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The experimental analysis of the process of cascading in the target fragmentation region
(TFR) is performed on the basis of the available experimental methods and data and the
existing phenomenological models. The effect is studied separately for the deuteron and for
the heavy nuclei. The following subjects are discussed: 1. the experimental phenomena
generated by the existen:e of the cascading effect in TFR ; 2. general features of such process,
namely : the effective cascade cross section, the fraction of cascade interactions, multiplicity
of particles produced through cascading and their rapidity distributions, the dependence
of cascading on energy and on the type of projectile and on the size of the nucleus; 3. the
comparison with the phenomenological models and with other proposed mechanisms of
particle production in TFR. The possibility of determining the hadronization time (forma-
tion time) through the study of the cascading process in TFR is pointed out.

PACS numbers: 13.85.—t

1. Introduction

It was customary in seventies to start any review of high energy interactions on nuclei
with sharp criticism of the cascade model. The cascade model [1] assumed that the projectile
interacts with the first nucleon it meets in the nucleus and gives a typical final state of about
10 particles at experimentally available high energies. Each of these first generation par-
ticles interacts with the forthcoming nucleons in the nucleus, giving rise to the cascade
effect. This simple cascade model describes correctly the most important features of the
multiple production on nuclei at relatively low energies (< 5 GeV). However, at higher
energies the model diverges sharply from the experimental data, for instance it predicts
a dramatical growth of the multiplicity of particles produced in collision with nuclei. This
result had been interpreted as demonstrating the complete absence of any intranuclear
interactions of secondary particles. However at the present time this opinion has changed.

At very high energies there are three different regions of particle production on nuclei.
Usually this is demonstrated on the plot

R(y) = ¢™*()/e"(»), (1.1)
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where o(y) is the repidity density of produced particles in hp and hA interactions. For
example in Fig. 1 (R(y) from experiment pAr and pXe at 200 GeV [2]) we can find quite
different behaviour in the three regions:

1. a strong maximum in the target fragmentation region (TFR),

2. an approximate “plateau” in the central region,

3. a depletion of particle density in the projectile fragmentation region.

100 PAr E 100 - pXe E
Rly) — AQM+cascading R(y) i — AQM+cascading

Fig. 1. The ratio R(y) = 04(3)/ep(») for produced particles in pAr (a) and pXe (b) reaction at 200 GeV/c
as a function of the rapidity y [2]. The solid lines are the predictions of the additive quark model [57]

Solid line corresponds to the value of the average number of inelastic collisions of the pro-
jectile inside nucleus

7 = Ao,,/0,a, (1.2)

where oy, and g, are the inelastic cross section on protons and nuclei and A is the mass
number of the nucleus.

If we have v collisions we expect that the particle production on nuclei should be in
average at most v times bigger than in elementary collision. The ratio R(») in the TFR
exceeds several times the value of v. This fact, observed in many experiments, could be
interpreted as evidence for the existence of the cascading effects inside nucleus.

The observation that this intranuclear cascading is resiricted to relatively slow particles
creates a new very important aspect of the investigation of the process of cascading. Namely,
the study of the nature of intranuclear interactions becomes a unique source of information
on the space — time evolution of the multiple production process.

The fast particles do not interact inside the nucleus because they are formed outside
it. The slow particles do interact inside the nucleus. If we know the size of the nucleusand
the range of momenta for which the cascading occurs we can try to estimate the time interval
between the collision and the hadronization process, called the formation time. Such
information cannot be extracted from any elementary particle-particle interactions.

The interpretation of the absence of the fast particle cascading is different in different
approaches. Many models [3-9] propose different ways leading to this effect but almost
all of them are based on the uncertainty principle and the Lorentz time dilatation.

The present paper is devoted to the investigation of the intranuclear cascade in this
new sense. We would like:
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1. to study the target fragmentation region in reactions with nuclei,

2. to complete the arguments for the existence of the process of cascading in this
region,

3. to connect possible experimental information with formation time idea,

4. to find possible characteristics of the objects inducing the cascade and of the particles
produced in the cascading process.

The experimental conditions lead to two possible ways of these investigations:

1. Rescattering in the deuteron — the simplest one, since in each collision at most
only one particle rescatters, the wave function of the deuteron is well known, and the sample
of double scattering is very well defined [10, 11].

2. Interactions with heavy nuclei — difficult to numerical interpretation but with
more and statistically powerful experimental data giving the dependence on 4 and on the
size of the nucleus.

High energy interactions with nuclei have been the subject of many reviews during
the last few years [12-24]. Most of them are prepared from the theoretical point of view
using the experimental data only to illustrate the agreement or disagreement with the
theory.

The target fragmentation region, difficult to experimental investigations and theoretical
description is usually either neglected or reported very briefly, except for Ref. [18]. This
paper covers only topics related to the target fragmentation region and stresses the experi-
mental point of view.

The paper is organized as follows. Section 2 contains a review of experimental methods
and data in subsections discussing the experiments for hadron-deuteron, hadron-heavy
nuclei and lepton-nuclei collisions. In this chapter we also point out the specific character
of investigations connected with different techniques of experiments — interactions with
nuclear emulsion as target and detector, interactions in bubble and streamer chambers
and experiments using the counter techniques for the observation of the target fragmenta-
tion region. Section 3 contains a short description of the models of interactions with nuclei
which consider effects in the target fragmentation region and models proposed for hadron-
-deuteron interactions. The formation length idea is described in Section 4. In Section 5 we
discuss results of experiments with deuteron on the basis of the theoretical models. Section
6 contains the summary of the information about the process of cascading obtained from
experiments with heavy nuclei. Other attempts of interpretation of effects in the TFR
without using the cascading idea are reviewed in Section 7. Summary and general conclu-
sions are given in Section 8.

2. Experimental methods and data
2.1. Different experimental techniques in the target fragmentation region

To compare the observations obtained by using different experimental techniques
one should specify the correspondence between the measured values. The summary of
features of the detectors used to study the nuclear interactions especially in TFR is given
in Table 1.
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TABLE 1
. . isi Bubble chamber | Streamer chamber Counter
Technique Nuclear emulsion + magnetic field + magnetic field experiment [25]
Target CNO or AgBr H, D, Neorinternal | Ne or internal Any nuclear
mixture* nuclear target nuclear target target
Identification no charge identifica- charge identifica- no
charge mo- tion tion
mentum 100 < pp < 1000~ | 150 << pp
-1200 MeV/c < 600 MeV/c
Px > 60 MeV/c
Solid angle of 4z 47 4 50% of 4n
vertex detector
Statistics per 10%-5 - 103 103-10* 103-10* 10%-10°
target, energy
projectile
Classification of | ng — shower s X IM = MyotalHp good distinction
secondaries particles np, — identified protons between shower and
B = vfc >0.7 grey tracks

DPn > 140 MeV/c
Dpp > 1000 MeV/c

ng — grey tracks
025 < <07
35 < py

< 140 MeV/c
250 < pp

< 1000 MeV/c

np — black tracks
B <0.25

Prn < 35 MeV/c
Pp < 250 MeV/c

np X ng+ny
Dpp[100-1000] MeV/c

np X ng+np
Pppl150-6001 MeV/c
evaporation frag-
ments stop in
target

black tracks absor-
bed in target and
counters

* In emulsion experiments it is possible to study the events produced in an element. The method
consists in incorporating the wires or pellets into nuclear emulsion [26, 27].

