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ABSTRACT

Some salient features of the limiting fragmentation of
nuclei in cumulative region substantiating extraction

of the nuclear structure functions from hadron reactions
are discussed. Complementarity of information provided
by lepton and hadron probes is pointed out. The QCD-based
approach to the nuclear quark distribution in the lepton
deep inelastic scattering is outlined which necessitates
additional sea in nuclei.

INTRODUCTION

A gtudy of the quark degrees of freedom in atomic nuclei is of
interest from many points of view. First and foremost, it has a direct
bearing on most acute problem of modern theory - the behaviour of QCD
at large distances. The interaction of nucleons provides a possibility
of the formation in nuclei of the multi-quark clusters. The properties
of these clusters define the short-range part of the NN-potentials and
the nuclear wave functions, which are of prime importance for the nuclear
physics as a whole. The experimental investigation of the spatial and
momentum distributions of partons in +the short-lived multiquark configu-
rations is possible only in the reactions of leptons and hadrons with
nuclei at high energies. It will give a unique information on the unusual
objects that may be considered as an admixture of new phase cells - quark
~ gluon plasma - in the nuclear matter. There is now a great interest in
this new phase of the hadronic matter and the main hopes of its formation
in a "macro-volume" (of an order of the nuclear volume) are related to the
ultra-relativistic heavy ion collisions. It is evident that a reliable
diagnostics of this new phase of matter requires knowledge of all mecha-
nisms of nuclear reactions with large energy-momentum transfers taking
into account all existing in nuclei under the ordinary condition configu-
rations of the fundamental constituents of the hadronic matter - quarks
and gluons. Therefore, the detailed study of the quark-gluon composition
of nuclei is an indispensable part of building the complete theory of
hadrons on the basis of QCD.

HADRON REACTIONS AND STRUCTURE FUNCTIONS OF NUCLEONS AND NUCLEI.
CUMULATIVE EFFECT

The deep inelastic scattering of leptons on hadrons is a traditional
and most reliable means to measure the structure functions (i.e. the quark
momentum distributions in hadrons). The nuclear targets were customarily
used with the aim to extract the nucleon structure functions. A widespread
belief about the nuclear effects was to consider them as not very
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interesting and significant in most cases, or as rather reliably under-
stood within the traditional notions (the impulse approximation, Fermi-
-motion etc.) stemming from the nonrelativistic quantum mechanics applied
to the problem of the A=Z+N-interacting nucleons. This attitude seems to
be distinctly changed when the results of the European muon collaboration
(EMC) 1) on the ratio of the heavy nucleus (Fe) structure function to that
of the deuterium turned out in sharp disagreement with expectations
derived from the standard theory. We wish to stress, however, that long
before the EMC data, the point of view alternative to the above-mentioned
beliefs was put forward and developed. Namely, on :the basis of observing
the limiting fragmentation of nuclei in the high-~energy hadron-nucleus
collisions the clear-cut statement was made that the structure functions
of nuclei are the qualitatively new objects in the physics of hadrons not
reducing to the nucleon ones and thus well-deserving the special studies
(see, e.g., the lectures by A.M.Baldin 2) and V,K.Lukyanov 3) at the
precedent JINR-CERN Schools). The parton model and approximate scaling

in the hard (Q*>»m”, v=E,-Ey »>m , 0<x=Q/2m» € 1 ) lepton-
-nucleon interactions are derived from the mechanism of the incoherent
scattering of leptons on the point-like quarks. What justifies the
application of the parton picture and measurability of the structure
functions in the "soft" hadronic inclusive reactions Q&+ % - C+X with
small values of 4P, > = 0.4 GeV? It is natural to expect that the pro-
duction cross-section of hadron C should be proportional to the proba-
bility to find, in one of the initial hadrons, the group of partons {\-}
with the quantum numbers of C and total longitudinal and transversal
momentum fractions Z X{ and EP.U. , the same as X and PJ_C . One
should alsoc invoke the "soft hadron:.zation" hypothesis which means that
the colour neutralization does not result in significant energy-momentum
redistribution between newly produced héadrons. These qualitative arguments
underlie a number of the recombination or fragmentation models 4 relating
the inclusive cross-section €. ds‘/df{oka»,%_) c+X)and the structure func-
tion of a hadron @ (or B ) in its fragmentation region (x_ > 0.3;
’.I‘.Q'-'(P;*P:)/(P:-" P:) )e As x - 1 the experimental distribution has the
form d6/dx~{-r)" . The mean values of the exponent K for the

