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At many conferences of the past years, and at the present Conference as well,
there has generally been heard a firm belief in the fact that at small distan-
ces, or at large momentum transfers, the atomic nuclei should manifest themsel-
ves as quark-gluon systems. An open question is where is the boundary startirg
with which the distances can be considered to be large and the nucleus tan be
described on the basis of hadronic degrees of freedom. The trouble is that the
quark confinement effects occur at relatively small characteristic momenta of
about 3C0 MeV. This means that the confinement radius is comparatle with average
internucleon distances and, strictly speaking, it is hard to isoiate nuclear
physics from QCD problems. In what follows, we give a criterion which picks cut
a region of nuclear reactions where the quark-gluon deyrees of freedom are pre-
dominant. The aim of the present talk is to show that the study of this region
gives. evidence of the quark-parton structure functions o6f nuclei as independent
(irreducible to one-nucleon) objects of hadron physics,

The Dubna physicists have been engaged in the problem of quark distribution
in nuclei since 1970 (see, e.g.2’3) on the basis of extensive experimental
studies with relativistic nuclei beams from the Synchrophasotron. We extracted
the properties of the structure functions of nuclei from the data on limiting
fragmentation of nuc]eil’z. Thus obtained properties were recently confirmed by
experiments on deep inelastic scattering of leptons con nuclei4’5’6. This fact
not only inspires us with the confidence that our ideas about the nature of 1i-
miting fragmentation of nuclei is valid, but also enadles us to predict the re-
sults of future experiments on deep inelastic scattering of leptons on nuclet,

The deep inelastic lepton-nucleus scattering is so far studied in the regicn
of the Bjorken variable X <1 and is interpreted as revealing the difference in
the internal structure of a nucleon inside the nucleus and a nucleon in empty

1

.space, Physicists engaged in the field of JTow-energy nuclear physics were aware

of the existence of this difference. It is known, e.g., that the magnetic mo-
ment of the quasiparticles of nuclear matter ncticeably differs from that of

a free nucleon,
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" reaction

Of a special interest is, in our opinion, the region X > 1 in which the
scattering on a free nucleon is impossible, at all, From the point of view of
the parton model X can be regarded as an effective number of nucleons (a multi-
quark configuration) which can produce such a super-fast partdn. The scattering
and production of particles on nuclei in the region X » 1 is given the name of
cumulative effect. We consider that up to now the cumulative effect is the only
source of information about multiquark states in nuclei,

Before going over to the discussion of the quark distribution in nuclei we
define the boundary of the region in which the quark degrees of freedom become
essential and the nucleons are no longer considered to be quasiparticles of
nuclear matter, From the very Beginning of the studies of nuclear reactions in
the region of relativistic energies it was clear that in the collision of nuclei
as composite objects the value of the four-momentum transfer cannot serve as )

‘a criterion for the passage from gquasiparticles-nucleons to quasiparticles-

quarks. For example, in a stripping reaction proceeding with an approxinate
conservation of four-momentum p, per nucleon, '2C + A + *He+ ..., the four-
dimensional momentum transfer is (12P0-4P0){=64n1g , where mg is the atomic
mass unit, This value is much larger than the characteristic momentum of an in-
dividual quark. However such a collision does not affect the quark degrees of
freedom since the momentum transfer is distributed among many particies. We -
characterize the energy of nuclei by an energy per nucleon since the energy and
momentum should be divided by the number of particles inside the composite ob-
ject if the collision is viewed at the level of constituents. At the same time,
in relativistic quantum mechanics the particle number is not an invariant noti-
on. It depends on the coordinate frame and, moreover, taking the quark-antiquark
sea into account, the number of particles inside the hadron is infinite. The
only relativistic invariant measure of the number of constituents inside a com-
posite object is its rest mass, Therefore, we use.the momenta and energies of
hadrons and nuclei involved in the reaction which are attributed to the rest
mass unit, In other words, we use four-dimensional velocities é%— .