Most of the terminology and classification of particles in reactions with nuclei was
established in accordance with the iradition in emulsion experiments. Following this
tradition we adopt this classification in Table I and compare it with corresponding classes
of events observed in bubble chambers, streamer chambers and counter experiments.

The direct observation of target fragmentation region in the standard counter experi-
ments is usually either impossible or incomplete. Therefore column 5 of Table I does
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not contain general features of electronic experiments but the conditions of a special counter
experiment [25]. The aim of this experiment was to continue guickly the emulsion experi-
ments with very high statistics and known nuclear target. Therefore they have the same
distinction between shower and grey tracks as in emulsion techniques.

Also in column 4 experimental condition of streamer chamber experiment are mostly
based on the experiment performed by Bari, Cracow, Liverpool, Nijmegen, Munich Colla-
boration [2].

There is one more important point connected with experimental conditions. A con-
venient parameter for describing the longitudinal motion of particles is the rapidity

= 3 In[(E+p)/I(E—p))], @.1)

where E is the total energy of particle and p);.its longitudinal momentum. In many experi-
ments which do not use the magnetic field to determine the momenta of particles only the
angles are measured. From these measurements one can obtain an approximate rapidity
distribution by using the pseudorapidity variable

Map = —Intan (0,,,/2), 2.2)

where 0,,, is the polar angle of produced particles. The approximation y;,p, & 1 18 good
provided

In [(E+p /N p?+m*] = In [(p+ppip] 2.3)

i.e. if the mass of produced particle m is small compared to its transverse momentum p,.
It is clear that this approximation is good for pions and very bad for nucleons which mostly
populate TFR. We can use both rapidity and pseudorapidity for presenting data but we
cannot compare them directly in TFR.

It is convenient to use relative quantity R(y) as defined in formula (1.1) or expressed
in terms of pseudorapidity

R(n) = o(m™*/o(m"™, (2.4)

where ¢(y) is the density of produced particles in hadron-proton and hadron-A interaction.
The reasons for that are following. At first theoretical predictions mostly refer to the increase
of particles produced from a nuclear target relative to a single nucleon target. Another
reason is that the effects of particle misidentification cancel in the ratio R(y) or R(y). It
should be stressed that it is necessary io determine both densities entering this ratio in the
same experiment to have the same: incoming energy, trigger biases, misidentification
effects and so on.

2.2. Experiments with deuteron

As was pointed out in introduction the experiments for hadron-deuteron collisions
have particular advantages over experiments with heavier nuclei especially if we investigate
TFR. The most important difference is that while the sample of interactions with heavy
nucleus contains undistinguishable single, double, triple and more collision events, in
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deuteron bubble chamber experiment we can in principle separate single and double interac-
tions.

There are two signatures for double scattering events. The first suggested in [11] is the
presence in the final state in the forward hemisphere of two protons with momenta exceed-
ing the Fermi momenta in the deuteron. However this very clear cut requires very high
statistics experiment. Probability of interaction with both nucleons of the deuteron (double
scattering) is about 15%; for pion beam and about 209, for proton beam. If we take into
account the fact that two protons occur in the final state when interaction with neutron
goes through charge exchange and with proton without charge exchange, we obtain pro-
bability of registration of events with two protons ~4 9 of whole sample of interactions.
This estimation is valid if we register all protons in full region of momenta. The probabi-
lity of the identification of recoil proton in bubble chamber experiment equal ~25%
(momentum range 300 MeV/c — 1200 MeV/c) reduces this estimation to ~19%, obseredv
two protons events in whole sample of interactions with deuteron.

The second possibility is based on the analysis of topological cross sections. The
description of this procedure for n~ beam [28-31} is following. Interactions on deuterons
produce events in which either an odd or an even number of tracks are observed. The odd-
-prong events are interpreted as nn interactions in which a spectator proton is left with
too little momentum (less than 80 MeV/c) to produce a visible track in bubble chamber.
The even-prong events are of the following three types: (i) np interactions with the spectator
neutron, (if) tn interactions with a spectator proton that is observed in the bubble chamber,
(iii) interactions involving both the proton and neutron i.e. double scattering. It is possible
to obtain a clean sample of nn interactions by removing events of type (if) and adding
them to the odd-prong events. Even-prong events with recoil protons which are backwards
in the laboratory frame are unambiguous n—n interactions of type (if). After multiplying
these events by 1 + flux factor to account for the 7—n interactions with forward spectator
protons, these events are subtracted from the even-prong sample and reassigned to the
odd-prong sample with multiplicity N—1 to form the effective partial cross section
ay(“-n”"). The remaining even-multiplicity events of type (i) and (ii{), which are a mixture
of np interactions and double scattering events, give the effective partial cross section
on(“np”).

Using the ay(““np”’) and ox(“n-n”’) obtained by the above procedures we can cal-
culate:

1. the double scattering cross section

0™ = 3 [ow(um p") = on(n 1)) =[x p) ~o(n )] (2.5)

N>
where o(np) and o(nn) are the free proton and free neutron cross sections,
2. the multiplicity distributions of double scattering sample [30]
_on(r_P)
; an(T p)

oy = ox(n p)—{0(,n n")—[a(rn " p)—a(n " n)]} (2.6)
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3. any double scattering kinematical single particle distribution [31, 35]

dO’DS do — do - O-(”n_p”)_O-DS
=—(n p)— I(W p)———, 2.7

di di a(np)
where 7 could be any kinematical variable e.g. y — rapidity, n — pseudorapidity,
x — Feynman variable etc.

To study the subject of internuclear cascade in deuteron we use mainly the results
of two experiments performed by Cracow, Davis, Seattle, Warsaw Collaboration in the
Fermilab 30 inch deuterium filled bubble chamber. The energy of incident negative pions
was 205 and 360 GeV. The experimental details are discussed in [28-31, 34-36]. We use
also some results of n-d experiments at 15, 21, 100 GeV [32-33], pd experiments at 19, 28,
100, 200, 303, 400 GeV and corresponding elementary n~p and pp experiments collected
in Ref. [30]. The single particle rapidity distributions in 7—p elementary interactions at 205
and 360 GeV necessary for the detailed study of rapidity distribution of cascade was
obtained from Duke, Toronto, Mc¢ Gill, Notre Dame Collaboration and Iowa State,
Maryland, Michigan State, Notre Dame Collaboration [37]. It is very important that
these experiments were performed on the same beam and apparatus so they have same
experimental conditions and biases.

