest

Ey Ej . . .
¢ = ﬁ#—: ai. , Mmg= 0.931 GeV is the atomic mass unit. Thus,
1

in the frame of reference, where one of the colliding nuclei
is at rest, ¢ coincides with the energy per nucleon of the
incident nucleus in atomic mass units. The colliding nuclei
are here considered in a symmetric way. The limiting fragmen-—
tation of nuclei corresponds to independence of { of ¢ . If
the radius of short-range correlations in rapidity space is
assumed to be equal to Ay=2 , then the limiting fragmentation
should begin at energies e =ch(y; —yy)=ch@370r at relativistic
energies of 3.5 GeV/nucl/' Experiment seems to prove this
prediction. ‘

In the present paper we have used the cross sections as a
function of the variable X which differs from the Bjorken
variable X by the account of mass corrections. We obtain an
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expression for the variable X for the reaction
I +I1 - 1+ ,,,

To this end, we write the conservation law starting from the

hyp?thesis on minimal migsing mass and neglecting the relative
motion mementa of partons in I and II

P
11 2 M 2
@y +X L P j =M+ X =y ) 3

for pions my=0 , for K mesons m_=m

. o=Mg and so on. Then we
ave

2 2
m,—-m

. g—mjy
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It is seen from this equation that for deep inelastic scattering

of leptons,with the neglect of their masses, X turns into the
Bjorken variable.
1 2
EARI q°

=X, (5)

X .
2(F;-9)

it

(B Py )‘-(PH'P1 )
We recall the main hitherto known facts on nuclear reac-
tions with large momentum transfers (larpe p and X).
- 4L

1. Experimental data on the production cross sections for
cumulative particles (7 ,K,p and so on), that is, for partic-
les with X>1 in the region of limiting fragmentation of nuclei
are described by a unique exponential dependence.

2. This property of the cross sections is universal for
various nuclei. The parameter

>—1 = _._(.1._ g

<X> = -% (InE _d?)

describing the spectra of various sort cumulative particles is
found to be approximately the same. The -« dependence of <X>"1
becomes asymptotic for € 2 37 4 according to limiting frag-
mentation of nuclei. The fact that the parameter <Xs lis uni-
versal, means that the longitudinal distribution of quarks in
nuclei is also universal. The above considerations show that
this property is the one of the quark-parton structure func-
tion of nuclear matter. The latter fact is proved by direct
Teasgrement of the quark-parton structure function of nucleus
%C in the reactiongi+‘2C-+u’+.“ with large momentum transfers
up to 200 GeV?/c? (see below).
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3. The total interaction cross sections for relativistic
nuclei, the cross sections for soft processes and the multiple
particle production cross sections have the characteristic
dependence on the atomic number of nuclei A%/3 . However the
cross sections for cumulative particle production and the
production cross sections for particles with large pf s pos-—
sess the so-called anomalous or enhanced A dependences which
are parametrized by power functions of the form A", wherenx 1,
In this case n turns out to be a function of toth X and RE.
In the papers of our group it has been shown that parametriza-
tion of the cross sections by the A" dependence is insuffici-
ent. It changes with increasing A transforming to a dependence
o= A for cumulative pions starting with A 220 and for cumu-
lative protons starting with A 2100. In order to make these
facts more precise, we had to study limiting fragmentation
of a large set of nuclei, which was just the goal of the ex—
perimental programme presented below.

4. By the beginning of the experiments mentioned, the pf
dependence of the cumulative particle production cross section
was not practically studied.

All the above facts were found to be unexpected and could
not be explained on the basis of the presently available mo-
dels. They show that the study of particle production in the
region of limiting fragmentation of nuclei and at large mo-
mentum transiers, ylelds essentlally new 1Nnformatlon about the
processes which are to be described by means of QCD.

The aim of the present paper is to summarize the results
of experimental study of the mentioned regularities and report
on new improved data on cumulative production of positive and
negative kaons, antiprotons as well as data on cumulative
effect in the region pl¥().

EXPERIMENTAL DATA

The experiment was performed on a slow extracted beam of
the JINR Synchrophasotron. Fig.l shows the layout of a spectro-
meter DISK, a detailed description of which is given in ref /¥
In the present paper we give new experimental data on cumu-
lative particle production, as well as summarize previous data
from earlier JINR Communications’!1:12.13.14.15/ The values
of inclusive particle production cross sections are given in
Tables I-VII where the notation is as follows:®#is the particle
emission angle in degrees; P, the particle momentum in MeV/c,
for the sake of simplicity the invariant cross sections
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are expressed in terms of do(r?)
and so on. The cross sections
are given in [mb.GeV(GeV/cy3sr'1]
per one nucleon of a fragment-
ing nucleus. The absolute va-
lues of the cross sections

are measured to within a 15%
accuracy.
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A. Proton-Nucleus Interactions

Tables I-IV give the cross sections of the reaction
+ + .

P+A- - ,K P
for primary protons with a momentum of 8.9 GeV/c (or ¢ =9.540).
Table I presents energy dependences for Pb, Al, He and D
nuclei at 900 and 1689, Such a choice is explained by the aim
to obtained experimental information on cumulative particle
production for small (168°) and large (90°) values of the
transverse momentum. The nuclei_ chosen, enable us to study the
behaviour of the exnonent as a functinn nf rhe.atomic nember
A" , to within a maximum accuracy for pion production.

