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1. Ingroduction

It is now generally recognized that interactions of high-
-energy hadrons with nuclear targets give a unigue possibil-
ity of studying the hadronic interactions over very short
time after the collision. The extensive discussion of this
problem was given in several reports at previous multipar-
ticle meetings [3—4] (where also earlier references can be
found) so there 1s no necessity to repeat it here in detail.
In this talk I shall thus concentrate on only one aspect:
the information one can abtain on hadronic structurs from
high-energy nuclear experiments.

The main idea here is that, by studying the behaviour of
badrons just after the collision took place (which is pos=-
sible by ausing nuclear targets) one learns about interaction
of hadronic constituents (which were present in the incident
badron and "shaken off" during the collision) before they
have time to change zgain into ordinary hadrons. Such a pic-
ture of hadronic interactions with nuclci does indeed get
support from the data. There are other possibilities of ew-
plaining data [5] but I shall noi discuss theil here.

As is clear iron the preceding remarks, in this approach
the nucleus is treated as a part of apparatus, a kXind of de-
tector which helps to observe phenomena non-accessible to
ordinary detectors used in high-energy physics. %e are thus
interested in details of nuclear structurc only as far as
they are necessary to understand our detector. In most ap-
plications is seems justified tc treat nucleus as a collec-
tion of guasi-independent nucleons. This description shall
bec used here unless stated othervise. It is tTrue that this
iz nov the only possibility [5],[6] anZ that tkerec ars in=-
dications for collective phenomena inside nuclel [1], but
we shall not enter into these problens.

Tne subject splits naturall;y into two parts: low monmentum
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transfer anc high momentun transier phenonenez. In low o
interactions one studies the collective interactions of
groups of hadronic constituents travellin; through the nu-
clear nmatter. One thus learns about possible forces and
correlations between them. In high-transfer interactions
usually onc or two constituents are kicked ofl from the
projectile and/or target. Onec has thus a chance to study
their individual interactions in nuclear matter (hopefully
before the confinement forces start to operate and change
then into normal hadrons ).

In the next section the low momentum transfcr colli-
sions are described. High transfer phenonena are discussed
in Section 3. ) ' ' '

2+ Lou P phenonena
2e1. Brief sumnary of the present status

(1) It is exzperinentally established that there is very
little (Af any) intra-nuclear cascading ty the fast hadrons
produccd in the hadron-nucleus collisions. This conclucion
follows from the experimental observation that tne multi-
plicity of particles produced in collisionc with heavy nu-
clel is omly slightly higher than the one observed in hy-
drozen [8]. The ratio Ry = nA/nH can be reasonably parane-
trized by the formula [9]

R, = £ C4+9.) (2.1)

where vV 1s the average number oi collisions of the inci-

dent hadron - inside the nucleus
A o
—— —_ H

LeTe n, and n. are oultiplicities in nuelsus and in hydro-
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zem; T, <nd fTM oare correspondin; irpzlasvic nondiflrac—
sive crossg=-sectlons of Ghe lneildent iadron . “inally, A
is the nuclear zsonic nunber.

Since Y 1cver cxceeds i even for Leavy ouclei (see
fig. 1 where VY, 1s plotted against A& for Jifferent inci-
dent hadrons), -e see from 3q. (2.1) that the nultiplica-
tion parameter X, is lndeed a rather snall nunber, .and
thus the cascading is excluded.

(ii) The absence of intra-nuclear cascading implies that
production of hadrons i3 a rather lengthy process, i.e.

that thesystem going through the nucleus is quite _ .
different from the one observed in final state. In other
words, the obsgrved rast hadrons are cresated nmostly outside
of the nucleus. This situation is illustrated in Figure 2:
An intermediate state created in the first collision lives
long enough to travel through the whole nucleus and to in-
teract with other nucleons. This interaction does not create
immediately fast hadrons but it can excite intermediate
state and perhaps produce some slow hadrons at large angles
[}Q] in the laboratory frame. After leavin- the nucleus the
internediate sState deecays into observed hadrons.

(1ii) The theoretical discussion las to confront two
problens: (@) the origin.of the lomg-tizec character of the
production of high-energy hadrons and (b) the nature and
properties of the intermediate state travelling through the
nucleus. The first of these problens was discussed exten—~
sively in recent years in the context of many different the-
ories and nodels [1-4;11]. A general conclusion reached in
these investigations is that the long-tizme character of "ha-
ironicotion® Jintz o matural explanation as being a general
feature of field theory. Actually, its origin is even more
fundamental and can be traced to the uncertainty principle
[1, 1l07. The time scales for production of hadrons suggested

. by such arguments can be estimated from the formula
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e = A _ e’
E‘P” - VP.:'“‘L' . (2:3)

£ is very long for the typical high-energy low transverse
momentun secondaries. Thus the hadrons are created well
outside the nucleus and consequently do not cascade.

As to the specific nature of the intermediate state, the
problern is still open and this is in fact a "hot" issue at
the moment. It will bte discussed in more detail later in
this Section.

2.2 liore about the data

A typical example of the A-dependence of the single-par-—
ticle spectrum is presented in Fig. 3. The exponent &K
plotted in the Figure 3 describes the A-dependence of the
spectrum according to the formula

doy = A” do; (2.4)

In this plot, the value o« = g = 0.69 corresponds to0 par—
ticle nultiplicity indepemdent of the nuclear size

3"-; %‘—:L= 54:; E—:—,%F’- o The value o¢ = 1.0 gives the multi-
plicity proportional to average number of collisions of the
incident particle ii » Civen by Eg. (2.2).

One sees three characteristic features of the data:

(a) In the central rapidity rezion, 3£ 71iab L 5.&is
approxinmately independent of 71ap and £ >&,

(b) In the forward region, close to maximal rapidit; o4
falls below o/, + Thus, in this rezion the number of parti-
cles decreases with increasin:; nuclear numper. The transi-
tion point Gd = ols) occurs at approximately two units
of rapidity below the nazinsl one.