2.3. Hadron-heavy nuclei experiments

How to observe and to study the process of cascading in the collisions with heavy
nuclei? The most direct information comes from the observation of rapidity (pseudo-
rapidity) distributions of produced particles in TFR. The results from emulsion experi-
ments include the pseudorapidity distributions only for shower particles. It means that only
pions with momenta bigger than 140 MeV/c are included. Protons with momenta higher
than 100 MeV/c are treated as m mesons, are referred to as “produced particles” and artifi-
cially shifted to higher rapidities. The rapidity distributions obtained using streamer
chamber experiments contain © mesons with momentum higher than 60 MeV/c. They
are however distorted by the unidentified protons with momenta bigger than 600 MeV/c.
In such an experiment one has a possibility to use the distribution of negative particles
to investigate nuclear effects. However, using R(») for negative particles may be misleading
since the nucleus consists of protons and neutrons and the n- spectra from neutron and
proton fragmentation are different. So one needs additionally the h-deuteron interactions
or should use the approximate formula

o.M = Loy N +e, ]/2, (2.8)

where ¢, (¥) and o () are the rapidity densities of negative and positive produced particles
in hadron-proton collisions.

The second possibility of studying intranuclear cascade is the investigation of net
charge rapidity distributions [2, 38]. Any collision with proton inside nucleus causes the
appearance of the additional charge -+1 in the final state. The average net charge can be
treated as a measure of average number of target protons participating in the interaction
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with nuclei
Q7P = iy —2{n">—Qy, 2.9

where (n,) is the average total multiplicity, {n~) the multiplicity of negative particles
and Q, the charge of projectile. If the projectile interacted only v times we would expect

Z .
Q) =—v (2.10)
A
As we can find, experimental value of (@)% exceeds this expected value. This indicates
that inside nucleus also the secondaries interact. Using this observation one can try
to estimate the number v, of secondary interactions inside the nucleus

7= izi— QY™ . (2.11)

The analysis of the net charge rapidity distribution gives also a possibility of localization
in rapidity of products of cascading. Moreover, one can try to estimate the mean number
of particles produced in a cascade. Assuming that the cascading effect occurs in the target
fragmentation region we can calculate this number using formula

(ny = [KmpTrr—Hm 15, (2.12)

where (ny>ier and {ny ez corresponds to mean multiplicities of produced particles
in target fragmentation region for h-A and h-p interactions.

It has been often suggested that the n, — the number of grey prong particles, or n, —
the number of identified protons is a measure of the number of collisions of the primary
particle inside nucleus

V=f(ny) or f(n,) (2.13)

The method proposed by B. Andersson et al. [39] gives the prescription how to find a rela-
tion between number of collisions v and the value ng or n,. Basing on this relation we can
also deduce some information about the existence and the features of the cascading process.
Using the method proposed by Andersson from data on interaction with one single nucleus
of mass 4 one can obtain information on interactions with very different numbers of
projectile collisions ¥(n,). Moreover the range of v(n,) is bigger than v (for Uranium v = 4).
Using the subsample of events with different n, we can investigate the following distribu-
tions: R,(v(n,)), {vc(n,)>, pL(v(n,)) in the target fragmentation region. These variables behave
very differently in the various regions of rapidity which can be helpful in determination
of the range of the occurrence of cascading effect.

The A4 dependence of final spectra of produced particles gives also the information
about interactions of hadrons or hadronic constituents inside nuclear matter. The following
presentation of the 4 dependence of single particle spectrum appears often in experimental
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papers
EdO’A() Edo'p(.)Aa(i) 2.14
i) = i s .
d3p d3p ( )
o . . .
where is the invariant cross section and i can be rapidity y or tranverse momentum

d’p .
p.. The values a = a5 = 0.69, 0.79, 0.75 respectively for protons, kaons and pions, corre-
spond to the differential cross sections independent of nuclear size (i.e. independent of the
number of collisions of the projectile inside the nucleus). The value of @ = 1 occurs when
the particle multiplicity is proportional to the average number of collisions (in each collision
the incident particle produces the same number of particles as in the collision with free
nucleon). For a > 1 the particle production on nuclei is bigger than v times the particle
production on hydrogen (such effect is expected if the process of cascading exists). In such
presentation, the problem for the theoretical description of single particle spectra is to find
a physical mechanism which gives the formula

a=o0o(y) or o=oxp). (2.15)

To study the cascade we use the results of the following hadron-heavy nuclei experiments:
p on Em at 400 GeV [40], p on Em at 67 and 200 GeV [41], © on Em at 200 GeV [41],
p on Ar, Xe at 200 GeV [2, 38], nt, n-, p, p on Mg, Ag, Au at 100 GeV [42], n*, n~, p, p on
C, Cu, Pb at 50, 100, 150 GeV [25}, p on W, Cr at 300 GeV [27], n*, n—, p, p, K on C, Al,
Cu, Pb, U at 50 to 200 GeV [43].

2.4. Lepton-nucleus interactions

It is possible to study experimentally collisions with nuclei where the leading particle
disappears so quickly that it has no chance to scatter more than once. The idea is to look
at deep inelastic lepton nucleus scattering [44, 45, 8]. Because of the uncertainty principle
the life-time of the virtual photon is simply related to the Bjorken variable wyg

1 Wy Wy 1
t & e & —— & —fm = — fm, (2.16)
E-E'-E, M 5 Sxp
. 1 2Myv . s
where M is the nucleon mass, wg = — = F , E, E’, and E, are energies of the initial
XB

and final leptons and of the virtual photon, Q2 is the four-momentum transfer squared
and v=E—F'.

The requirement that only one nucleon participates in the process is equivalent to the
following condition

t <1fm, 2.17)

which corresponds to wg < 5. The mgasurements of momenta and scattering angles of the
outgoinglepton allow one to control the virtual photonsinvolved in interactions and to select
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some classes of production process. The analysis similar as for hadron-nucleus performed
on such sample of interactions on nulcei and comparison of the results with production
on free nucleon give more accurate information than from multiple scattering. Such an
experiment was performed with the Fermilab 150 GeV p+ beam [46].

A special possibility of investigation of the cascade gives the experiment y-deuteron
performed also in FNAL [47]. To explain some results of this experiment (ratio
r = o(vn — pX)/o(vp — u~X)) the authors use a very simple parametrisation of the de-
pendence of double scattering fraction on the total projectile-nucleon cross section oy in
particle nucleon interactions. Such a dependence is expected when one considers that the
second nucleon in deuteron can be scattered either by the leading particle of the primary
interaction which depends on oy or by the remaining secondary particles, which are inde-
pendent of the nature of incident particle [48]. They use a linear dependence

d = a+boy (2.18)

for the double scatter fraction d. The data from pd and nd experiments at different energies
was fitted to equation (2.18) and the result extrapolated to the v-nucleon cross section.
The value of d used in the calculation of the ratio of v-neutron to v-proton cross section
in deuterium gives the result consistent with the quark parton model. It should be stressed
that this ratio depends strongly on the frequency of final state interactions. Thus one can
treat this as a consistency check of the parametrisation (2.18).