Table II presents the estimates of the cross sections for
antiproton production in pA interactions in the collisions
kinematic region of a primary proton with an equivalent target
at rest of two or more nucleons. The main source of background
processes imitating antiprotons is the registration of protons
by a detector adjusted for registration of negative particles.
We notice that the ratio of yields of antiprotons and protons
is 1078, However this source of background cannot give a great
deal, which is justified by the following fact: when the de-
tector is adjusted for positive particles the deuteron and
proton yields are comparable, while for negative particle ad-
justment antideuterons had not been observed.

Table 111 gives experimental data on the inclusive cross
sections as a function of the atomic weight of a fragmenting
nucleus. These data were obtained with the aim to study
thoroughly enhanced A dependences. The detailed measurements
are seen to be performed for a pion momentum of 500 MeV/c and
at 180° (the minimum possible mass of the target at rest is
about 1.3 nucleon masses). The set of variables (500 MeV/c,90°)

W

and (167 MeV/c, 168°) corresponds to approximately identical
minimal target masses, but to essentially different meson mo-
menta, for equal cross sections of interaction of produced
mesons with the nucleus.

Experimental data on the angular dependence of the positive
pion production cross sections are given in Table IV. The
momentum is 500 MeV/c. The angle range from 50°-180° is ne-
cessary for the study of the cross sections as a function of
the transverse component of the cumulative particle momentum.

B. Deuteron—-Nucleus Interactions

In Tables V-VII we give the cross sections for the reaction
d+ A - A g

for primary deuterons with a momentum of 8.9 GeV/c (or with

¢ =4.85), Table V presents data on energy dependence of the
pion and kaon production for Pb, Cu and Al nuclei. Table VI
presents data on inclusive production cross sections for po-
sitive pions (x103) and kaons (x10%) at 700 MeV/c as a function
of the emission angle ranging from 90° to 180°. Table VII
yields data for secparated isotopes.

The measurements are seen to be performed by analogy with
proton-nucleus interactions so that there is a possibility of
studyling Lhe dependence of the cross sections on the energy
per nucleon of colliding nuclei.

DATA ANALYSIS

A. Energy Spectra

In Fig.2 we gave experimental data on inclusive pion pro-
duction cross sections normalized to one nucleon of a fragment-
ing nucleus as a function of the pion kinetic energy. The solid
curves plotted by eye are the experimental data at 90°: the
symbols (v ) are the cross sections for dA interaction (divi-
ded by 2), (®) those for pA interaction at 8.9 GeV/c for the
Pb nucleus and ( A) at 400 GeV/c for the Ta nucleus’%. The
dashed curves are analogous quantities at 168° (160° for
400 GeV). The symbols (x ) show the Institute of Theoretical
and Experimental Physics' data at 8.5 GeV/c (1600)78/



It follows from this figure that:

a) The cross sections are approximately described by expo-
nential functions of the form

(6)

exp(~T/Tg, ).

b) The experimental values of the present paper (168°) at
8.9 GeV/c and those of the ITEP group at 8.5 GeV/c coincide
to within experimental errors.

c¢) The

cross sections measured in the present paper in the

kinetic energy range of mesons up to 1100 MeV change by about
9 orders of magnitude. In this case the minimum value of the
invariant cross section corresponds to a few nonabarns.

d) For any energies of produced pions the cross sections
are observed to increase with increasing energy per nucleon
of interacting nuclei.

e) At low energies ( T <500 MeV) of produced mesons, the
parameter Ty in eq. (6) is practically independent of the
primary energy (even possibly of the emission angle too),
whereas at high energies, especially when comparing our data
with those at 400 GeV, the parameter Ty depends on both the
primary energy and emission angle.
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f) At 8.9 GeV primary energy and 168° the pion energy
spectrum essentially deviates from the simple exponential de-
pendence (6) at low energies of produced pions. Fig.3 gives
these data multiplied by exp (T/70) for lead and aluminium
(Table I). In the energy range from 50-250 MeV the structure
is seen to be more sharply peaked for aluminium. The arrows
indicate the energies of pions resulting from backward decay
of the corresponding binary reaction isobars moving in the

direction of the primary proton.
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Fig.4 shows experimental data for K* (top figure) and K
(bottom figure) mesons. Again the solid curves correspond to
900 and the dashed ones to 168°. The notation is the same as

in Fig.2.

It is seen from Fig.4 that:

a) The K meson production cross sections strongly depend
on the primary energy especially for negative kaons.
b) The kaon energy dependence has a smoother exponential

behaviour compared to pion data.