meson production P+ h>M@E3) + X are K{p — MMUJ)N=3.2 and
w(p & M(4.,9)) = 4.0 )(one can obtain this by averaging over many
experimental values collected in the review article 4 ). These values
correspond to fragmentation of proton into meson ™M containing the
valence W - or d-quark respectively and by the soft colour neutralization
assumption should be proportional to the U - and d- que.rk distribution in
the parent proton: W ()~ (4~ ‘JQ 0 y A )~ (A- 30“& . It turned out
that both the ratio d\,u\/u\,t*) ~U—x) and the numerals W) =3 and
w(d)= 4 are very close to values found in the {N -reactions for the
"current" quark distributions in proton 5). Now, we turn to the inclusive
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hadron-nucleus reactions where the fast mesons ™M  and nucleons N
are emitted in the nucleus fragmentation region.

To explore the deep short-range nuclear structure, the cumulative
particle production is most adequate, i.e. the particle production in
the region kinematically forbidden for the reaction on the quasi-free
nucleons. Exploring the cumulative reactions at high and intermediate
energies uncovers a number of general and universal features which spe-
cify this new region of the hadron interaction physics 6'8).

1. Starting from the relatively low energy of incident particles
Eta& ~ 4-5 GeV the limiting fragmentation of atomic nuclei is observed
in the reactions a+A - c+X , &= X, L,?t , P ,d, He.. , €=, K, ,N
i.e. the shape of the fragment distributions is independent of energy and
the type of incident particle.

2. The inclusive cross-sections are parametrized for P,c~ O in the

form »
o (X

B 42 < fa, =) = A 6D o

Gy = G exp-/exy) | x> =0,k )

where the scaling variable is, in high-energy limit,

x=A(pes P;)/(P:\- P:) with the Z-axis chosen along the incident par-
ticle momentum. By definition, X > 1 specifies the cumulative region.
For the meso-production in the "pre-cumulative" region

A@TA- 3 U-2)B8 (4-2) | 0= {1 X7 an mq. (1), for 2 0.6.
The numerical values of Go may be ve,ry different for various reactions,
eege GOP 2 102- G:t while {X> appears to be universal, thus providing
the smooth fall of the x-distribution without observable steps at the
border of different "cumulativity" order ( X = 1,2,3,¢0¢)e

3. The "cross-section per nucleon"(Ec,/A\\O\G/dE_) increases for P
and T in a similar menner till A & 20, then the pion yield is
freezing at dg( =1 while that of protons continues to grow (roughly
as A&P s HKpo= 1.4) up to heavy nuclear-target. The normalized cross-
section KENIG-\::O‘(dG/dFN (a+ A = N+XNhas a similar A-dependence for
any incident particle A and to 20-30% - accuracy does not depend at
all on the initial particle: a=Y, L , T, P, ..

4. For the cumulative nucleon yields the isotopic and isotonic
effects have been observed, that is the independence of proton (neutron)
yield of increasing the number of neutrons (protons) in the given
isotope (isotonic). A kind of the "isosymmetrization" has also been
observed, i.e. an approximate equality of the cumulative proton and
neutron yields in sharp contrast with a relative number of neutrons and
protons in heavy nuclei., The ratio of the sufficiently energetic
(Plab > 300 MeV) pion yields R= “7‘)&‘ is also very close to 1.