If one accepts this picture and method of estimation of the double scattering fraction
d, one should agree that this is simply a fraction of the cascading process in v-d interactions.
Thus this value can be compared with the amount of the cascading process predicted by
models for hadron—deuteron interactions.

For comparison with the hadron-neon data we use also the results of bubble chamber
experiment v, v-Ne [49].

3. Phenomenological description of the Target Fragmentation Region (TFR)

3.1. General remarks

None of the standard models of interactions with nuclei is able to describe satisfactorily
the effects in TFR. The most basic and experimentally established observation is the behav-
jour of value R(y) exceeding several times the value of v in this region. As an example
we show in Table I predictions of most discussed models referring to R(y) in TFR and
considered range of this region. In most models the problem of existence and range of
cascading effects appears essentially as an additional ingredient. Thus the investigation
of TFR is rather not suitable for testing the basic postulates of the models. Because of that
we limit this survey only to these models which explicitly introduce an additional mechanism
of production of particles in TFR.

Again, similarly as in the experimental field, the interactions with deuteron are the
simplest for theoretical quantitative description. The advantages of investigation of interac-
tions with deuteron from phenomenological point of view are as follows. The wave-function
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TABLE 1I

Multiplication factor R(y)

Model in TEFR Upper limit of TFR in rapidity
Energy flux cascade model . ActP Yo = 1/39inc+2/3 In Af275c
K. Gottfried [6] V= TohA A— mean free path in the nucleus
179 — 1 fm/c, characteristic time for
strong interactions
Regge type peripheral models ~AY® ~ R Yo = InmR ~ 1/3 In A+ const

J. Koplik, H. Mueller [50]

L. Caneschi, A. Schwimmer [51]

A. Capella, A. Krzywicki [52]

K. Kinoshita [53]

R —radius of nucleus
m — mass scale (not known)

In A'/3 ye= InmR
R — radius of nucleus
m — nucleon mass
< TFR grows with energy of projectile

cascading neglected

K4
cascading neglected

ye = 1-1.5

Multiple scattering models

S. J. Brodsky, J. F. Gunion, J.
Kuhn [54]

A. Capella, J. Tran Thanh Van [55]

C. B. Chiu, Z. He, D. M. Tow [56]

v

no predictions in TFR

Ye = Yinc—const

ye = sinh™ dfto
d = 1/m internuclear distance
{jre> = 0.5 GeV

Additive quark models

B. B. Levchenko, N. N.
Nikolaev [57]

A. Bialas [17]

> Vo =In Rm= 241n A*?
inagreement with experi- | R — radius of nucleus
ment for yp >0 m = 0.7-0.8
v ye = In 2Rmy
mt — transverse mass of produced
meson

of the deuteron is well known. We may also assume that only one object may interact
with the second nucleon: the projectile, its constituents or some other object created in the
first collision. Therefore we can concentrate on the main problem: what objects scatter
off the second nucleon? If one considers cascading effects one can estimate the space-
-time evolution of this process and additional production of particles in single internuclear
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collision. Moreover if one subtracts some distribution predicted by the model not consider-
ing cascade from experimental distribution one can obtain some characteristics of additional
process presumably cascading. If this procedure is applied to deuteron data these character-
istics refer to one act of rescattering. We concentrate on the predictions of four models of
particle production on the deuteron target

1. The additive quark model proposed by Biatas et al. {58], [59].

2. The additive quark model proposed by Nikolaev and Zoller [11].

3. The ecikonal type model BRLW proposed by Baker et al. [60].

4. Dual parton model proposed by Capella and Tran Thanh Van [61].

We have a similar possibility to “‘observe” single secondary interaction under some
kinematical condition (see Section 2.4) in interactions of leptons with nuclei.

The theoretical description of TFR for interactions with heavy nuclei require many
additional assumptions. We concentrate on the model considering multiple scattering
of projectile or its constituents. The additional assumptions should concern the ambiguity
coming from two questions:

1. what is the probability of interaction of different products created in collisions of
projectile with the remaining nucleons of nuclei,

2. what is the kinematical possibility that products of secondary cascade interactions
can interact and produce second or even third generation of cascade.

Nikolaev and Levchenko [S7] proposed on the basis of the additive quark model
and the quark-hadron duality concept, the correspondence between the quark-nucleus
interactions and a specific sequence of particle-nucleon collisions. To obtain quantitative
predictions of the model they use the Monte Carlo procedure [57].

The two microscopic models for intranuclear cascade are proposed by Hegab and
Hifner {62] and Suzuki [63]. The idea of these attempts is that the mechanism responsible
for production of particles in TFR is the multiple scattering of projectile followed by
secondary interactions of knocked out nucleons.

3.2. Models for the deuteron

The additive quark model proposed by Bialas et al. [58] was applied to the hadron
deuteron collisions [59]. It has been shown that in order to explain:

1. the value of double scattering cross section in nd and pd interactions for different
energies,

2. the density of particles produced in double scattering events in central rapidity
region
the additive quark model needs an extension to include the cascading effect. The fraction
of double scattering coming from cascading was estimated about 50% for nd and pd inter-
actions. The resulting value of effective cascade cross section was obtained

0% = 20.24+1.7mb for nd experiments, 3.1
g% = 25.54+1.9 mb for pd experiments. 3.2)

This value indicated that particles created in the first collision have hadron-like cross
section.
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TABLE III

mj -multiplication

Process S ani g
Type of process Multiplicity distribution in TFR

{cross section)

91
A H:% qIAV’D A

A X = (g3’ ® gnoy 20" 2

9,
R () ——vg

ND
B 99 %&N
taB)

B _, ND_ F .8
92 oh-2 Xnv <fon ® ey )0 2
- G DIFE
DE @ DE _  ELEM DE ]
(¢ DE) AIn ey @
ELEM
en
x 2 o X _ X, ELE c 7
N M
X,y =0 ]
(a%*) c N Sn ®ON-2 {+cascade)
9, QN-Z

The model [59] specifies processes which contribute to double scattering and gives
a prescription how to calculate their partial cross sections. Using the value of effective
cross section we can extract from experimental data the mean multiplicity of particles
produced in the single act of cascade [64]. The method is based on the construction of
double scattering distribution from distributions from hadron nucleon interactions accord-
ing to the model. Table Il shows contributions of different processes to the double scatter-
ing effects in deuterium for incident pion. In Table III we use the following notation:
oy is the multiplicity distribution for different processes (ND — non-diffractive, ELEM —
elementary, ® — nucleon, C — cascade, F — fragmentation of nucleon target, DIFF —
diffractive), all normalised to unity; Xy — are the multiplicity distributions for process
A, B, DE, x; o*, ¢®, ¢PE, ¢" are partial cross sections for processes A, B, DE, x and finally

k
a=0@®)=3% @i Cic—s (3.3)

denotes convolution of two multiplicity distributions and m; denotes the multiplication
factor of particles in TFR for particular processes i = A, B, DE, k. The formulae used
for calculation of partial cross sections are explained in Refs. [59, 64].