Thus, the presentation of all the experimental data in
terms of the parametrization (6) shows that the latter is
unable to reflect in a satisfactory manner the essential cha-
racteristics of cumulative effect: limiting fragmentation and
universality of the slope parameter of the energy spectrum.
Below it will be shown that the cross section parametrization
on the basis of the variable X does not suffer from these
shortcomings. '

B. Angular Dependences

“In Fig.5 we glve the experimental inclusive cross sections
of production of pions and kaons versus the cosine of the
emission angle, for a lead nucleus at 8.9 GeV/c proton momen-
tum (Table I). By the symbols (@) we mark the data for n+
meson production at 500 MeV/c and by (o) at 600 MeV/c; (%)
are the data on 600 MeV/c K* mesons increased by a factor of
10; (m) the data on 600 MeV/c K~ mesons increased by a fac-
tor of 102 . The data on angular dependence for 680 MeV/c =%
mesons at 400 GeV primary energy are given here for compa-
rison.

Fig.6 shows the experimental inclusive cross sections'of
production of pions (® ) and kavns ( *) with 700 MeV/c momen-

v , tum for a lead nucleus bombarded
dA —~1' (0 by 8.9 GeV/c deuterons. The an-
'. K (#9 gular dependences are seen to
. be similar.

C. Enhanced A Dependence

The cross sections for ine-
lastic interactions of relati-
| vistic particles and nuclei with
fr nuclei, are known to possess a
characteristic dependence on
the atom1c number of the type
o« A?/3 | There is a natural
geometric explanation for this
dependence: the cross section is
. determined by transverse dimen-
Fig.6 sions of an opaque object. An

10

o

enhanced (compared to the A%?/% )A dependence was first obser-
ved in paper/ls/for cumulative pion production and then when
studying P, > 2 GeV/c particle production on nuclei’/!?/, In
these papers the cross sections for production of particles
with large momentum transfers were approximated by A" type
dependences and n was observed to reach values larger than
unity. The fact that the exponent n may depend on both X and
p, was already noticed in the first cumulative effect models.
It follows from these models that the A dependence is appro-
ximate and, generally speaking, insufficient. The discovery of
A dependences essentially differing from the simple A%2/3 de-
pendence was one of the most important signals which pointed
out that in the range of large momentum transfers we deal with
a new and interesting physics. It should be noted that anomalous
or enhanced A dependences are observed when studying effects
with small cross sections. The overwhelming majority of the
particle-nucleus and nucleus-nucleus interaction cross sections
is due to soft processes. These are just the cross sections
that possess the characteristic 3 dependence. For multiple
particle production process, in hadronic collisions the trans-
verse momenta are known to be limited and their average values
are <p >~ 0.3+ 0.4 GeV/c. Of about the same order of magnitude
are the momenta of the nucleon Fermi motion in nuclei. Hence,
it follows that soft processes are expected to be well des-
cribed on the basis of the models in which the nucleons are
good quasiparticles. Tn particanlar, this ie juetr the reacon
for which the additive model, where screening effects are
taken into account and the nucleus is thought of as a set of
nucleons, well explains the behaviour of the cross sections
for nucleus—-nucleus collisions.

It is very significant that anomalous or enhanced A depen-
dence begins to manifest in the momentum transfer range in
which the nucleons, as quasiparticles, loss their importance
and nuclear matter should be considered at a quark level. It
follows from QCD that such momentum transfers are QZ>»A% s
where Q% is the squared four-momentum transfer and A< 200 MeV,
a characteristic parameter of QCD, that is, for a momentum
transfer of | GeV /c appropriate quasiparticles are the quarks.
With increasing X and p the nucleus must become more opaque !
since the quark—quark 1nteract10n cross section sharply dee-
reases with increasing momentum transfers. On the basis of
these suggestions the enhanced A dependence is expected to
have the following behaviour: o «Al. In other words, the
extensively discussed in literature the cross section dependen-—
ces of the type A" , where n> l,are not realistic. They were
extracted from the study of a small number of nuclei and ac-

11



tually reflect the transition
from the o«A2/3 dependence

to the o «Al dependence. We
have drawn this conclusion from
the study of limiting fragmen-
tation of more than 20 diffe-
rent nuclei and measurement

of the cross sections for cumu-
lative particle production in

a wide A range.

Fig.7 shows the data taken
from Table III. The symbols (o)
is the A dependence of the
cross sections per nucleon for
production of negative pions

100 200 on a nucleus with atomic weight
A A3 normalized to the cross sec-
tion per nucleon- for the Pb nuc-
Fig.7 leus, as a function of A. For

comparison (e ) are the corres-
ponding values for positive
pions. The pion momentum is
500 MeV/c, the emission angles are 168° and 180°, respectively.
The pion production cross sections are seen to sharply increase
firstly with increasing A, but starting with A ~20 <30 they
remain, within errors. approximately canstant nor cnz nucloon
of a fragmenting nucleus. Fig.7 (symbolso and ® ) illustrates
the accuracy of experimental data and gives grounds for the
conclusion about the behaviour of the enhanced A dependence.
It is also seen that the cross sections for the light nuclei
(Li, Be) are essentially smaller than the average values. This
is, first of all, manifestation of the cluster structure of
nuclei.
For positive pions (Table I), we have obtained the following
value for the cross section ratio’154

6
f( Li» 7'I+ )-f(4He -» 77+)
f(D+ n+)

=2.16 + 0.47 .