As a quantitative criterion which selects the region of nuclear collisions,
in which hadrons lose the role of the quasipartilces of nuclear matter, we

employ.:
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where p, are four-momenta, and m, are the masses of hadrons involved in the
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- Thus, as a locality measure of hadron interactions we take the relative four-
,ve]ocity rather than the four-momentum transfer. The physical meaning of the
7criterion (1) consists in that for rather large relative velocities the inte-
'raction between the quarks entering object i and the quarks entering object k
weakens .so much that it can be treated by perturbation theory (here 1.k=-ILILL2.)
*  We discuss the arguments which underly criterion (1), According to criterion
(1), for the collision of a relativistic nucleus 1 with a rest nucleus [ we
have
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mo= 931 MeV (the atomic mass unit), A, is the atomic weight of nucleus 1. The

3, corresponds to

‘energy per nucleon E;/A[=3,5:4 GeV, as is stressed in refs,
‘the beginning of the asymptotic regime, limiting fragmentation of nuclei (scale”
‘invariance). From €q.3 it follows, in particular, that the division of the mo-
menta by masses replaces, in a certain sense, the division by the number of
constituents. We can also give the following experimental facts which testify

in favour of criterion (1). -

. The transverse momentum pion distribution p_in multiple particle production
processes is characterized by the value <p>=0.3:0.4 GeV. For P, ><p, > the
cross sections sharply decrease., From the formula
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‘for the zero difference between the lTongitudinal rapidities v and y,, and
P, N >

m"-'m

— = 3  we get an estimate close to (1).

' Also one well knows the short-range correlation effect in the rapidity space:
at Ay>1:2 the correlators in multiple particle production sharply decrease. By
substituting p =0 and (v,-v,)=1:2 in eq.(4) we also get an estimate close to(l}).
The both properties can be represented as a principle of depletion of correla-
tions in the radial rapidity space which is analogous to the Bogolubov's prin-
ciple in statistical physics: the correlation between the parts of a strongly
interacting system decreases monotoneously down to the level of a small pertur-
bation with increasing distance between these parts in the rapidity space:
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In contrast to P and y the quantity r is invariant with respect to rotations,

¢« Similar estimates can be obtained from the study of the properties of jets
Criterion (1) is also in accordance with the present-day understanding of



asymptotic freedom. The running coupling constant in QCD can be represented as
t

follows

Lo 1.4 1.4
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If by A we mean the characteristic mass and by k and k’ the momenta of the had-

ron constituent, then eq.(5) can be rewritten in the form ﬂ.-ifg%: and by can

be viewed as the squared difference between the velocity of an initial hadron
D,/m,s-%- and that of a knocked-out parton p,/m, --%; . In this case the va-
lue of a, characterizes the weakness of the interaction of the knocked-out par-

" ton with the parent-hadron, In order that this final state interaction could be
treated by perturbation theory, it would be necessary that by>> 1, From the
formula a, _iﬁ%ﬁ;~ it follows that for large by, the hadron-hadron interaction
changes smoothly with increasing by, and, respectively, the number 5 in eq.(1)
is a matter of convention,

At the Santa Fe Conference in 1975 it was stressed 3bthat the b, values can
be used to classify relativistic nuclear interactions: the region b, > 10~ 2 cor-
responds to the interaction of nuclei as weakly bound nucieon systems. The re-
gion b;,>> 1 corresponds to the interaction of hadrons as weakly bound quark sys
tems. The region 0.1¢ b, < 1 is an intermediate one.

In 2 similar way we distinguish among nuclear collision processes on the ba-
sis of b, values and, in particular, according to eq.{3), b, > 5 specifies the
beginning of scale invariance. A generalization of scale invariance to relati-
vistic nuclear collision processes3 and the related experiments have resulted

in the discovery of cumulative production of mesons and a number of regulariti-
es of 1imiting fragmentation of nuclei which will be discussed below.