(¢) The value of o is cverywherc siznilicantly szal-
ler than 1.

These gS2nersl icatures o0i Tuns date are obssrves in sll
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high energy experiments. For recent reviews, see Ref. [9].
(133 and {14) . | |

At rapidities below jl ap = ° (ﬁarﬁet fragnentation re-
gion - not shown in Figure 3) the experimental situation
is slightly less clear because of possible ¢ontamination
by protons knocked-out from the target nucleus (15]. It
seems, however, that the data in this region [16,19] are
consistent with o« & 1, thus indicating particle multi-
plicity proportional to the average number of collisions

V.. and perhaps same amount of intra-nuclear cascading.

It is also interesting to see the variation of « with
transverse aomsntum of the produced particles [18]. This
is shown in Fig. 4, again taken from Ref. [jaﬂ. One ob=
serves increase of oL for very small_gt below 200 ileV,
particularly in the central region of rapidity. At high
value of Py We observe agaip increase of X which contin-
ues further on [13], as will bve discussed in Section 3.

2.2, Oualitative interpretation of the data

The absence. of intra-nuclear cascading leads naturally
to the picture of hadron-nucleus collisions where the nmain
factor which determines the A-dependence is the interaction
of the incident particle (or its excited states) with the
nucleons of the target. Such a picture implies several ye-
strictions which are in good qualitative agreement with the

datas .
' (8) For the secondaries produces in the central region
of rapidity ome expects Xs & £ 1, Indeed, since the
number of collisions 3 > 1, the number of produced parti-
cles is expected not 4o be smaller than in hydrogen where
the number of collisions is (by definition) equal 1. Thus

o 2 s o« On the other hand, zultiplication facter is ex~
pected not to exceed ¥, (absence of cascading!) and thus
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(o 7he leadiny partlcle spectrun should be shifted %o
lover rapiditices at high 4 and thus «<«{, in the very Lor-
ward recion. Indeed, the lsadin: zarticle is expected to
loocse more energy when tbtravelling throush the heavy nucleus
[20]. |

(¢) The target fragmentation region (* 2 1) is simply
explained by assumption of successive interactions of the
projectils [ﬁo] which thus produces Y. +imes more parti-
cles than in scattering from hydrogen.

Thus gualitatively everything follows from the general
idea of long time secale of hadronic production as expressed
in £g. (2.3). This is of course quite an important finding,
but can sne go further and learn Zore?

To illustrate the problen, let us consider in more de=-
tail the process of subsequent interactions of the projec—
tile with the target, in particular the physical situations
which lead to the two limiting cases o zof, and X = 1.

The condition « = o, means that the multipliecity of
the produccd particles does not depend on the number of col-
lisions of the projectile in the target nuclecus. Such situ-
ation arises if the high-energy interactions are truly of
short-range character in rapidity. Then the particle pro-
duction in the central region of rapidity is independent of
the projectile and the target.

For o =1 the nultiplicify is proportional to average
nugber of collisions. This suggests a simple picture of
"leading particle cascade" [?{] “here in each collision the
incident projectile produces the same number of particles
a8 in the collision with free nucleon. The total production
adds up so that one obtains Vi simes the elementary multi-
plicity. '

We have seen that the data do not correspond to any of
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these limiting cases, but rather interpolate between ithen.
The main problek in the description of single—partiéle
spectra is thus to find z physically acceptable mechanism
which provides a correct interpolation formula for

2 = ok(y). : -

Let me stress again: qualltatlvelJ the problem is es-

sentislly understood. "hat is needed is the nrecise n~uan-
titative descr;ption.[§everal attenpts of such quantitative

analvsis were developed. One of the most popular is based on
Reggeon Field Theory which was_applied to hadron-nucleus
collisions by many authors [22-28]. Another idea was to use
'Eﬁé_“non4fhtekacting'firéﬁalls model" or "realistic 1eading
partlcle cascade“‘i e. leadlng partlcle cascade w1th energy

uonservat1on taken properly into account [29 -31] .

1 shall not discuss these investigations here for two
reasons: (é) they were covered already by speakers on pre-~
vious multiparticle meetings and (b) they tend to ignore
the specific internal structure of the projectile by empha-
sizing those general features of the data whick can be ex-
plained without referring to this structure. While this is
an interesting problem, it clearly goes beyond the scops of
the present talk.

t us now se¢ on an intuitive example [32] how the com-
posite structure of the hadronic projectile can influerce
the A-dependence of particle producition.

Consider a hadron h composed of I constituents whicl can
interacs independently with the targevc. The votal nuibcsr of
particles produced at given rapidity y is then a sun of the
contrivufions from collisions of individual constituents



—with ~he sarzche Slimee the nuxbsr 2Ff constigusnts whieh
interact wusn jrojectile B oLasses Sorouzs a heavy auclcous
is obviousiy larger than the one in collision with hydrogen,
one obftains lacrease of zulitivlicidy ith inereasing 4,
i.8e o >y, » This iz illustrated in Fisz. 3., Cn the other
nand, cae number of interactinz constituents is wost likely
smallcr than the votal number of collisions of ¢ projsc-—
tile with the target, l.e. o« £ 1. Thus indsed, the compo-
site character of the projectile iaplics an interpolating
situation %, < of{ £ 1 as required by the data in central
region of rapidity.

In this picture, the detailed value of of depends on
specific dynaanical assumptlions about the anumber, distribu~
tion and properties of the constituents. Therefore the de-
tailed compgarison with the data zay zive information about
them. In the faollowing sections we shall discuss this in
nore detail.