As is seen from Tables I-VII, the ratio of the production
cross sections for positive and negative pions is close to
unity for both pA and dA interactions, that is, for a momentum
per nucleon of colliding nuclei larger than 4.2 GeV/c. At lower
energies an excess of »* mesons compared to 7~ mesons is ob-

served, which was studied in detail in the paper by Schroeder
et al’/18/

12

¥

In Table VII we give experimental data for dLi® and aciz
interactions resulting in »* and =~ meson production:

[(Li-z? )= f(Li » n )
f(Li»at)+ f(Li-s )

= 0.01 £ 0.05,

f£(C +a")=I(C » 7))
f(C +a") +£(C » 7™)

= 0.03 * 0.03.

The above-discussed detailed data on the A dependence of the
cross sections for cumulative pions with momentum, 500 MeV/c
at 180°, corresponds to a cumulative number X=1.3. In the
same figure triangles are the data for the pion cumulative
number Xz 0.5, but for different angles and pion momenta

(167 MeV/c, 168°9) and (500 MeV/c, 900). In the case X= 0.5
the A dependence is seen to have the usual form for soft pro-
cesses )

f-E 82 .4%3, (N
d
it . I(A):Ap,
The experimental data on the ratio 7{~Fai—~y of the produc-
. R Y Pb . .
vion crosc cecticnc for 500 MeW/o (1889) pLuluus ate shown Ll

the figure by the symbol (+). They are measured to within a 2%
accuracy. The behaviour of the A dependence of the cross sec—
tions for cumulative protons and pions strongly differs. The
cumulative proton production cross sections normalized to A,
increase as A increases and a transition to the f<Al depen-
dence appears to proceed only for A=l00. The dash-dot line is
the approximation of the A dependence by the expression

f o (rgAl3- ) . (8)

Such an approximation follows from the suggestion about finite
{nonzero) dimensions of the cumulative proton production regi-
onp. If this suggestion is valid, then p for pions is far
less than for protons. Thus, the A" (n> 1) dependences of the
cross sections for particle production on nuclei with large
momentum transfers, which are widely discussed in literature,
are unfounded. They have resulted from an insufficiently
thorough study of the mentioned transition of the f « A2/3
type dependence to the faAl type dependence. The different
behaviour of this transition for various quantum numbers of
cumulative particles is seen (Fig.7 symbol ( *)) from the ex~
perimental data on the production cross sections for K' mesons

13




with 500 MeV/c, at 168°, These data indicate to the difference
of the A dependences for pions and kaons and to the similarity
for kaons and protons.

The discussed particular features of the A dependences of
the cross sections for particle production on nuclei in pA
interactions is also observed in dA interactions. In particu-
lar, the production cross sections for cumulative pions with
X <1 possess the A dependences of the type f«A%/3 and with
X> t, the enhanced A dependences. This is shown in Fig.8 where
the data on pion production in dA collisions are plotted. The
symbols (A ) are the data for 600 MeV/c pions at 8 =168° which
corresponds to X> 1 and an enhanced A dependence; (V), the
data for p,=600 MeV/c and 6,= 90°; (®),the data for p, =
=215 MeV/c and 6, = 180°; (o), the data for p,= 370 MeV/c and
6 = 1800°. .

On the basis of the data analysis, we may conclude that the
behaviour of the A dependence of the cross sections for pro-
duction of fast particles on nuclei into the backward hemi-
sphere is determined by the cumulative number, rather than
the angle or momentum.

To illustrate this conclusion, as well as to establish an
agreement with the earlier experimental data it is advisable
to introduce the quantity

9

05
X .
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As was shown earlier/1§/n grows from 2/3 to 1, as X changes
from O.4 to 1, and the enhanced A dependence is a characteris-—
tic feature of cumulative effect. The experimental data on

L0ty /fA )

(10)
InApp/Ay,

as a function of the cumulative number X for all pA and dA
interactions are given in Fig.9: (e ) are the data on pion
production in pA interactions; (o ), data on pion production

in dA interactions; (o), the data on K mesons. In the same
figure the symbols ( #) are the data on K¥ meson production

on Pb and Cu nuclei. For X >1, n=| within errors and is inde-
pendent of X. A rise of n in the range X<O0.5 is due to irre-
gular behaviour of the cross sections shown in Fig.3. We notice
that a similar dependence was observed in the ITEP experiment’ 20/
and in ref./21/,

D. Structure Functions of Nuclei

As far as different nuclei are essentially different had-
rons, then their limiting fragmentation cross sections, and
correspondingly the quark-parton functions, might be expected
to be different. However, as was shown above, these cross sec-
tions are rather similar and, being normalized to a simple A
dependence, essentially coincide. This enables us to suppose
that the quark-parton structure functions of nuclei possess

L
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Fig.10 Fig.11
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universal properties. Among these properties the dependences
of the cross sections on the longitudinal momentum component,
or on the cumulative number, are best studied to date.

The experimental data obtained in the present paper enable
us to study the cumulative particle production cross section
as a function not only of X, but also of pi .

Fig.10 shows the ratio of the cross sections of pion pro-
duction on a lead nucleus for identical X, but different pf .
The symbols ( ®) denote the data of the present paper on pA
interactions and ( 0) on dA interactions; ( x) are the data
on pA interactions at an energy of 400 GeV.