In our first papers3’2 it was already stressed that as far as scale invari-
ance was interpreted on the basis of the local character of hadron interactions
(automodelity) and the parton model, in nuclei there are two specific momentum
scales starting with which an approximate scale invariance is realized, One of
them corresponds to the case when the nucleon constituents, the partons, may be
considered as quasi-free particles, and the other corresponds to the impulse
approximation of nuclear physics in which the nucleons are taken to imply quasi-
free particles. We considered the cumulative effect as a signal indicating that
in nuclei there are "drops" of hadron matter (or multi-quark configurations)
~ which, in their structure, strongly differ from free nucleons. This interpreta-
. tion of the cumulative effect, that isy laws of particle production in the re-
gion of 1imiting fragmentation of nuclei outside the limits of one-nucieon col-
lisions met objections during more than ten years..In numerous theoretical stu-
dies it was attempted to explain all the ‘ities of the cumulative effect



within the framework of the proton-necuteron model by means of a correct account
iof relativistic effects and few nucleon correlations in nuclei'(see, e.g.ref.7).
‘Such attempts have succeeded in explaining the cumulative production of pro-
}tons, deuterons and nucleus fragments, i.e, the effects in which it is practi-
,cally impossible to separate the nucleon scale invariance (nuclear scaling)
ffrom the parton one. In addition, the cumulative production of baryon systems
was until recently studied only in the range of relatively small b, <1lnot satis-
,fy1ng the criterion (1). Following our classification they belong to the inter-
|med1ate region and cannot be treated by a simple fragmentation model wh1ch we
.use for extracting quark-parton structure functions from the data on limiting
;fragmentation of nuclei. Since the structure functions are just the principal
_fsubject of my talk I have no possibility of dwelling upon new very intresting
'data of the Leksin's group on cumulative production of baryon systems submitted
to the present Conferencee.
, Many data on inclusive one-particle reactions in the region b;;>b, > 5:
glsb,l, < 15 are presented at this Conference. To discuss multi-quark states in
‘nuclei I mainly use the data of the Stavinsky's group who have studied in a
most detailed manner m* and K * meson production in the region of limiting
fragmentation of more than 20 nuclei, as well as the datq on deep inelastic
scattering of leptons on nuclei. It should be emphasized that the data for
b 5009, including the data on cumulative jet productionlo, in accordance
:with criterion (1), confirm the data of the Stavinsky's group obtained mainly
for by, = 19, and the weak dependence of the limiting fragmentation cross sec-
tions on b,,, for b, > 5. The lower boundary of the cross sections obtained in

»these expervments is -i;iﬂl E;?-uo 5x10" 35cm GeV™ -2 which corresponds to the

pion momentum of 1,2 GeV/c or by, = 17, The conclusions about quark distribu-
tion in nuc]ei1 were chiefly made on the basis of the data on the production of
"pions since they best satisfy criterion (1) because of their small mass.
t  The collision of hadrons with small transverse momenta and large values of
'the scale variable X in the limiting fragmentation region is described as a
result of individual collisions of the quasi-free quarks of a fragmenting had-
'ron with the quark$ or gluons of the target. The spectator quarks which avoided
collision carry the momentum fraction X of the fragmenting hadron. Hadroniza-
.tion of the quark to a hadron-fragment (color neutralization) is taken to be
soft and the hadron-fragment distribution is assumed to coincide with the
quark-spectator distribution. Thus, we may consider that the inclusive cross
section of the process (2) in the region of limiting fragmentation of, for
"example, particle Il (or nucleus II ) is of the form
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.where F | and pl are the energy and momentum of the particle-fragment . We shall
mainly use the data of the Stavinsky's group for the case when part1c1e 1is a
pion and particles I are protons and deuterons.The quantity G”/(X:) ) is the
iquark-parton structure function of particle (or nucleus) II. More than twenty

'different elements have been used as fragmenting nuclei II, C;

is the con-
Istant characterizing hadronization of quark q into hadron 1, a; is the cross
;section of the process in which quark q from hadron I1 passes throughout tar-
et I having avoided collision, The quantities Gxuh(x'pf ), in their physical
imeaning, are universal momentum distributions of quarks q in nucleus II.