2e3s Constituent quarks

A simple model wh;éh illustrates the general idea was
proposed in hef. [32]. It was assumed that incident hadron
is compased of I constituents which interact independently
with the Garget. Jurghermore, it was assuns. that interac—
tion of a sinzle constituent with the target satisfies the
princicle of short-range order, i.e. it is independent of
the target in the central region of rapidity. 'ith these
assunptions the prediction of the model is {in the central
rapidity region)

E daq; i Edo S
S HMp [ % Ty .

where S, is the average number of collisions of the consti-
tuent ¢ in vhe varget nucleus. The nunerical value af L de=-
pends tvhus on the cross-gsection of the constituent, that is
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sn the number of She constitucnyts in She srojeetils. This

iz shown In Fig. & for nuclgon~nuclous Scatizrinz [32J.

Cne sees vhat the zrediction ic I+ - senzistive to sk
numper Of comsvibtuents and that thne neutron-nucleus data

from Ref. [9] clear}y indicate N = 3 as a preferable choice
[131. ”ﬁhen translated intc formula (2.4), the Eg. (2.5} gives
a = .84 x;:nicn 1s close_ t_o th_e valuen qbserved in Rer. [LlZ], N
as_seen in Fig. 3.

It is tempting to interpret this result as evidence for
the presence of three well-defined constituent gquarks inside
the nucleon [33, 34, 35), giving further support to the
existence of important correlations between partons inside
the hadrons (two-step structure, Ref. [36] ). Indeed, inde-
pendent production by all partons would correspond to
N = e and thus to R = ¥, in strong disagreement with
data. It follows that in the process of particle production
the partons act collectively in groups i.e. they are
clustering around the valence quarks.

Further support Lo the comstituent quark zodel of ha-
dron-nucleus interactions was given in Ref. [37] where the
fragnentation region of the projectils was discussed. The
argunent runs as Iollows. It is assumed that the momentun
spectrun in the projectile fragmentation region is deter-
ained Dy "spectator" guarks vwhich did not interact i.e. that
the interacting constituent quark looses most of its enerzy
into production of secondaries . The number of such guarks
abviously decrecases with increasihg nuclear nunber of the
target (by the argument illustrated in Fig. 5). This gives
qualitative exXplanation for « <« in the forward region
of Fig. 3. The authors of Ref, [37] amalysed the proton and
meson speetra in fragmentation region and showed that they
agree with data on proton-nucleus interactions at~20 GeV
[38]. it would be wery interesting to extend this analysis
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to izlicr cnergics. o

At vliz yoint it should e Swtresscd that She oroduetion
mechanlss suggested By Gae constiituent juari: odel and ce-
seribes above ic very differsnt Irom the one adopted in
recomblnation naodels developped rscontly [39-41]. in the
recombhination models three valeree "hare® quarks are not
influenesd by The interaction and thus conserve their ener—
gy and momentull during fthe collision. The observed hadron
spectra in the vrojectile frazmentation region are thus ox-
pected to be essentially independent of A [42J sy lee. & =q:.
Thus it seews that some modifications of the recombinaviosn
a0del: are necessary in order 5o account for anuclear at-
ftenuation of particles in tals region1/.

As we have seen, the attenuation of fast particles is
very natural in the constituent quark model [34]. The de-~
tailed quantitative predictions depend, nowvever, on details
af guark-quark interaction, in carticular on the inelas-
ticity coefficient in qq collisions,.The results of Ref.(}é]
suggest that this inelasticity cocefficient is close to 1,
i.,e. that almost all the energy of the constituent quark is
lost durins the collision. It seens to ue that further ex=
perimental znd theoretical investizations of this guestion
are vossible and should lead %9 & good determination of
paraneters of gq scattering.

To summarize, the constituent quark zodel is supported
by the data froa nuclear targets. dAs it iz also theoretical-
ly desirable for explanation of deeyp inelastic hadronie
and leptonic processes [}6] and of standard low transverse
nomentus nadronic collisions [}3-35), it deserves, in oy
opinpion, very seriocus attention. “he model has many poten-
tial possibllities of further qualitative predictions in-
cludins also aucleus-nucleus collisions®/. The decisive
test cshall srobably come fron detailed studies of quantunm



nunmber corrslatioas whien ars charsetseristic Jor oll uark
zodelc.

Ze5e TI0=nnase Dodels

4 presently accepted .odel of sadrons uepicts thes as
made of sany .artons, l.e. polnt-lile constituents. It is
therersre lnterssting o lnvestizate the consequences of
this picture {or hadron-nuclsus collisions[44,4§]i The
simplest possibility is the so-called two-phase model ([44]
shown in Fig. 7.

After the first collision the incident hwadron turns into
an incoherent collection of point~liks .partens. The cross-
-section for interaction or a high-energy parton with nu-
clear catter is very cmall (behaves as Ez;b) and thus the
parton can not interact again ( that is, produce a cascade)
unless it develoos a tail of low-energy partons, i.e.
after it becomes the ordinary hadron.

The crucial parsmeter in this model is the parton life-
-tine in the laboratory frame £ = ffo , where ¥ is the
parton Lorentz factor and €. is the life time in the pap~
ton rest Irane. e see that € deternines the Fraction of
partons which, at given enerzy, turn into hadrons inside
the nuclicus and can cascade. iuzerical estimates of + La=
dicave that, if this azechanism is fully resconsible for
the observed increase of the zultiplicity, Te should be
rather short: ¢, £ A « Interpretations of such

@ 200 -
a surprisingly short life-times were siven in Ref. [14].