The data on the quantity

f(x,p°)
¢ (P2 ) = memt:

f(x.O)' an

given in Fig.10, which belong to different reactions and dif-
ferent energy ranges can be described by a unique function of
the form

¢ (2) = 0.9 exp(~2.7p% ) + 0.1 . (12)

.

The solid curve shows a similar dependence for the noncumula-
tive region2%/ We have interpreted the X dependence of the
cross section as a longitudinal distribution of partons in
nuclei. A similar interpretation of the p? dependence of the
cross section is invalid because it contains, in addition to
the p? dependence of the quark-parton function, the pf de-
pendence of the parton interaction cross section.

In Fig.1l the cross section of production of cumulative
pions on a He nucleus (Table I) is plotted as a function of
the transverse momentum. By dividing the experimental values
of the cross sections by the function ¢(pi) (eq. (12)) we
obtain the f(X,0) function of the variable X alone. Fig.12 shows

1

. 2 . .
the quantity (KX}:-L- f(X,p” ) obtained in such a way as
A 4(%) L

for rogpf) we have taken a half of the dA interaction cross
section value. The symbols (®) denote G(x) for z* mesons, ( *)
for K* mesons and (m) for K~ mesons. In Fig.13 the functioen
G(X) is shown for the pA interaction, for an invariant speci-

fic energy ¢ =9.54.
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The following conclusions may be drawn on the basis of
Figs.12 and 13:

. + + . .
a) The experimental s~ and K  production cross sections
are described to within errors by a unique function G(X).

b) The functions G(X) for »* and K' mesons are about the
same.

c¢) The function G(X) for K~ is similar to the G(X)s for
pions and K* mesons but in its absolute value accounts for
5% of the latter.
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These conclusions are in satisfactory agreement with the
quark mechanism predictions for cumulative processes: the
valence quarks of colliding objects form a part of the K* and
#! mesons, but do not enter the K~ mesons. The equality of
the cross sections for cumulative =* and K* mesons should be
interpreted as a result of pickup from the symmetric quark
sea of d and § quarks by knocked out valence u quarks.
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As is shown in ref./7/, the consideration of G(X) as a quark-—

parton structure function of the nucleus makes it possible
to predict the results of experiments on deep inelastic scat-—
tering of leptons on nuclei for X»> L.

The parametrization of the structure function by the ex-
pression of the type

X
G(X)=G,- expl- =1 (13)
<X>

makes it possible to extract the parameter <X> characterizing
the first momentum of the structure function. Lt is found to
be identical for different inclusive reactions 13/ independent
of ¢ in a wide energy range 9 <e 400 and equal to

<X>=z 0.14.

This parametrization enabled us to predict the results of
measurements of the cross sections for deep inelastic scatter—
ing of muons on a carbon nucleus at an energy of 280 GeV and
large ( Q%~ 100 ¢GeV/c)?) momentum transfers 27/ Thus, the
direct measurement of the quark—Farton structure function of
the nucleus in the reaction u + 2C +pu+... has completely con-
firmed our interpretation of the cumulative particle produc—

tion cross sections. i
The main result nf our invpcrignr{nnc ie ac .followe We

have found that a large set of experimental data on cumulative
production of pions and kaons can be described by the univer-
sal function of the scale invariant variable X, that is, by
the quark-parton structure function (13) identical for various
nuclei. In the range of the variable

0.35<X < 3.5

examined in the present paper this function changes by.9 orders
of magnitudes.

In studying the deep inelastic lepton-nucleus scattering
one usually restricts oneself to a range X<0.7. As is seen
from the above-said, in the range X> 0.7 the nuclear structure
function has the simple form (13) and contains less uncertain-
ties than the proton structure function. It can thus be used
in deriving the evolution equations for the structure function
of the nucleus as the hadron, as well as in verifying QCD
working in a far broader range of X than before.

The authors are grateful to Perevozchikov V.G. and Kul'pi-
na 0.Yu. for their assistance during the course of this work
and the help in the preparation of the manuscript.
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TABLE I

Li He
8| P d6( T*) ds( m-) d6( m*) 46 ( 7" )
909 300 6,34%0,2
350 3,01%0,16 2,7210,14
400 1,6840,11 1,54¢0, 10
500 . (6,630,48) 1071 (15,0840, 28) 1077
600 {(I,70%0,10)10° (2,22¢0,13) 107 1(1,75¢0,11)1071
700 | (5,15%0,30) 1072 (3,9020,33) 1072
800 (1,4940,11)107%(7, 2740, 11) 1072
880 \2,830,35) 107
104° | 700 | (1,39%0,27)10°2 (1,36%0,30)107%
12091 500 [(I,15%0,10)107" (1,16%0,10)10°+
600 |(1,83t0,15)10-1 (2,15%0,24)10°}
700 (2,58%0,80) 107
154° | 500 , (3,1040,68)107°
600 | (4,03¢1,37)107% (3,53¢1,28)10°3
700 | (5,70¢2,85) 1074
162°| 500 ., 2,73%0,28)10° *
600 | (2,95t0,58) 107
168°[ 300 (¢,53%0,48) 10"
350 3,9840,23) 107
200 . (1,93%T0,10)10 *
500 (2,18%0,16) 7072
700 (1,05%0,73)1074
O
180°[150 11,830,868
175 8,9640, 67
200 5,57¢0,25  5,05¢0,32
225 3,50%0, 20
250 2,05¢0,12  1,91%0,14
275 1,2620,07
300 (8,88%0,58)1071(8,0320,65)107!
525 (6,75%0,38) 1071
350 (4,03$0,35)1071
400 (2,03%0,16) 10"} (I,95¢0,18)107 1
450 \ (6,630, 48) 1072
s0¢ |1,90%0,14)10° (2,18%0,10) 1072 (2,5320,25)107%
/