Practically all attempts to explain the accumulated experimental
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facts start from the general idea of existence in nuclei of the short-
ranged (and short-lived) multiquark (or multibaryon, B = 2) clusters,

or configurations 9"13), the cumulative particles being just the fragmen-
tation products of these clusters. The immediate task for theory now is

to obtain the necessary properties of these objects and to embed them into
a general structure of the traditional nuclear physics. The second aspect
includes the calculation of the probability amplitudes Ck to find

the 5K.quark clusters in the nuclear wave functions:

A
YW= Y (AN) + T W (3kq ;5 (A-ON) (3)
K=2

The modern searches for the solution of these problems are based on the
same model concepts and methods that are applied in the derivation of
the nucleon-nucleon potentials and the NN-scattering phases. In brief,
the region of the nucleon interaction is divided into the "internal™

and "external" parts. In the internal region all quarks of the system
are localized and governed by the appropriately chosen dynamics while
the external region is described with the traditional nuclear physics in
terms of nucleons interacting via the pion exchanges and the correspond-
ing Yukawa-type potentials. Information about the internal region can be
introduced, e.g., into the logarithmic derivative of the nucleon-channel
wave function at the surface separating two regions 14’15). In this
framework the internal quark dynamics has been approximated by models of
the MIT-bag-type, and it was found 15) for the probability of the 6q-bag
in deuteron w = 2%

An alternative class of models appears as the appropriate generali-
zation of the interpolation methods used in describing the clustering
phenomena in the nonrelativistic nuclear physics. Sewing up two regions
with different dynamics is realized by the effective interpolating poten-
tial

Ve = Vi () 0(1.-1) + Ve () (1-10) =

6 3 ¢ (4)
. m - - . .
=Eﬂ\fwu.p-6 (o) + LV () aﬂ\f%(».p * E,:;V‘W“‘@] 9 (x-)
where \JNT is the long-range "tail" of the meson potentials, \lvp are
the q¢- interaction potentials, Io=52fL:'= 0.8 fm ( 'l: is the radius
of the quark dimension of a nucleon). The calculation within the
nonrelativistic constituent quark model, using Eq. (4), gives

w g’ ~ 6=-7% 3,11).

The detailed investigation and discrimination between the model-
dependent structure of the internal, multiquark configuration wave
functions is clearly of upmost importance and it may be provided only
by the high-energy particle-nuclear reactions sensitive to short-distan-
ces between nucleons in nuclei. The first knowledge about the form of
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the momentum distribution of quarks in the multibaryon clusters has just
been gained from the limiting nuclear fragmentation studies. That we
really deal with the quark-parton structure functions of nuclei is
suggested by theoretical arguments supported by experiment. In addition
to what we have known from the hadron-hadron reactions, one more
important circumstance should be stressed here., The universality of cu-
mulative particle spectra gives evidence of the relative suppression,

in the hadron-nuclear reaction of those factors which reveal themselves
in dependence on energy and quantum numbers of incident particles of the
inclusive spectra observed in some hadron-hadron reactions, thus hamper-
ing the interpretation of these data in terms of the single and univer-
sal characteristic of fragmenting hadron - its structure function.

16) based on the nuclear fragmentation data of the
esgsential features of the structure functions for the deep inelastic
scattering of leptons on nuclei at X > 1 was later confirmed by the
experiment 1)

The prediction

. For large x > 1.5 the hadronic reactions are the
only source of information to date, and all findings from there may
serve as the predictions to be verified in the forthcoming experiments
with the lepton beams. The detailed comparison between the leptonic and
hadronic data may also serve as the source of new information. As is
well-known, there is a firmly established breaking of scaling, i.e. the
quark distribution functions are Q% -dependent: q =9 (x, Q*) . The
structure functions are extracted from data taken usually at high
Q* =~ 10-100 GeV2. But, what effective scale should the structure
functions from the hadron reactions be reffered to? lMost reasonably, this
scale should be of the '"matural" erder of magnitude Q;L~ <P§_@>~OU Gev?)
i.e., of an order of the mean transverse momentum of the current quarks
in hadrons or multiquark clusters. If so, then to compare the similar
quantities in the similar cogditions, one sho%}d evolve the measured

9 = 6 (%2, Q% =40 — 100 Gev ) backward to Q, with the help of the
evolution equations of QCD. In a sense, the momentum distributions of
the spectator-quarks from the "soft" hadron-hadron or hadron-nucleus
processes are more adequate to check the model wave function dominating
the static properties of hadrons and, in turn, dominated by the nonper-
turbative mechaniems of QCD., ILow effective scale 03' should be reflected
in more "hard" gluon distribution and it would be interesting to find
its experimental implications.
DEEP INELASTIC SCATTERING OF LEPTONS AND NUCLEAR EFFECTS