To discuss the multiplicity distributions and rapidity distributions we split the cross
section for double scattering into four terms which we identify as:
Process A — one of the quarks from the incident pion interacts with the proton, the other
one with the neutron in the target. In the quark model this situation corresponds to the
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fragmentation of two coloured strings spanned between two pairs of wounded quarks [65].
The density of particles arising from this fragmentation is doubled in comparison with
the elementary process in which only one string fragments. Hence we put in the last column
of Table 111 m, = 2. The multiplicity distribution for this kind of interaction is the con-
volution of multiplicity distributions for non-diffractive interactions of quark with proton
oNP and of quark with neutron g}>,.

Process B — one of the quarks from the incident pion interacts with both nucleons in the
target. The other quark does not interact at all. The rapidity distribution of particles in
this process arises from the fragmentation of one string as in elementary interaction. The
collision with the second nucleon can add at most the particles produced in the fragmenta-
tion process of this second nucleon. The rapidity distribution of products of this fragmenta-
tion can be approximated by the rapidity distribution in elementary process in TFR.
Hence we put the multiplication factor my in TFR equal 2. For the same reason the multi-
plicity distribution is the convolution of the distribution for non-diffractive quark nucleon
interaction with the distribution from the fragmentation of one nucleon in the target.
In the fragmentation\ only produced particles are taken into account.

Process DE — represents the class of processes which cannot be described in terms of
the quark model. It contains events in which interaction with one nucleon was diffractive
or elastic and the interaction with other nucleon of any type. We assume that the rapidity
distribution of particles in TFR for this process and multiplicity distribution are the same
as in elementary m nucleon collision. Therefore myp = 1.

Process x — only one of incident quarks interacts with one of the nucleons in the target
and one of products of this collision scatters from the second nucleon. This process re-
presents cascading in the model. The multiplicity distribution is constructed by the convolu-
tion of the multiplicity distribution in elementary interaction and of the multiplicity distri-
bution of particles produced by cascade g§ .. ,. The density of particles in TFR arising from
the interaction of projectile is the same as in the elementary process. The interactions of
cascade produce in TFR additional amount of particles which can be estimated using experi-
mental data.

To construct the multiplicity distribution described in Table III we make the following
assumptions:

1. The multiplcity distribution in the quark nucleon collision is the same as in hadron-
-nucleon collision (additivity).

2. The interaction of one quark with two nucleons gives multiplicity distribution
as in an elementary interaction with one of the nucleons. The collision with the second
nucleon can add at most the particles produced in the fragmentation process of the second
nucleon g} _,.

3. Secondary interaction of particles created in the first collision produces in TFR
approximately the same multiplicity as in the process of nucleon fragmentation in TFR.

Qg—z ~ Qz(\;~z- (3.4)

(Also the assumption that the rapidity distribution gy - , of particles produced in the second
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collision in process B can be approximated by the rapidity distribution of particles produced
in TFR in elementary process was checked. Both approximations give similar results.)
4. The probability of cascading does not depend on the multiplicity in the first collision.
To extract the mean multiplicity of cascade we use the following technique
1. From the experimental multiplicity disiribution of double scattering sample we
subtract the multiplicity distribution of processes A and DE

R e b (3.5)

where X5° is the multiplicity distribution of double scattering events. The distribution
which we obtain in this way represents only that part of double scattering sample which
contains the cascading process. Therefore according to the model this distribution should
be a convolution of some known elementary distribution gy° and the cascade distribution

c
ON-2

XN = (on @05 -1)e™, (3.6)
where
O'B O'K
N = N+ N 3.7
o o
and
o™ = 6% +0" (3.8)

2. We calculate the moments: mean multiplicity {Nyc> and dispersion squared
D? for distributions Xp* and XN€.

3. The following relations for convolution of the distribution of cascade, Xy~ and
X5€ distribution are used:

(NP = (NS +(NYS, (3.9
D}. = DZ+Djc. (3.10)

If the model is correct and if we have reliable experimental data these two relations give
us the possibility of finding the moments of the cascade multiplicity distribution.

The rapidity distribution of particles produced through cascading can be obtained
from the following relation in terms of the model [66]

c DS ELEM
do,.j _ dog dog

— - 3.11
b dy T4y (.11
dop  dog® dog-= TR o
Here D dy and & are the rapidity distributions of pions in TFR for casca-

ding (C), double scattering (DS) and elementary nucleon interactions (ELEM). Further
ratio ry is calculated from the model

4 4
Zl a;mn(y) —Zx a;m;

ELEM = LEM
(0i ™Mo (y) (o1 —0p)

rF=

, (3.12)
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where o;, m; for i = 1 ... 4 corresponds to processes A, B, DE and x discussed above
and schematically shown in Table III. The 6E-®™ is the inelastic cross section for n-nucleon
elementary interaction, of, is the cross section for pion diffraction dissociation process in
n-nucleon interactions, n¥(y) is the density of particle in rapidity for TFR for elementary
interaction. The three last observables are averaged mp and mn interactions.

The density of particles produced in the process of cascading is

dn® 1 do® (3.13)
dy o° dy’ )
In addition we can obtain the mean multiplicity of particles produced in the cascade

¢ dn®
n™> = J.7 dy. (3.14)
y

If the model is correct we expect that this value (#°) agree with valuec (N> obtained on the
independent way described above.
Another version of the additive quark model proposed by Nikolaev et al. applied
to double scattering processes in deuteron [11] uses the following basic assumptions:
1. The projectile rescatters via its own “‘spectator” quarks i.e. the valence quarks that
do not take part in the first collision.

2. The newborn quarks from the first collision cannot rescatter immediately from
the other nucleon.

The model introduces the formation length idea. It means that the secondary quarks
of momenta k, are present in the final state only at distances 4z exceeding their formation
lengths /; from the first nucleon position

4z = ;. (3.15)
Formation lengths turn out to be proportional to the momenta k, of the secondary quarks.

k
m

I~

N['°

, (3.16)

where m is some characteristic mass scale. The spectator quarks already exist and do not
need any formation time to be able to rescatter from the second nucleon. The existence
of the formation time and the knowledge of internucleon distance jin deuteron determine
the maximal momentum of quarks produced in the first collision which can interact with
the second nucleon. On the other hand if we know from experiment the maximal momen-
tum of quarks produced in first collision which can interact with the second nucleon and
the internucleon distance in deuteron, we can estimate the mass scale appearing in formula
(3.16).