TABLE I
Li He
6 | p as( n*) a6( ") a6( 7*) a6 (")
180°| 550 (7,9840,58) 107"
600 (2,93#0,38) 107 (2, 29%0,65) 1073
650 (6,85%0,68) 1074
700 (1,590,20) 107
D H
o |p| db(7) a6(7") d6( 7°) a6 ( 7")
90°[500 | (7,250, 45) 107
120°[ 500 | (5,75+0,60) 1072
600 | (5,50%0,90)10~3
154°| 500 | (7,85¢2,1)10™"
180°[ 150 | 9,46+0,82 14,26¢1,52
75 | 6,34%0,35 11,36%0,76
200 | 4,1620,17 3,0720,25 5,96%0, 38 1,780,:2
225 | 2,62¢0,11 ) 2,9040,24
250 | 1,62%0,08 I1,51*0,06 2.23t0.75 (A 4rtT neyTal
275 | L07%0,05 1,440,12 )
300 f(7,70%0,40)1071(7,15¢0,50)10~ 1] 1,16t0,10  .2,13%0,70)70"!
325 k5,3020,30) 107! (9,70%0,76) 10!
340 (5,4840,44) 107!
350 J(3,05¢0,25) 107! (3,79%0,29)107"
360 (2,35%0,26)107-
370 , Ji1,er0,27m) 107t
400 [(7,6540,55)1072(6, 6540, 65) 107~
450 |(1,88%0,12) 1072 ‘
| 500 |(5,35%0,55) 107 (6,2541,20)10™"
550 |(1,3240,20)10~"
600 J(3,7¢ 3,1 )107%(4,70¢3,6 Y1074
650 |(7,5440,43)10™%

TABLE I
Al
olpP d6( *) d6( 7" das( k*) | a6 ( &)
90°] 158 17,9¢1,7
300 ,2240,03
500 |0,562t0,06  K0,345:0,0I4 (4,4%0,4)1072 | (1,42*0,04) 1073
600 |(I,460,03)10"1(1,23+0,04) 10~ 1,24:0,07) 1072 (7,7:0,4) 1074
700 | (4,930,09)16% J(4,05+0,05)16° (4,4+0,7)10~3 |(I,57:0,1)10°4
800 | (1,3:0,03)10™2 {(1,03+0,03)16° [I,64%0,21)1072| (6,1%0,9) 107>
900 | (5,0%0,06)10~3 (5,9:0,3) 1074
1000 | (1,50+0,07)10° (1,86:0,37) 1074 _ :
1200 | (1,07%0,1)1074 |(0,89:0,33)10%1,3+0,4)107° |(3,7:8,5 )I0"
1400 | (I,21%0,22)10° (2,1:0,9) 107
104°] 600 | (0,660,02)16! | (6,11,4) 1072
120°| 600 |(2,3t0,05) 1072 (2.o=o,37)xo'34
800 | (0,93*0,06)I16° (1,060,16)10™
168°| 125 3,75%0,36
152 6,350, 2
167 6,10%0,31
200 2.36:0.7
250 0,905+0,03 .
300 |0,62220,13  |0,580,03 (5,6*2 )I0™
350 |0,33520, I0 0,27:0,014  [(3,2+0,9)107°
400 | (1,65%,04)10% ] (1,32:0,06) 16T [(0,9+0,16) 1072
450 | (0,815%0,02)10 (4,7 *1)1073
500 | (3,27¢0,1)107%](2,7120, 12) 16° |(2,320,21) 1073
w  |~e00°| (4,97%0,14)16°|(3,6%0,06) 1073 |(4,5%0,8)107* | (0,88%0,4)107°
700 | (6,7t0,7)10~4 |(5,3%0,1)107% {(4,3%0,9)107° | (1,9%0,55)10°8
800 (4,2+0,34)107°
900 (4,9:0,6) 107
1000 (5,3:0,7) 1077
1200 (0,7:0,7) 1078
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TABLE 1