Nuclear effects in deep inelastic scattering of leptons were
communicated for the first time by the BCDMS collaboration ) at
large x > 1 and the EMC n at 0.05¢< x £ 0.65, The results 17) in
cunulative region are still waiting for a confirmation and those of the
EMC have largely (except , possibly, x < 0.2 rigfon) been confirmed

by other experiments 18 (recall the factor AAd' in Eq. (1) showing
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qualitatively the same phenomenon which was later pinpointed by the EMC).
These results have initiated the multitude of theoretical works (see, e.g.,
the reviews 18-21) and references therein) in which the data are
described (or fitted) within a broad variety of models. To clear up
really essential factors for subsequent interpretation it seems reasonable
to choose a starting point as close as possible to fundamental theory -
- QCD. Nuclei are nothing but the quark-gluon systems and all methods
developed for analysis of the nucleon structure functions (the moment
method, sum rules, etc.) are entirely applicable to them. Having this
in mind we shall follow basically the approach of Ref. 22.

At large Gf‘ QCD defines evolution of the parton distributions

aw (x, Q) = °‘_;§131) So\“z P%(«})q,v(z,Qz) 3(%;—:)0) (5a)
Et.}x,ql) - *;;Ql) 54‘3 a2 Py (P C\,.LK%.Qz) * P%(‘g)GK%.QZ)] d(ye-x) v
St = 0 fagae (R, (D4 ) Pl e ] BLyz-m) )

. 2 2 2
where q,U,QZ) = dq/b"Q)/d e s %(Q) is tne running coupling constant,
P% ,F:'e >Fc)=w’ Py are the known "splitting" functions which are
calculated via perturbation theory and are universal ones, i.e. indepen-
dent of whether the partons reside in a nucleus or in a free nucleon.
Universality of the P's leads to an important relation for power moments

of the valence quark distributions
\,A (n, Ql) _ VN Ln’»Q‘L)
W, (v, @) NG D)

(6)

from where

W, (1, 85) =T, WOV (n, &) (7)

with
-A -
4y, @) 2V (n,Q) = SA* X (9; (2,09 'q/c(’"Ql)) . (8)

N (A) refers to the structure functions of a free nucleon or nucleus
(divided by 4), L  labels the flavour of quarks, the limits of integ-
ration in (8) are 0 & ® < 1 (A), and T, is not yet specified.
Returning from moments to functions we have

Va (%, Q%) ap o\lé TA(&)V; (n,Qz) S(pY - ®) =
(9)

8M>° —p

STV, (5 s TSV,
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2 2.
Normalization of VN x, Q ) and v,a. (x, & ) to the unit baryon number
gives

STAKM ap =1 (10)

)

Positiveness and normalization of TA(Ss) suggest to identify it with
the effective distribution of the nucleon longitudinal momentum fraction
in nuclei,

For the singlet distributions including the sea quarks and gluons
the corresponding formulas are more complex due to '"mondiagonal" tran-
sitions of sea quarks to gluons and vice versa. However, one can find

+ *
such lineer combinations (= = G4+ C"G , q¢= 2(%’”{1 ) for which
the analog of Eq. (9) is written in the diagonal form

* * *
= Vo 11
gA - T, ® I,N (11)
Extremely important relation is the total energy-momentum sum rule
(=2, @) = {dx- 2] g0 +6&&) = 4 (12)

which gives A

Ve Ty dp

(13)
0

(We neglect terms of the order E, /WL , 65 being the binding energy
per nucleon). In the general case ‘T * Ty ‘T 4% Ta . By analogy with
(9) and (11) one can introduce the relat:.ons berween "pure" q,q( -sea
and gluon distributions in nucle1 and a free nucleon:

Sax, @) = S TS (5D @)
X
A

GAW,QZ) S — T k%)(‘: \—,Q) +G (=, Q%) (15)

where S’A and G; are additional, "collective" nuclear sea which can
be shown to absent only in the case 'T: = T;: TA . But just this case
is at variance with data if we require validity of exact sum rules (10)
and (13). For nuclei taken as weakly-bound system of (basically) nonre-
lativistic nucleons T (p) should look 1like the dlstrlbution sharply

peaked at P = 1 w:.th dispersion of an order of O(PF [m*) Pe
is the Fermi-momentum. I\Iowk in expression for the structure function
A 2 N X z
FIU,Q)=S°\V'TA(§53F,_(€,Q) (16)
*®