In the sinplest version described above the two-phase
nedel predicts That for the very fast secondarics, satis~
fying the condition € # 2R where R is the nuclear radius,
the spectrum should not depend on A [42]. As we have al-
ready seen, this contradicts the data (unless the situation
chanses at higher energie%}. Cne should thus consider a
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oore coaglicated cicturc, taking into aecourt Sluetuations
of narton nucber Inside the laneident Ladron[22b, 46]. Such
fluctuaticns can explain cqualitatively the increasinz ~ul-
tiplicity of secondaries in central region and consequent-
1y the inercasing energy loss in the projectile fragmenta-
tion region with increasing targetv thickness. However, the
predictive power of such a sechene is very limited. Indeed,
tefore one obtains a better understanding of the charac—
teristic time %, one cannot even conclude that cascading
effects dre necessary to describe the data. Taking the
conservative point of view, one may say that some cascading
of secondaries should be present at least in the targes
fragnentation region and thus che two-phase model can sos-
sibly be useful for description of the data there. The
best way to test the model and to determine t, 1s to nDeas-
ure directly the amount of intra-nuclear cascading of sec=-
ondaries for different regioms of rapidity. Such measure-
ments of cascading would be particularly interesting since
the value of ¢, is clearly of importance for understand-
ing hadron structure and elementary interactions between |
partcns. A possibility of such a neasurement is discussed
in the next section.

Zs2e Conclusions gnd oreposals for fuprther sxperiments

7e have seen in the preceding sections that the A=de-
pendence of particle production from nuclear targets is
sensitive to the intermal structure of the nrojectile. The
present data support the constituent guark model, i.e. the
clustering of the gluons and qQ sea pairs around the val-
ence quarks (33-35]. To test this picture further, ome
~would need better information on the following issues:

(@) Amount of intra-nuclesar casecading,

(by Bcectrs of different particles in the projectile
fragnentation region and their correlations with the asso-
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cilaved zultiplicity in central regsion,

(c) ‘uantum number correlations between the .rcojectile
and zarticles uroduced in the projectils Fragmentation ne=
gion. Thic should show characteristic Izatures of the guark
medel (e.g. different A-dependence ‘for favoured snd un-
favoured reactions).

The last two points are readily accessible for experinen-
tal investigation and some new experiments are under way
[41]. One may perhaps think of extending then to higher en-
ergies in order to separate better the fragmentation re-
gions of target and projectile. In this context let me re-~
zark that ©vhe experiments with heavy ions at storage rings
seen feasible and would be partvicularly effective. They
could at the same tine test the cxXtension of the existing
models to nucleus-nuclcus collisions. |

An experiment to measure directly the amount of intra-
-nuclear cascading was proposed recently [48]. It was sug-
gested to measure the photoproduction of particles asso-
ciated with the fast vector meson in the Ffinal state. Ac~
cording to vector dominance model the photon changes into
a vector. meson which travels through the nucleus and inter-
acts as a norpal hadron. By Ttriggering on different vector
nesons, one can thus select interactions with very differ-
ent number of collisions inside nucleus, as seen in PFig., 1.
In particular, when triggering on heavy vector mesons ¥
or ¥ the number of collisions, even for heavy nuclei, is
close to 1. Thus any substantial increase of associated
multiplicity with nuclear number A must be due to intra-~
-nuclaar cascading which is therefore measurable in such
a process. Apnother interest ip this experinent is that it
should provide very clean leading particle spectra. Indeed,
the vector mesons ¢ , V¥ and ¥ once created are un-
likely %o change into other particles when travelling
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thase .zasurenents could sernaps relp in understandings the
anomelious Lehaviour 2rf abscerption cross-section or uigh-
—-ener;y hoGons [}9]¢

Je Eizh transfer nhenonmena

5.1, . otivation and henomenolosy

4dccording te the present believes, in the high-transter
("hard") processes one observes direct interactions of
elementary hadronic constituents (partons). A simplest ex=-
ample is deep-inelastic legtoproduction.

3chematically, the process proceeds in two steps: (i) a
parton (quark) is struck out of the hadron; (ii) the narton
decays into observed hadrons. Fronm the studies of lepton~
-nucleon interactions ome has a fairly good lmowledge of
the first rcrocess. [However we are rather ignorant about the
mechanisms of parton decay (which is add@itionally compli-
cated by the interactlon with the rest of the hadron as re-
quired by the principle of confinement). A particuiarly in-
triguing'question is the time-scale of this decay process.

™o extreme possibilities can be considered: "hadroniza-
tion" of a parton =ay b2 a long process with the charactar-
istic winc proportional to the parton energy; or it nay
happen chat the pecullar character of the confinement
forces implies fast change of the parton into hadrons, ine-
dependently of its energy. In the commonly accepted picture
of hard processes [50-52], the first option is chosen: the
fast parton kicked off the hadron behaves as a "quasi-free"
particic, l.e. its decay is practically independent of the
rest of the process. This picture suggests that indeed a
fast warton decays far from the interaction region, i.e. it
conserves its identity for a rather long time before the
coniincient Jforces start to operate effectively.
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In such a case vhe cxperizents with nuclear tarzets cive
us opportunity to study vhe interaction of Uhe nartons with
nucleons of the target nuclsus. This is illustrated in Fig.
8, again Ior leptoproduction: the guark, produced Tron one
of the nucleons, travels through the nuclsus and can inter-
act with other nucleons. This final-state interaction can
be estimated by studying the A-dependence of the process.

The starving point in the shenomenclogical discussion of
. the A-dependsnce of hard processes is the TFormula

suggested by the short-time character of the reaction and
its small cross~section [53]. The interesting physics is
thus contained in deviations from the formula (3.1) which
are the nain concern in the analysis of the data. As an il-
lustration we show in Fig. 3 the data from Ref. [54], where
the exponent ol (Bqe (2.4)) describing A-dependence of
single-particle spectra in proton-nucleus collisions is
plotted versus transverse momentum of the produced parti-
cles. Cne sees indeed guite strong deviations from o = 1
at large values of p..

Such deviations can £ossibly arise Irom three different
physical processes:

(2\ The final state interactions in the nucleus, as dis-
cussed at the beginning of this section.