Pb
6|p a6( 7 *) ag( 7~ ) | d6 ( x7) ag (k")
90°[400 ]o0,86%0,02 0,I8* 0,014
500 |0,33:0,03 J0,32t0,005 (7,0%0,3)107% }(I,55¢0,06)1073
600 KI,25%0,03)107X(1,2610,04)1071{(2,5%0,14) 10" (8,9:0,4) 1074
650 k7,7:0,14)10~° (1,820, 14)I0°
700 |(4,5:0,09)1072 |(4,120,07)1072 |(I,10+0,04)I10%} (I,9:0,09)10~%
750 |(2,430,03)16° (6,65%0,45)I0
800 (I,42t0,03)10° (3,6%0,14) 1073 (1,0%0,08) 10~4
900 (4,4¢0,13)1073 (1,19+0,11) 133
1000 |(1,740,04) 1073 (1, 46%0, 06) 10-3 (3,700, 3) 10~4] (0,810, 3) 10~
1200 |(1,57+0,06) 10¢ (4,710,4)107° |(1,720,9) 10~
1400 {(2,0%0,3) 1073 (3,6+0,7) 1075
1209 600 |(2,32:0,44) T (4,78%0,9) 1079 (1, 16%0,2) 10~ 2
800 |(1,09%0, 11) 16> (3,0:0,57) 1074 (3,4+1,6) 1076
1689 125 (5,35%0,31)
152 (5,15+0,19)
167 (4,60%0,26)
200 (1,63+0,06)
250 0,70:0,03
300] 0,415%0,01 | 0,394+0,014  |(1,63¢0,23) 107
350 0,186%0.01 (0.88%0.16Y 10!
400 |(1,17#0,03) 10| (1,08%0,06) 10" |(3,0t0,36) 1072
450|(6, 42:0,13)16° (I,42t0,17)10°
500 | (3,37+0,09) 169 (2,9720, 11) 1072 (5,0 2 0,4) 1073} (4,341,4) 10°°
600{(5,3+0,14) 16°](3,9%0,05) 10~3{(7,4 *1) 10~% |(0,86%0,24)10~9
700 (7,57+0,4)1074} (6,1%0,09) 1074}(1,04%0,17)16%}(1,04%,3) 1079
800/ (5,9:0,45)10~°| (6,1:0,45) 10~°{(1,04:0,5)10~°
900 (5,1:0,57) 10~6
1000 (5,240,65) 10~
1200 (0,47:0,47)1078
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TABLE 11
o | P d6(Pb~P) d6(al~P)
90°! s00 | (0,93%,6)10~° |0,85%0,6)10~°
0 | (2,02 1,2)1092,0 % 1,4)107®
TABLE III
do(A %’6(Pb)
7t 7" 7 - % v K*
500,180° p00,168° [i67,168° |s500,90° | 500,90°
°Li }0,518t0,03% 0,4650,02
ti 10,458:0,03 | 0,585:0,02
Be | 0,645:0,04 |0,62910,02
¢ |c,80t0,04 |0,812¢0,03]1,23+0,07
Mg 0,957:0,04
A | 1,08t0,13 }0,894:0,04]1,32¢0,07|1,70%0,17 | 0,51:0,05
Si I nsrarn nr 1o a7 +0 0al1 2120 06
S4re 0,995t0,04
s6fe | 1,12+0,09 |1,07t0,04
::Fe 1,17¢0,1 |0,905%0,04
Vi | 1,12¢0,11 |0,970,04 |1,24¢0,07
Ni 0,965t0,04|1,49:0,08
N | 1,16t0,1 |1,04%0,05]1,3620,09
,Lu | 1,0120,08 |1,040,02 {1,36:0,08f 1,32:0,05 | 0,70540,08
Zn 0,985%0,04}1,22+0,05
"2sn 1 1,17*0,1 | 1,06t0,04}1,160,07
“8sn | 1,12t0,1 |1,07%0,04|1,26t0,08
?4sn | 1,00%t0,1 | 1,09*0,04}1,30t0,08
“‘Sm 1 0,97¢0,07 | 1,01%0,04
*em | 1,09¢0,07 | 1,09%0,03
*w | 0,90t0,08 | 1,12%0,04
*w 10,975:0,08 | 1,09+0,04 .
Pb | 1,00%0,03 | 1,00t0,02}1,00t0,06f 1,00¢0,09 1I,00:0,04
r"’u 0,956t0,03} I,10t0,06
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TABLE V

TABLE IV
P =500
g [ cose 46 (1*)
50 | 0,643 2,61t0,09
60 | 0,50 1,530,04
65 | 0,422 1,19:0,04
70 | 0,342 1,020,04
75 | 0,259 0,74¢0,03
80 | 0,174 0,54£0,025
85 | 0,087 0,447%0,023
9| o 0,33t0,03
140 | -0,766 (5,85:0,48) 10~2
145 | -0,819 (5,23¢0,44)10°°
150 [ -0,866 | (4,68%0,23)107°
185 | ~0,907 (3,75%0,2 )10~°
160 | -0,940 (3,790,39) 1072
165 | -0,966 (3,11:0,23)10°°
168 | -0,978 (3,370,09)I0™°
172 | -0,9903 | (3,31:0,2 )I10~°
173 | -0,9925 | (3,06t0,2 )10~2
174 { -0,9945 | (2,74%0,34)1072
ms | -n qom> | ¢ arn 24)TN™2
76 | -0,9977 | (3,25%0,38)1072
177 | -0,9986 | (3,02%0,34)107°
178 | -0,9994 | (3,50%0,34)107°
179 | -0,9998 |.(3,90t0,34)I107°
180 | 1,00 (3,90%0,34) 1072