N
we expand FZVT’—") around B ~ 1 and obtain for point Xo of inter-
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A
ception of ratio R=F, /F,,'_\' with the value R=1:

x,= 2 Ur 5/32)/(h+x+5/8%) (17)
where A
— XD
5= 4- SOPTA(@‘W =A- 45 ~ (18)
'\I>N
A
3 = S U-pY" TR dp (19)
o
and _we use, for simplicity, F:‘ ~ (A- TX‘—)K .

If 9 =0 (following from T; =Ty and (13) ) and < = 3 we have
%0 =0.5 in contradiction with 2P = 0.85. One should evidently
diminish the mean momentum fraction of valence quarks S > 0 which
in turn Iﬂ_uires an additional sea in nuclei. The needed values

-g ~ 3% ~ 0.04 - 0.05 are easily implemented within the simplest

nuclear model - the "shifted" Fermi distribution

2 Prim = U-p-3), if |4-p-5)< Pe/m (20)
T)= ?\Pﬂ 0

which reproduces well the dependence of F,_A f FL" on X in the range
0.3 & X £ 1. The momentum fractions of the additional nuclear sea
should compensate the momentum lost by valence quarks

, O therwise

ALXy> * ALXD> + ALXe> =0 (21)
A LXYD> = <XV>A - <XV>N = -'3'.4><\,>N (22a)
BAX> = dxgd, - B dRe> (22p)
ALXe> = (XG.>A —§‘<XG>N (22¢)
that is
<XS'>A + <xG|>A = § (23)

To have an impression of relative values of <Xs'> and <Xc,'> , we

turn to the second moment of structure functions calculated in Ref. 22

according to the EMC data )

- 4 N
-1 - S«»\»« LFo (& - F e = (24)
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Using the values 5) LXg>N+ %(A;)N = 0.12+ 2. 0,35 = 0.56

and E: 0.045, one gets <XQ>A: 0.05, 4x6\>Az -0.,005. If we want
the additional qq-pairs and gluons to be '"materialized" into pion's sea,
it would be most natural to have <XgD, =dLXg'D>, =055 . But in
this case the integral (24) will acquire the zero value

1, -1 =0 (25)

which appears to be more consistent with the SLAC data 2°2sP)

new BCDMS data for 14N-nucleus 230).

As was pointed out in a recent work 24) the slight ( = 5%) renor-
malization of the EMC data at small X % 0.2 admissible by their
experimental uncertainties would result in fulfilment of the asymptotic
sum rule (25). In Figure 1 below we sketch a possible x-dependence of
nuclear effects in the deep inelastic scattering.

and

A
F /
N F7TTSC ’
F WT R /,
0.01 ,/I 0.1 \/ 4.0 '.)C,
shadowing; sea, valence Multiquarks
polarization ;
Figure 1
Possible x-dependence of nuclear effects
CONCLUSION

The immediate perspectives for a future research work are more or
less evident. A complete separation of sea, valence and gluon distri-
butions in nucleons and nuclei using € , K , v, v data, massive
di-lepton production, 3/*’ - photo-(lepto-) production remains to be the
first priority task. The probing of the cumulative region by leptons
should be accomplished, A detailed, varying Gf‘ exploration of low X
region including transition to the shadowing regime is needed. Further
continuation and development of nuclear studies by incident hadron beams
including the polarized beam-target facilities, cumulative jets and
particle-correlation measurements, the resonance production (both the
0ZI allowed and forbidden) are indispensable. To conclude, the investi-
gation of the quark-gluon structure of nuclei opens new horizons in both
nuclear physics and strong interaction theory, focusing attention on the
colour dynamics in multiparticle systems. A very broad spectrum of the
proposed theoretical models, each claiming to be "QCD-motivated", speaks
to only how much remains to be done for elaboration of the universal,
gselfconsistent, and more tightly bound to fundamental QCD, theory of the
considered processes.
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