(b} The nuclear structure at short distances may be nmore
complicated than normally expected. In such a case the sin-
ple relation (implicit in the Eq. (3.1))

NpCxed = A Nyxy) (G.2)

may be not satisfled [5§H§él-at least for some values of
the Bjoriken wvariable s Here NA and ﬂﬁ are parton demsities
in nucleus and nucleon, respectively. Viclation of Eq. (3.2)
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peans thet nuclieus cannot always e treated ss a collaction
of quasi-iree aucleons.

(¢) Jor some cimematic configurations (ﬁo Ue discussed
in the next section ) the shadowing effects [Bﬂlﬁfj zmay be
not negligible. _

Thus the natural Jirst step in the phenomenoclogical discus-—
sion of the data 1s o separate tine effects of different
physical origin. This can be achieved by comparing differe
ent processes: leptoprodnction, production of lepton pairs
and high Py production [55,561}. '

The apalysis of the existing data(presented in the next
two paragraphs) indicates that nuclear structure and shad-
owing effects (points (b) and (c) above ) are unlikely to
explain the large deviations from Eq. (3.1), as seen e«g5e
in Fig, 3. Conseguently, the dominant origin of such de-
viations is most probably the final state interaction of +he
hadronic cunstituents produced in the first hard collision
with  the nucleons im the target nucleus. This is a
lucky situation - a most interesting process is the dominant
one and therciore comparatively easy to study. It is Jjust
this circumstance which allows to be optimistic about the
possibilities of nuclear interactions in revecaling the hLa=-
dronic structurc.

Jo2. Time scales and distances involvsd in hard srocesses

The important point in the two~step picture of hard pro-
cesses outlined in the previous paragraph is the assumption
that the first step is of short-time character, as opposite
t0 the second step ™hadronization® which %akes a rather
long time. For analysis of experiments with nuclear targets
this short-tine character of hard processes is of crucial
importance vecause it determines the longitudinal distance
in which the process takes place. In particular, if the re-
levant distance is shorter tham 1 ferxni, one nay safely ac-
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cept that only cne nucleon was involved in the nard orocess.
Ctherwise one uas 0 Gake 1nto account the :5s3ible collce=-
tive rchenonena, c.ge. the shadowing effeeto.

Let us see novw the iinematic conditions determine the
time scales and distances [51] involved in lzptoproduction
and in production of lepton pairs.

(a) Leptoproduction. In electroproduction the vime scale
is given by the life %ime of the virtual photon

4 1 -
A% .
E-€'-€y ~ M Xg S Xg <3'3)

2
where ii is the nucleon mass and Xg = 5%:7 « The variables

B, 57 and uar are energles of initial and final electron
and of virtual photon; Q 18 the four momentun transfer
sguared and Y = E = E”. '

If one requires that no more than one nucleon partici;
pates in the process, one obtains the following conditions

tg AL = Xe 2.4 (3.4)

The same conditions are also valid for neutrinoproduction.

It follows from Eg. {3.4) that in leptoproduction |

_ brocesses Lhe nuelear shadowing effsects can appear

only in snpall kg region and should disappear for :B;> «2e

(b} Eroduction of lepton pairs

Here the time scale (and the longitudinal distance in-
volved ) is determined by the life-time of the qg systen
before its decay intoc a lepton pair. In the rest frame of
the pair this time is given by

/

'é O : [ ]
Foe (3.5)

where i1, is the ilnvariant nass of the pairB/. In the lab-
oratory frame we thus have

It
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— — 'xf d
€ = !Yee‘ £ = = (3“-’)
~fo T :
where = =3, /3 and T = 2 /s are the scaling vari-
" ~ “lab ce’ "lab ce
ables. iisre & is the energzy of the pair in the laboratory

ae
fraae, Elab is +vhe incident enersy and S is the “otal C.d.

gnergy saquared.
It follows from :ge (3.6) that the condition for inter-
action with no ore than one nucleon is?

t's 1t = T 2 X S0 (3.7)

The condition sinmilar to (3.?) should be applicable algo
to large Py production. However, in this case the measure-
ment of variables corresponding to Xap and T .is nuch
nore difficult as they refer to final jets rather than to
leptons.

3e3. Number of partons in the nueleus

The neasurements of total leptnorecduction cress-section
on nuelear targets [58] are sdhémétically shown in Fig. 10
where the exponent a from the formula (2.4) is plotteds/ versus
xé = 12/(Q2 + C%). Since the total leptonroduction cross
section is proportional to the number of partons in the
target as seen by the incident lepton, and is independent of
final svate interaction , the fig. 10 gives inmediately the
deviation of this number from the simple formula (3.2). Cne
sees that the observed deviatiocns are very small indeed, cx-
cept in the closest neighbourhood of Xg = 0% oL 1is rather
close to 1 for xp> .J35.

In tae region g .95 tie values of o are significant-
ly below 1. ‘this can be interpreted as shadowing effects/
which, as we have seen in Ghe jreceding paragraph,is actual=-
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ly expectzd So coow ur in $his rezion [51},?57]. The Veetor
Dominanece :oded predicts sven more Shadowing C59] (full
line in Fig. 10) and is inconsistent with data (49].

Thus thz .ceneral conclusion from the data shown in Fiz.
10 is that, if thers exist deviations from ihe FTornula
(3.2) they are very small and do not contradict the idea
that the nuclgus can be treated as a collection of quasi-
-free nucleons.

This conclusion is confirmed by the data on A-dependence
of the lepton pair production. Here ¢{ 1s consistent with
1 for T2, 4 and « < 1 in the region T x Q. Again, as
discussed in Section 3.2 , for T - 2 the produced virtu-
al qq state lives long enough so that one expects some
shadowing in this region.