In this model by cascade we understand the interactions of low momentum quarks
produced in the first collision with the second nucleon of the deuteron. The rapidity distri-
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bution of particles produced in the cascading process can be obtained from the following
equation

dn®  dnp’ dnELEM
(I=-n)— = —(1+n) 3.17
) dy 4 dy 3.17)

Here dn®/dy, dn2%/dy, dnE“*™|dy are the rapidity distributions of particles in TFR for
cascade, double scattering and for elementary interactions. The value 5 is defined and
calculated in [11]. Foliowing assumptions of the model, we consider two kinds of processes
in the double scattering sample

1. rescattering of “spectator” quarks of projectile,

2. rescattering of these quarks which are produced in the first collision with momentum
low enough to be able to interact with the second nucleon.
The mean multiplicity of such quarks is denoted by n(k < k), where k, is the upper limit
of the momentum of the quark which can interact with the second nucleon, as a consequence
of the existence of the formation length. The probability # is the relative contribution of
projectile spectator quark to all rescatterings

d) = 3.18
n(rd) { (3.18)

ng(k < k)>+1"

The mean value {n,(k < k.)) is the multiplicity of prompt quarks which is related to the
multiplicity of prompt mesons

Gﬂ
(k< k)Y = (Mprompe mesons (K < 2K )> —. (3.19)
qN
The factor LI 2 arises from the basic assumption of the additive quark model. The
OaN

value # = 0.17 has been obtained using {n,(k < k) = 5 from [11].

The BLRW model [60] describes the double scattering process in deuterium by the
conventional space-time development picture of hadronic interactions. The incident
hadron interacts with neutron and proton of deuteron via fast virtual constituents, These
constituents create two ladders. Each ladder interacts with one of the target nucleons. Using
the AGK cutting rules [67] BLRW found a relation between ¢”° double scattering cross
section and cross scction defect in deuterium

¢ = or(hp)+og(hn)—or(hd), (3.20)

where or(hp), o1(hn), or(hd) are the total cross sections for elementary hp, hn and hd
interactions. The relation is following:

6™ = 240. (3.21)

in addition the AGK rules allow one to relate the multiplicity distributions observed in hd
Interactions to the multiplicity distributions observed in hadron-nucleon collisions. The
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model does not take into account the process of cascading at all. Relation (3.21) is in reason-
able agreement with the observed amount of double scattering. However, when one
considers all available experiments, there is a systematic tendency to underestimate the
amount of double scattering. The authors of the BLRW model attribute the excess to the
scattering from the slower constituent of projectile. The sources of double scattering in
excess of 200 are expected to give rapidity distribution similar to single scattering. The
simplest possibility of partition of incident momentum between two ladders is that each
of them takes p/2. Such an assumption gives the predictions consistent with observed
multiplicity moments [60, 68]. If we adopt this momentum partition between two ladders,
the double scattering charged particle rapidity distribution is equal to

an” _ [1-260/6""] —— xp(p) dnnp( 2
dy ’

+[260/6%%] ——2~ 3.22)
where dn™(p)/dy = 2[1/a;)dc™(;p)/dy and da""(2 p)dy is the rapidity distribution for

n., = 4 at half laboratory momentum. The authors of this model do not pretend to describe
the rapidity distribution in TFR (y,, < 1) [35].

On similar assumptions are based the predictions of double scattering rapidity distri-
bution in the dual parton model proposed by Capella and Tran Thanh Van [61]. The authors
take from the BLRW model the quantitative partition of double scattering cross section
into parts giving the rapidity distribution like’ single and double scattering. The model
introduces the dual topological unitarization scheme and parton picture and is one of the
multiple scattering type models. The basic assumptions of the model are following:

1. color separation mechanism,

2. universality of the fragmentation,

3. quark momentum distribution functions.

P n

Fig. 2. n-deuteron interaction in the model of Ref. [61]

The four different chains responsible for particle production in the interaction with deuteron
are shown in Fig. 2. The chains labelled 1 and 4 involve, respectively, valence antiquark
and quark of the projectile, similar as in pion-proton collisions. Chains 2 and 3 involve
respectively sea antiquarks and quarks of the projectile.
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If we denote by N,(») the rapidity density of the chain and N hd(y) the rapidity density
for hd — hX inclusive single particle reaction we have for the scattering involving two
nuclons of the target

hd

d
N™(y) = 1/a'::3diy ) = N1+ N20)+ Ny()+ Nu(y). (3.23)

Using the AGK cutting rules as in the BLRW model, the amount of double scattering
resulting from the four chain diagrams is given by 2dg, and the rest of double scattering
is expected to give rapidity distributions similar to single scattering. Therefore one has

dN®® 266 ne2 260\ . ne1

dy =?[N1'*']\]2'*'1\73"‘]\]4] +i1- oS [N:+N,] (3.24)
and

o”(y) 200 200

R(y) = 0 = 1- 55 + P [Ni+N,+ N3+ NJ7HIN+NJ™ (3.29)

The model gives the predictions valid in the whole region of rapidity. The difference between
the experimental distribution and the prediction calculated from the model can be treated
as the rapidity distribution of particles produced through cascading process which is not
included in the model.

3.3. The description of TFR for heavy nuclei

A model which pretends to describe the full range of rapidity of produced particles
from nuclei was proposed by Levchenko and Nikolaev [57]. The basic assumptions of
this model are the same as for various versions of constituent quark model [58, 69, 70].
The projectile is made of well spatially separated constituent quarks. Thesethree constituent
quarks in the case of the proton beam can interact simultaneously. Generally the interaction
of high energy particle with nucleus in terms of this model is described by two equations:
the equation for absorption probabilities of v quarks and the cascade transport equation.
The v quark absorption corresponds to some cuts of the Mandelstam diagrams [57].
The probabilities of v interactions calculated from the quark model give weights to these
cut diagrams. The Mandelstam vertices have simple structure in terms of the constituent
quarks. On the other hand using a sort of the quark hadron duality one can translate the
quark nucleus interactions into a specific sequence of particle-nucleon collisions: v = 1 the
projectile fragments as on free nucleon target; v = 2 there are two inelastic collisions. Di-
quark which is left after first collision is a leading system and it reinteracts. It corresponds
to hN collision followed by an inelastic collision of the leading particle from the first
collision; v = 3 baryon and the fastest of mesons from the first collision reinteract.

The cascade transport equation formulated for the constituent quarks can be applied
directly to prompt secondary hadrons and there is no difference whether quarks or hadrons
are formed (the same formula for the formation lengths). The detailed description of Monte
Carlo procedure for intranuclear interactions is given in Ref. [57]. Authors apply 2 Monte
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Carlo program which generates the exclusive final states in hN collisions to hA collisions
using the translation coming from the quark hadron duality described above.