Pb
8l P da6( 7*) a6 ( 77) d6 ( ¥*) | d6 ( %" )
90°| 500 | 0,268%0,02 0,283%0,0I [3,8%0,3)107°] (5¢1) 107%
600 ko0,99:0,03)10°! |(1,10503) 101 k1,0310,1)107%{ (1,2 0,25) 10™4
700 k3,540,14) 1072)(3,6%0,08)1072 §(3,9:0,5) 10~3| (6,1 3) I0~°
800 0,85%0,08)10~2 (1,520,15)1075] -
900 §2,98+0,05)10™3 (4,4%0,5) 1074
1100 k2,33:0,1) 1074 (4,1:0,5) 10~°
1300 XI,66%0,18)107° (1,8t0,8) IO
120°| 500 ko,96%0,02)107! (1,40%0,2) 107
600 §(2,45t0,07)10™% (2,210,3) 10~
700 k4,4 t0,5) 1073 (3,1+1,4)1074
800 (8,3 *0,3) 10™4 (1,3%0,2)I10"
168°] 500 |(2,50 £0,1)I072 (3,2 0,5)107
600 [(4,47+0,14) 1073} (4,35t0,17)107%(3,7 £ 0,8) 10"
700 K4,92t0,3) 1074|(5,6%0,3 ) 1074(7,7+3,9 )10~
800 f(4,4%0,4 ) 10~°{(4,30,7 )10~ |(5,5¢2,3 )10~
900 |(3,1t0,5 ) 10°° (4,3%3,2 )I10™
1000 (4,1%2,5) 1077
100l o7s ¥ v BT 40 7T I,I4+0,T :
ar2| o0,11+0,02 0,1%0,02
200 k4,4:0,4) 1074 (8%2) 107°
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TABLE V

Cu
8| P d6( m*) a6 ( 7") a6 ( 7*)
90°|e00 | 6163 £0,005 (0,85%0, 24) I0™°
800 |(1,4%0,03)1072 (1,6:0,17) 1073
120°[600 | (2,72%0,07)10°% (1,820,3) I0™°
800 | (1t0,03) 1073 (0,91:0,16)10™4
168°]|500 | (3,37:0,1)107% (1,76t0,6) I0°
600 | (4,4%0,12)10™3 (2,3%0,9) 10~4
180°|215 | 1,83%0,I3 1,940,113
372 |(1,35t0,16)107 11,3420, 15) 10" 1
458 (3,8%0,5) 1072
546 (0,910,1) 1072
|e0s (2,8:0,9) 1073
Al
0o l ~ AR N l d&l =\ e e 7 e 1
~ r ey g ) vo )
90°l600 | 0,189%0,004 (0,780, 1) 10~
800 | (1,2640,02)1077 (1,6:0,2) 1073
120°]600 | (2,82¢0,06)10" (1,09%0,14)I10°
800 | (0,7+0,03)1073 (2,5%0,8) 107
168°{600 | (4,3:0,1) 1073 (1,4£0,4)1074
180°1215 | 2,14t0,I14 2,320,12
372 |(1,6:0,2) 107! fI,62t0,2 )107]
458 (3,9:0,5 ) 1073
546 ( 1:0,2) I0™?
605 (3,51,4) 1073

TABLE VI
pP=700
0 | -coss a8(n*)10° d6( k*) 104
0° 0 35,32 1,4 39t 5
94° 0,07 21,2+1,3 30,5t 6
100° 0,174 | 13,5%1I,2 17,65
106° ]0,2756 10,7*1,2 19,7 t6
112° |0,3748 9,3t1,0 6,33
117° }0,4537 5,83¢0,7 8 t3
120° {0,50 4,39 0,5 3,I1tI,4
125° 10,5734 .3,42£0,4 2,2t1,2
132° |0,6692 2,22%0,3 3,1%t1,5
138° {0,7434 1,65:0,22
146° |0,8290 0,99 0,11 1,05%0,5
150° |0,8660 0,66%0,1I 0,72%0,5
156° ]0,9136 0,56 t 0,06 0,6 * 0,26
160° |0,9397 0,63 *0,09
164° }0,9613 0,54 0,08
168° }0,9782 0,49:0,03 0,77 +0,39
172° {0,9903 0,52 0,05
0 15,5307 5,5 20,07 5,6 ¥ 0,2
180° 1,00 0,44 0,04
TABLE VII
p =215 P =372
d6(n*) | d6(7n~) ]| db6(7*) dé (7=7)
°{i | 2,27+0,17] 2,23%0,18]0,109:0,03 {0,07¢0,03
"Li | 2,13t0,14] 2,40%0,23 0,1110,03 |0,08:0,03
C | 2,75:0,15| 2,610,123 0,172+0,014}0,142+0,01
“*sm| 1,5620,1 | 1,37:0,I |0,1150,012}0,102:0,014
“Sm| 1,400,09] 1,46%0,1 |0,106%0,012}0,117¢0,014
21y 1 1,55+0,1 | 1,32¢0,094 0,I2*0,0I
“wl1,61%0,1 | 1,47¢0,11 0,107¢0,016
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