To summarize, the nuclear structure does not introduce
significant complications. Consequently, apart from possible
shadowing effects which should be fairly easy to identify,

most of the A-dependence observed in larse transfer proces-

ses originates from the fingl state interaction inside the
nucleus. Thus indeed the nuclear experinments appear to be

a very good tool for studyins the interactions of partons
inside the nuclear watter.

3ede Sinal state interactions in leptonroduction

Leptoproduction is a particularly clean case for study-
ing the final state interactions because the struck-off
parton is expected to be a gquark with definite emerzy and
aomentun (determined from the momenta of the initial and
£inal leptons). Cne thus obtains a sort of "tagged™ beanm of
gquarks interacting with nuecleons in the targcet nucleus.
Sueh well-defined initial conditions simplify substantially
the analysis.

Let us now discuss some possibilities of interaction of
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an cnergecic guark sroduccd rrem one of tac nuelsgons and
travellin: shroush the nueleus, as illustraved in Fig. 3.

(a) snnihilation of the (anti) quarik with one of the
aquarks in the target and formation of a low —ass neson. he
characteristic reatures of this process are (a) its sensi-
tivity to the quantum numbers of the produced zesons and
(t) the momentum of the produced 2eson is %o a good ap-
proximation equal to the momentum of the interacting quark.
1ts presence would thus strongl,; modify the A-dependence
of the structure of jets observed 1n leptoproduction from
nuclei. Cn the other hand, annihilation cannot change the
jet cross-section. Thus it can be easily identified by
comparing A-dependence of single particls spectra and of
jet cross-sections. Theoretically, this process should de-
crease rather fast with increasing energy of the quark and
thus it is unlikely to play a significant role.

(b) Hard scatterins of the guark. Here the characteristic
feature is the production of two Jjets in the current frag-
nentation region approximately aligned along the direction
of the initial quark . Since the exchange of juantum num-—
bers is unlikely (gluon exchangel ), at least one of the
Jjets should Lave the same structure as the one produced by
the original quarizs The identification of such :wo=-jet »Hro-
cesses would thus give direct neasurenment of hard guark-
-nucleon scatteringT/.

-(¢) iuwltiple soft scattering of the quark with possible
emission of soft gluons. This process is very difficult to
egtimate theoreticallys/. However, since the total cross—
-gection for interaction of an energetic point-like quark
with nueclcon is presumably very small, the standard preju-
dices suggest that nultiple scatterin; is negligible and
thus the effect should disappear for high guark energiesgj.
For lower energies the life-time of the quark iay be short
epough to allow the decay into hadrons inside the nucleus.
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This would zroduce sigrificant cascading shenomena, Jroba-
bly ecasy to identify, thus allowing the neasurement of

the guark life-vime [60].

Thus the sumnary of The theoreticcl expectations is as
follows: Jor the high energy quark there is essentially
only one possibility left, namely hard scattering from one
(or more) nucleons in the target. This leads to a clear-
~cut prediction that any significant A~dependence ‘in the
current Pragmentation region nust be associated with two-
~jet structure of the events.

Such a situation is expected asymptotically, at very
bigh guark energies. To face the reality we have to con-
sider also, however, what tind of effects can destroy this
simple picture at lower quark energies. One was discussed al-
ready, the quark decay inside the nuclear nmatter. Another
one is the possible interaction of the "colour polarization
cloud” [51] which is formed together with the high-momentum
quark struck-off by the leptons Such a polarization cloud
(made of gluons and qg pairs) travels together with the
high-momentum quark (to neutralize finally its colowr) and
accelerates along the way. Thus it can reach energies up
to 20 GeV within a heavy nucleus and produce multiplication
of particles in the target fragmentation region, similar
t0 that observed in hadronic reactions (where the analogous
polarization cloud is formed (51]) . Thus even without any
£inal state interaction of the fast quark in the nuclear
matter we would expect the additiomal particle production,
distributed in rapidity as shown schematically in Fig. 11.
The effects of final state interaction should be thus
looked for at rapidities above the ones corresponding to
target fragmentation region, i.e. above 3-4 units. Conse-
quently, the required energy of the quark should be well

* above 50 GeV.

Another problem one should take care of is that, for
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soall o the reaction can .rocesd (ét least partlj) T7 &
generalized wvector donminance mechanisp. In such a case
the interaction is caused by a hadron-like qg systeo and,
consequently, should b¢ similiar 0 hadron-nucleus colli-
sions. As discussed in Section 3.3, this effect should dis=-
appear rTor XB-> v2e

Mron the exXisting data one has a limited information on
A-dependence of the single particle spectra. In Fig., 12
the average multiplicity produced in emulsion by 150 GeV
muons [61] is compared with that obtained from hydrogen
target. Cne sees clearly a multiplication of particles over
the whole ramge of the Bjorken variable -3 . The pseu-
do-rapidi{y distribution of the particles produced in the
same experiment ave compared in Figs 13 with those pro-
duced by protons and pions at the enmergy approximately cor-
responding to the average energy transferred by the scat-
tered cnuon to the target. The spectra are similar, but one
sees a difference in the central region where the produc-
tion by muons is significantly smaller from that by hadrons.
In Fig. 14 the projectile fragmentation region measured in
electroproduction experiment [52] is shown. A clear at-
tenuation of fast particles is observed, slightly weaker
than in hadronic interactions shown in Fig. 3.