A different attempt to describe TFR is presented in Ref. [62]. In this model mechanism
responsible for the production of particles in TFR is the multiple scattering of projectile
followed by sccondary interactions of protons knocked out off the target. The physical
picture coming from the model is following. The projectile collides with target nucleons.
They are called primary and move essentially forward. On their way out of the nucleus
the primary nucleons collide with other target nucleons which are called secondary. The
secondary nucleons create tertiary nucleons. One can estimate the degradation of energy
for each generation of nucleons. The aim of the model was to describe the development
of cascade inside the nucleus, in particular to derive analytical formulae for the relation
between the number of collision v and thenumber of N, — grey particles emitted in hadron
emulsion experiments. The grey particles (0.3 < v/c < 0.7) are mostly protons ~80%
and have kinetic energy in range 40 < E < 400 MeV. The simple kinematical considera-
tions allow one to estimate that only part p, of primary nucleons satisfies the requirement of
being grey. The secondary nucleons have energies around 100 MeV and are mostly grey,
and tertiary nucleons have several tens of MeV and essentially do not belong to the class
of grey particles. In simplest approximation the beam hadron is not excited after first
collision the dependence of the mean number of grey particles on the number of collisions
is following

z V/
(N =p <Z> V> +(onn/on) <7 VOV—1)> i (3.26)

The first term of equation (3.26) represents the contribution of primary nucleons to the
grey particles (v primary nucleons of which the fraction Z/4 is charged and which are grey
with probability p;). The secondary grey nucleons are produced with the effective cross
section oyy. If a primary nucleon is produced in the p-th hN collision it will scatter
(v— wonn/onn times and produce secondaries before it escapes. Summing contributions
from all u’s and multiplying them by the charge ratio Z/4 leads to the second term. Glauber
theory [71] relates the average {v(v—1))> to {v)>. Formula (3.26) is more complicated if we
take into account that the hadron after the first collision is excited and has the cross sec-
tion o'

(Np = %(m NN <v—1>) + % ‘;“*“ <p1<v—1>+% TN ((v—1) (v—2)>), (3.27)

hN hN OnN

where averages involving v are calculated with o,y from the Glauber relation [71]. This
formula fitted to the data allows one 10 estimate cross section oy Which can be treated as
an effective cross section of projectile on a target nucleons.

Such an attitude was criticised for example in review [13]. The argument was that
there is nothing that could distinguish the recoil nucleons from all the other secondary

! The simple argument for introducing this complication is following. The first hN collision in a nucleus
is similar to hadron-free nucleon interaction. In both cases an excited hadron h is formed. In free space
h* decays immediately and gives final state particles. The h* formed in a nucleus collides with other nucleons
of the target with the cross section probably different from the hN cross section.
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particles which may also interact inside nucleus. On the other hand the universal descrip-
tion of cascading process is very difficult and needs very complicated many parameter
input. The simplification of the physical picture proposed by Hegab and Hiifner in Ref.
[62] leads to a very good one parameter fit and onc may hope that it represents correctly
the mechanism of the process. The interpretation of the o,.y cross section by including
also secondary interactions of mesons could be a next step in the understanding of this
process.

4. Hadronization time

One of the characteristic features of the process of particle production is that the colli-
sion and hadronization processes are separated by some time interval. The interactions
with nuclei give a possibility of investigation of the time ordering of multiparticle produc-
tion. The experimental discovery of the absence of intranuclear cascading of fast second-
aries implies that fast secondary hadrons are created outside the nucleus. The observation
of interactions of slow secondaries inside nucleus would allow one to delimit the time or
spatial distance after which the created hadron is able to interact. We call this interval the
hadronization time or sometimes the formation time (the length of formation zone with
reference to spatial distance).

The phenomenon of long hadronization time was observed experimentally for the first
time by the Cracow High Energy Group (see e.g. [4]). It was discussed in several reviews
in terms of the general principles of quantum mechanics and field theory, [6, 7, 72-74}, and,
generally speaking, can be interpreted as a consequence of the uncertainty principle and
of the Lorentz time dilatation [4, 5, 8}.

The formation time concept comes from the Landau Pomeranchuk phenomenon [72].
The intensity of bremsstrahlung radiation from high energy electron undergoing multiple
scattering as it passes through a material is much smaller than the value predicted as the
number of rescatterings multiplied by the intensity of the radiation per scattering in one
atom. Landau and Pomeranchuk noticed that the emission of photons in two successive
scatterings is uncorrelated only when the distance between the two scattering points is
large in comparison with the formation zone. We can understand the formation zone in
this phenomenon as follows [3]. After the first collision the new shape of the stable field
of electron appropriate to its changed momentum is not established instantaneously.
Until this field is reestablished (formation time) the scattering in the external field occurs
without emission.

In other words the bremsstrahlung process for soft, small angle radiation from relati-
vistic electron is affected by a coherent action of many nuclei situated within the effective
length. If the distance between scattering points is large in comparison with the formation
zone then the coherence is destroyed, and emission in successive scatterings is uncorrelated.
The condition for coherent or incoherent action (big or small time intervals between
collisions) is formulated (measured) in terms of the formation time 7

T=——="=, (41)
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where E, and k are the energy and momentum of the emitted photon and v is the velocity
of incident electron. If 7 is big in comparison with the time distance between scattering
points, the amplitudes from successive scatterings add coherently.

The formation zone can be also interpreted as the formation time of the photon.
We rewrite formula (4.1) into

1
—_, 4.2)
w

x‘-
~
3

where E, and m are energy and mass of the electron, (k - p) is the four-vector product
of the photon and electron momentum and is the frequency of the photon in the rest
frame of the electron. We can treat t as the minimum time necessary to define the photon
(in the wave mechanics the emission of the photon described by the wave of some frequency
o takes the time of order T = ljw).

If one accepts the formation zone concept as a general principle, one can translate
the picture from the bremsstrahlung process into the interactions of high energy hadrons
with nuclei [7]. According to this idea, the distance in the laboratory necessary for the
emission of a field quantum is

2E, 2E,
TR = ,
(Mx)*+ k3 4+m} m2

(4.3)

where Ej is the energy of emitted particle in the laboratory system, M is the mass of pro-
jectile, x = E,/E,,;is the energy fraction of radiated hadron, mj = ki+mf is the transverse
mass of hadron.

It should be noticed that from this analogy the formation time is proportional to the
energy of emitted particle. This means that the low energy hadrons have shorter formation
zones than the fast ones. This is an opposite situation to the photon production in brems-
strahlung process where T ~ 1/E and slow photons have long formation time.