iThe universality of G,Uh(x.pf ) consists in that one and the same functions

Gy/q are taken to express the cross sections of different reactions with large
momentum transfers proceeding on this nucleus. In particular, the cross secti-

ons for deep inelastic scattering of leptons on nucleus [I
'0' I - 7’ + een (7)

and the cross sections for lepton pair production
I+ M- 05 s 074

are expressed in terms of the functions leq(X,pi ) and the cross sections

for electromagnetic quark interactions.From eq.(6) it follows that the ratio of

fthe inclusive cross sections for 1imiting fragmentation of different nuclei II'

rand II into identical particles (in our case,into pions)is equal to the ratio

'of their structure functions: )
n ol GyygXopyu)
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For the case of deep inelastic lepton-nucleus scatiriingy the Bjorken variable
gis expressed in terms of the momentum per nucleon P /&
| q® q°
X=- -Ay, - =Ax (9)

: 20 /A 0 20y -9
where q is the four-momentum transfer in process (7), X changes in the 1i-
imits 0< X < A, . Processes occurring at X >l are named cumulative, For reac-
tion (2) the variable X , with due account of mass corrections, is of the form

(particle 1 is a pion):




‘and transforms into the variable (9), neglecting masses. In this Timit we also

f
‘have b
[ X = et U I
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From here it follows that there exists a region, in which X >1 but criteria(l)
%are invalid, for example, cumulative production of baryon systems.In this region
quarks cannot be considered to be quasi-free and the fragmentation model (6)
fdescribing quark stripping and pickup processes cannot be used.

i We consider the experimental fact52 which testify in favour of the model (6).
1. The cross section for procasses (2) in the range X ~1, p = 0 is found to
be' no 1dnger dependent on b, . for b, "2,8, that is, the regime of limiting frag-

mentation of nuclei begins at an energy of about 4 GeV/nucl, This is in good
agreement with criterion (1).

' 2. The cross section for process (1) in the range 8 <b;;; 5500 and 0.6<X<3.5
is well approximated by a simple dependence;

E; 32 . const All/s- A";:x)- oxg [ ] (10)
dp, <X>

.The parameter <X> does not depend, within errors, on the quantum numbers of cu-
mulative particles and is equal to 0.14 to an 'accuracy of 10%. The quantity
mX)~ 1 for X>1 and A > 20, while for 0.6 s X < 1 it is approx1’mated2’3 by
the dependence m(X) = % + _xg_ .

3. Within experimental errors, the cumulative production cross sections for
pions and kaons for identical X's are in the following remarkable relationship

to each other (see fiq.l):

= + -
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dpy dp, dp, dp,

4. A good agreement between experiment and the model (6) in question has made
it possible to determine the properties of the quark-parton structure functions
for 0.6<X < 3.5 and p = 0:

i L ™ (X)
G/ (X.0) = ConstA exp[_ﬁ_’;? (11)

These properties were found to be universal for various nuclei. In particular,
eq.(11) has enabled us to predict1 the results of the NA-4 experiment on deep
Einelastic scattering of muons on carbon g +'%Cp” "+ .. . The structure function
of the carbon nucleus extracted from the experiment4 in the kinematic range
50s @° < 280 GeV2 and.0.6< X <1.5 is in good agreement with eq.(11) (see

. fig.1). This experiment has well confirmed the existence of the cumulative ef-
"fect (X> 1),although the obtaining of X's as large as the ones extracted from
Hmi'ting fragmentation studies scems to be doubtful even by using such a power-
ful installation as the NA-4 spectrometer. '
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5. Deep inelastic lepton-nucleus stu-
dies have led to a psychological change
in the attitude to the problems under
consideration, Theorists were most
strongly impressed by the EMC measure-
ments of the ratio of structure functi-
ons per nucleon for the Fe and D nuc-
1915. Further experiments of the MIT-
SLAC group6 have confirmed this result
and have given the A dependence of the
structure funétions of nuclei, which

in the range X ~ 0.5 are in agreement
with the above-mentioned G,/ (X) pro-
perties (see eq.ll).