Thus the existing data nardly show zny characteristic
feature which would be qualitatively different ‘rom the
ones observed in low Py hadron=nucleus collisions10/. One
is therefore forced ta conclude that either (a\) the fast
quark does indeed interact with nucleus sinilarly as a nor-
mal hadron, or (B) in the data shown in Fig. 12-14 the
specific gquark interactions are masked by other effects. ,

Since the first possibility appears rather revolutionary,
the second one should be quite carefully studied. Indeed,
one cannot exclude that what one sees in Figs 12-14 is
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mairly the Interactlon 1ln vhe nuclcor zatter of the "colour
polarization cloud" described tefors. Ihe rapidity ranse
available in the experiments [51-53] iz not large enough
to decide conclusively (farget fragoentation recion ex-
tends to nore than half of the available range in Ref.[ﬁ{],
and even further in Ref. [62] and [ﬁ}IL The crucial point
is what bappens with lnereasing energy of the gquark:s will
the multiplication extend to higher rapidities, or will
it stay confined tothe target fragmentation region. An experi-
ment which would clear up these problems is thus badly needed.
To sumnarize, there is no evidence in the present lepto-
production data for any specific features of the interac-~
tion of a fastbare quark in nuclear matter. It may be argued,
however, that nigher quark emnergies are necessary in order
to see clearly such effects. It seems thus worthwhile to
study this problem at highest poésible Y and for x3> De2,
where the pattern of the data is expected to change and
thus to be qualitatively different from the one observed
in hadron~nucleus reactions at low Py If such change of
pattern is not observed, the presently accepted ideas abouy
confinement nechanism and interactions of bare quarks should
be rather profoundly reexamined.

3¢5. Final state infteractions in larse g processes

The stropg A-dependence of hard processes ( Fig. 9) was
originally discovered in large Py production [jﬂi§{]. This
finding was immediately interpreted by many authors [64~€ﬂ
as the effect of final state interaction in nuclear matter.
However, the quantitative analysis of large Py, data is
quite difficult, mainly because the mechanism for elementary
hard collisions is not yet well understood [5@J§ﬂiﬁ8]. Con-
segquently, it is not clear what partons (or groups of par-
tons) are lateracting in nuclear zatter. Thatever the case,
it is certain that the final state interactions are nore
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complicated than in case of leptoproduction. Thus it seeus

to oe that thers is very little chaace or quantitative un-
derstonding o large Py shenormena in nuclzi before one

clears up the situation in leptoproducvion. 4 very pronis-
ing approach, lowever, 1S the simultaneous investigation

of large Py phenomena and lesptoproduction.with the hope %o

. learn about vhe effects which are not ea31ly accessible in
Leptoproduction alone, e.g. the 1nteract10ns of energetic gluons
in nuclear matter.

In view of this rather complicated situation, it does
not seem possible o list 2ll of the arising possibilities.
_Therefaore I restrict ayself omnly to few remarks about im=
plications of the existing data for the relative importance
of different processes which may occur in nuclear matter.

(1) In agreement with the theoretical expectations, the
annihilation of (anti) quark in nuclear matter does mot
seem to play an important role. For the proton beam the an=
nihilation uechanism is unlikely to produce large o, .4
or p because the projectile does not contain the relevant
valence guarks. The actual calculation [69] shows indeed
very little contribution to K production from annihilation,
contrary to tThe data shown in Tig. 9 where A-dependence of
K~ sroduction is stronger than for other mesons.

(1i) There are no data on event structure and thus the
existence of hard parton scattering in nuclear natter is
‘not established. However, the exXisting data are certainily
consistent with the presence of hard scattering, as seen
from Fig. 15 [70] where A-dependence of the jet cross—-sec-
tion is shown. The observed strong A-dependence shows that
the presence of the nucleus changes not only the jet struc—
ture but also the number of Jjets - as expected in hard
scatbering mechanisn.

(111) Final state interaction mechanism implies that the

A—denendence of a hard process can be represented in the fo:m



of the series
‘ Y3 ) /3
AU-A - A {Co rC, A #CL A +...} (3.8)

wherz the consecutive terns are positive and arise from
firgl state interaction with 3,1,24.« nucleons in the
tarcet [63=57)]. It follows 7rom the Eq. (3.8) that if only
one nucleon ic invelved in the £inal state interactionbu
cannot exceed the value 4/3. A slance on the data in Fig.
9 shows that this condition is very well satisfied for
T, 7T and X' production. However, for K-, p and p the
limiting value is reached and even exceeded. This strong-
ly indicates the presence of —ore complicated final state
phenonena lavolving at least two nucleons fron the target.

(iv) The data show an anonalously large enhancement of

proton production in the presence of nuclear zatser (for
proton beam). This indicates existence of additional mech-
anism. In view if the remark (iii), a natural candidate

is the hard scattering of more than ome valence quark of
the projectile from different nuclecons in the target nu-
cleus as illustrated in Fig. 15. This can explain a large
value of o/ and is also consistent with the resent ideas
on large p, baryon production in elementary collisions
[64,79].

(v) The strong A-dependence of K and § production is
difficult to_ interpret. It might also be caused by hard
scattering of several (anti) quarks from different nucleons in
th@ftéggéffl{lmnﬂokever,7;§7jsigéf;c;ear_Why such effect should
not appear for other meébns'aéuwéilﬁ "I feel that only careful
quantitative comparison of the contributions for all produced
particles can settle the problem. Also the comparison with
leptoproduction (where such process is not expected to take
pPlace) should be helpful.

(vi) As we have seen, the leptoproduciion data show
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relatively low transverce .lcamsnta -
and Soaus can Lo sgparatsd sutb.
Y0 sunnarize, siniloriy as o i
large Dt shysics there 15 nd definitc esvidence for the
most cavracteristic Iinol stat: lnteroetion, l.e. the hard
secattering of Tthe Ta2st bare suarks. Stronz puclzar enhance=
2ent or bLar,¢-. and antibaryon production indicates actually
that the dominant effect is the interaction of groups of
partons with several nucleons in the target. Thus it might
be not very easy to separate out the really elementary
processes. Here again, the necessity of detailed comparison

with leptoproduction data is evident.
s 6. Conclusions

The comzaon ideas about the clementary hard :rocesses
inply “he exlstence of the final svate interzction of quasi-
-frec tare Qartons in auelcear lajtter. ..e Lave ceer that Lthe
existing data on lepuonroduction cad nigh -, chenomena <o
indeeu lndicate the presence o1 Ziral snateuLnteraction JE=-
fects. The characteristic rcatures of the data do net zeen
to correspond, however, U0 the expectztions cne has abosut
the interaction of quasi-free bvare partons. It is not on-
tirely; clear vhether this iz due to the linitasions in oc-
curacy znd linematic ramge or the available data, or should
be raticr considcred as indication of unexpsctced aspeets of
sarton shysics. Jurtier »rorress depends cruciclly on reso-
lution of this problen in futurc exgerizents. Mo noints
are of particular interest: (a) does the 2ultiplication of
darvicles observed in Defs [31] and [63] extend beyond the
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superizonts ot wighest ossiblec Y Lnd . «<, Zeasuring
both low= oad Ligh=francverse ozentun sorviclcoo (:ith re-
gpect o0 dirzetisn of Tie eXeciranged currenﬁ).

It is obvious that vthe ansver to jhese :robleinls has ine-
aediase consequsnces alse for clementary interactions.
These consequences can be actuall; culbte dranatie, should
the nuclear experiments contradict the existence of guasi-
~-free fast bare partons in the final state of +the cleren=~
tary hard process. It seems hiowever too early <o speculase
further cvout This gossibility.
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f'ootnoscss

1/In view of this, the estimatec of %the "enhanced gg sea”
[41] saould te reexamined.

2/For collisions of two nucleci with nuclear numbers 4 and

B, The uzultiplication in the central region is given by the
formula £ = ¥,p5/(F0, Y o) (33 vere Y, = 48 0, 0/ T az
is the aumber of collisions underwent by nucleons in projcc-
tile and in the varget, whercas v CA and :}GB are Ghe nun-
ber of collisions of The constibtuent juark in auclei A end
B, respectively. This Tormula is consistent with the cosmic
ray dasa [43]. *



3/?he UTonSversSs Zomenta ars ntglectced, o sizolify s
1lzcussion.

1Ty She corroetion ooz velocily
of the jair .einy szaller vaan c. This erfecv i neglizgible
in pracrticec.

5/ g Tigure 13 adapwed Irom ef. [19].

6/Another roint of view was cxpressed in Tef. [55] where
the fine gstructure ceen in Jig. 19 vas discussed in detail.
It was argued %that at high iz there i3 no shadowing at all
and hus the data siown in Jige. 10 Zeasure the actual nus-
ber of jartons in the nucleus. it thern f3llows from enercy
comservation taav if o < 1 for My J, vhere exists another
region (qo* far from Xg = 3) where A > 1 ("antlshadowlngﬂ)
Such cffect is indeed indicated by the data o Fig. 10,
althoush the large errors do not allow to zake a definite
statement. "hatever the case, it iz clear that the effects
discussed, althoush certainiy important for understanding
the underlyins physics, are very small indeed and do not
contradict she ceneral pieture that the strong A-dependence
observcd in gone aard crocesses (aee Sege

I”f,u

iz. 3) oust orig-
inate froa Ziacl state interacvion. Let =z alco zention at
this point Shas tne ideas of lJef. [33] an e tested by
comparing bthe rumction o« (iIg) from Fig. 10 with the Tune-
tion « (= “.) obtained from A-dependence of %he produc-
tion of gmell-xan pairs. lere Ty = .5“ N+ 4T - X}and

X is the TFeyncan variable of the pair in the nucleon-nuclcon
Celle Zrane. In the linit of high pair :asses and Tor lio-
ited transverse omenta, these two Iunculonu are expected

to be identical (as “iey both .reasure the nuiber of sartons
in e nucleus).

7/"uch interactvions can affect the estizzves of the number
of ziuon jets in eslenmentary collisions, if the cxperiment
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is nerformed on nuclear Tarset, as is the cose for zost

of She neutrino iats,(;rivate conmunication Jrom J. Jorri-
son).

a/For exancle, a relliavle estiaave Irom 0D wwoulld require
a non=nerturbative srestzent.

9/This noint of view can be questioned. I. Andersson
(private communication) estinates that a fast quark looées
significant Jlraction of its emergy when passing through

a heavy nucleus, '

1O/This 20int was particularly enphasized in Ref. [63].

ll/Such multi-quark phenomena seem to be guite natural in

the constituent interchange model {68].
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Figure 1. Average number of collisions for different inci-
dent hadrons plotted versus atomic number cof the target.
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Figure 2. Intermedia-
te state travelling and
interacting iaside the
nucleus,

Figure %. Exponent X from

the Eq. (2.4) plotted versus la-
boratory rapidity of the nega-
tive particles produced in 200
Gev_neutron~nucleus collisions
(12] .Prediction of model from
Ref. [32] is alsoc plotted /conti-
nuous line/.
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Figure 5:\ﬁﬁbleon-nucleon and nucleon-

nucleus collisions in the constituent
quark model.

Figure 6. Predic-
Tions of the model
of Ref. (32] compa-
red with the data
of Ref, [9}.
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Figure 7. Two-phase model.
Dashed lines denote partons.
Full lines denote nadrons.
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Figure 8. Finasl state interaction of
A ' a quark in lepteproduction from a hea-

vy nucleus: /a/ annihilation, /b/ hard

= scattering, /c/ emission of soft gluons
Ce) \ and decay of the quark.
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Figure 10. A-~dependence of
Figure 9.A-dependence of single total electroproduction

particle spectra at high o (54} . cross~-section.



Figure 11.Rapidity distribu-
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Figure 132, Pseudo-rapidity
distribution of particles
created in Hmulsion by

150 GeV muons, compared
with hadron-induced rea-
ctions f[61].
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Figure 14, A-dependence of
particle production in
current fragmentation re-
gion (62].

Figure 15, A-dependence of
nigh~p, jets [7C].

Figure 16. Hard scattering
of two quarks from different
nucleons in the target.