We define the ratio of the structure
functions per nucleon for different
nuclei

?)= L, (12)

Fig.2 presents the earlier ob-
“tained experimental data on limit-
ing fragmentation in the ferm of

the ratio (12), there are also
given the data of the EMC5 and
MIT-SLAC® studies on deep inelas-
tic lepton-nucleus scattering.
The qualitative agreement of the
1 G,/q (X) data obtained in es-
sentially different experiments
and different regions of momentum
transfers serves as a good confir-
mation of the used model and the
universality of the structure
functions.

To discuss the available data on 1/AG(X)we consider three different regions

“of X in which the behaviour of %;cu(X) is different and established with dif-
ferent degree of reliability,

1. The region X < 0.2. The main EMC result that the ratio of the Fe and D



‘structure functions exceeds unity has led to a 1argé number of theorctical pa-
fpers. The majority of them suggests that this is a contribution due to sea
iquarksll’lz,however, the proposed models describing this contribution are diffe-
frent.As the SLAC experiments showed,this éffect needs to be further studied ex-
perimentq]ly.lt is impossible to extract the structure function from the data
on Timiting fragmentation of nuclei in this region since it goes beyond the 1i-
mits of criterion (1).The study of this region is at a preliminary stage and

the data are somewhat contradictory,

; 2. As is seen from fig.2, the decrease of the ration 51——(X) in the range
0.3<X < 1 below unity is in agreement with the earlier estab11shed A depen-
dence of the structure functions of nuclei (11) and is confirmed by SLAC expe-
riments.As Fig.3 shows,though the data on the A dependence of ———-(X 0.5)
obtained on the basis of lim1t1ng fragmentation of nuclei and chPSLAC deep ine-
lastic scattering data differ from each other, they have the same behaviour,

that is, the cross section decreases with increasing A, .
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! 3. 0f a special intere,t is the cumulative region X > 1,The difference in
the A dependence of ——(X) for X> 1 and X<1 is especially clearly seen from
f1g 3.Although the most striking feature of the cumulative effect,the universal
 (for a1l the nuclei) x dependence of G (X G,(X) = exp[- —-—] has been confirmed

'by lepton scattering stud1e54needs to be further exp]ored It should,hoviever,be
- noted that this dependence has also been observed in cumulative production of
jetsloand earlier in cumulative production of baryon systems (see,e.g.g).
The properties of G,(X) for X> 1 are in good agreement with the idea about
"the cumulative effect as a result of interactions of multi-quark configurations
existing in the nucleus and containing an effective number of nuclecons equal
jto X. -In this doma1n WX)(see fig.2) strongly exceeds unity, while 37x7~( )

ot



wwth1n errors,is unity over the whole region 1<X s 3.The D nucleus has no con-
‘flguratxons consisting of quarks from more than two nucleons,this just explains
.the difference in the structure functions for deuterium and ]ead At the same
]t1me the Al nucleus ]1tt1e differs,in this sense,from the Pb nucleus The data
‘on the A dependence of-——; (X=1.3) given in fig.3 indicate that over the whole
'region A< 20 this value is essentially smaller than unity and decreases with
decreasing A.This reans that not only in deuterium,but also in all the Tightest
fnuclei up to A=20 the multiquark configurations strongly differ from one ano-
'ther and from the multiquark configurations in heavy nuclei. Theorists who at-
!tempted to explain these phenomena by the presence of six-quarks configurations
dn nuclei wi]] be distressed by the submitted to the present Conference A depen-
‘dence of -——-(X =2.1){see fig.4) measured in the region X 2 2 where nine- and
'twelve- quark configurations are predom1nant.Compar1ng fig.3 and 4 we see that
!the A dependences for X=1.3 and X=2.1,within errors,coincide,.

Unfortunately, the G,/ (X) properties for X >1 have not yet been discovered
.in deep inelastic lepton scattering and depend on the validity of the model(6).
Nevertheless,I want to conclude my talk in the following manner.The data on the
structure functions of nuclei for X>1 definitely indicate that in nuclei there
‘arise fluctuations of quark plasma which contain complicated multi-quark confi-
gurations which just generate superfast quarks-partons carrying away a large
momentum,.This idea together with criterion (1) indicate the 1imits of applicabi-
lity of the proton-neutron nuclear model.
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