Similar formula for formation time could be obtained of we interpret long time of
hadronization as a consequence of the uncertainty principle. The minimal time necessary
1o emit a slow energy hadron is of the order

1o = 1/AE, (4.4)

where AE is an energy typical for strong interactions. This energy scale is different in dif-
ferent approaches to the problem of formation time. Some authors do not precise the
value of 4E. In other models AE is simply equal to the mass m, [13, 14], or to the trans-
versal mass my [17] of the produced particle.

When the hadron produced is moving, the relativistic time dilatation should be taken
into account. Then

E 1 )
Ty = YTo = ;h— AE 4.5)
b
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or

= prp =2 L 4.6
= Te ==~ —— N .

f f my AE ( )
where Ey, ky, my, y, B are the energy, momentum, mass, Lorentz factor and relative velocity
of the moving hadron.

The other approach is that the process of fragmentation into the hard hadron comes
through decay of an unstable particle i.e. quark. In this case the characteristic time is
E

o= 4.7)

my

where 1{” is the life-time of the quarks and m, and E, are its mass and energy. This hypo-
thesis was proposed by Biatas and Chmaj [75] for leptoproduction of high energy hadrons
on heavy nuclei.

The formation time phenomenon in nuclei manifests itself by the lack of cascading
of hadrons whose formation length in laboratory is longer ihan the radius of nucleus
(l; > R).

Since the details of the time dependence of hadron production are not known and the
value of AE is still controversial we can use the parametrization:

2E
T = m;‘ (Stodolsky [7]), (4.8)
T
E
T = ;*‘7 (Biatas [17]), (4.9)
T
E
7 = ;% (Nikolaev [11, 13, 14]), (4.10)
or simply
E,
T=—r (4.11)

treating the mass scale m as a parameter. It allows us to compare the results of theoretical
predictions and of measurements of the formation zone obtained using the different
methods.

Nikolaev [14] predicts on the ground of the multipheripheral model that the scale
dimension is

m* & m? ~ 0.7 GeVZ (4.12)
If we assume that the effect of cascading occurs for

I <R, (4.13)
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we obtain the maximal value of momentum of the hadron which can interact inside nucleus
k, = R m?, (4.14)

which corresponds to rapidity

y,=lnR,—. 4.15)

Here my is the transverse mass of the produced hadron. (The relation between y, and k_ is
valid for particles with longitudinal momentum bigger than the transverse mass.) If the
mass scale, as some authors propose, is simply the transverse mass of hadron then

y. ~ In Rymy ~ In A *my. (4.16)

The experimental determination of the mass scale m is complicated. The transition
point y.(n.) in rapidity (pseudorapidity) between plateau and cascading region can be
observed on the plot R(y) (R(n)) see Fig. 1. This observation was used for the first time
in 1978 to compare the experimental data for p-nucleus collisions at 50, 100 and 200 GeV
published by MIT and FNAL group [82] with the condition (4.3) [76]. It was shown that
the multiplication R(n) really increases significantly in the region of pseudorapidities
predicted by condition of localization of emission of the secondary particle inside nucleus.
In Ref. [76] an observation has also been made that this condition seems to be independent
of energy and the nature of the primary hadron.

The rough estimate based on the optical model and on the experimental observation
of absorption effects on heavy nuclei gives

m? = 0.15—0.20 GeV? (4.17)

[77). The similar value of m? could be obtained by using the energy dependence of multipli-
city of grey particles [22]. The very low value of

m?<0.03—0.05 GeV? (4.18)

comes from the investigation of m mesons and antiprotons of energy ~1 GeV in p-nuclei
interactions [77]. A method of determining the formation zone by measurement of the
absorption of the medium energy hadrons created in nuclear matter was proposed by Bialas
[78]. The method was applied to the data on the process A — pX. For antiprotons of
momentum ~ 16 GeV/c the formation zone was estimated as t = 15+ 5 fm. This result
gives in parametrization [ = k/m?

m? = 0.214+0.07 GeV?2, 4.19)
The value
2 _ +0.07 2
m* = 0.16_0‘04 GeV (4.20)

was obtained in a neutrino-freon experiment in the energy range 3 << E << 30 GeV [79].
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The estimate was done from the slow proton multiplicity in the framework of an intra-
nuclear cascade model combined with the formation zone idea.

High statistics experiments on different nuclei should help us in understanding the
significance of the formation zone phenomenon. E.g. as was proposed by Bialas [78],
the universality of the formation time for different hadrons independently of their mass
would suggest the interpretation of as the life-time of quasi-free quarks. The experiments
giving the high statistics in deep inelastic interactions of leptons with nuclei are very pro-
mising in this field.

5. Discussion of results of experiments with the deuteron

The problem of the existence and of the characteristics of intranuclear cascade in the
deuteron was investigated in the models described in Section 3.2. We have used methods
presented in Section 2.2 to obtain relevant experimental distributions. The papers [59],
[64], [66] contain a complete discussion of experimental details. The results concern the
following aspects of the cascading process:

1. the multiplicity distribution of particles produced through cascading,

2. their rapidity distribution,

3. fraction of cascading in the double scattering process,

4. the rapidity range of the effect.

The analysis of the multiplicity distribution of double scattering events performed
in terms of the additive quark model including the cascading effect [64] gives the values
of mean multiplicity of particles produced in the process of cascading:

{N®> = 1.4740.57 for nd experiment at 100 GeV/c [80],

(N®> = 0.95+0.47 for nd experiment at 205 GeVjc [28],

{N®) = 1.25+0.63 for nd experiment at 360 GeV/c [29].

These values seem to be independent of momentum of the incident hadron. Such an observa-
tion confirm indirectly the hypothesis that in the process of cascading only slow particles
produced in the first collision may interact. It has been also noticed that the dispersion
of experimental multiplicity distribution of double scattering sample is narrower than this
obtained from the model [59]. This result can be explained by the dependence of the pro-
bability of the cascading process on multiplicity in the collision with the first nucleon.
The detailed argumentation is brought forward in Ref. [59]. On the other hand this conclu-
sion confirms indirectly the hypothesis of limited momenta of cascading objects. The
simple reasoning leading to this result is following. For elementary high energy interactions
the momentum distribution of produced particles depends on the multiplicity. In particular
for low multiplicities we observe fewer particles with low momenta than for higher multi-
plicities. If we assume that only slow particles created in the first collision can interact with
the second nucleon in deuteron, we can also argue that cascading is smaller for low multi-
plicities in the first collision. The value {N®) of the mean multiplicity of particles produced
in cascading process averaged over experiments is

(NS = 1.1540.31 (5.1
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and corresponds to
(NY™ = (NP 42 = 3.15+0.31 (52

for m-nucleon interactions. Such a number suggests that if the interaction of cascade does
not differ from the elementary nucleon interactions the average momentum of particles
which initiate the cascade is not bigger than 3 GeV/c. This result also confirms the observa-
tion that only slow particles produced in the first collision may interact with the second
nucleon. The mean multiplicity of particles produced through cascading was obtained in
an independent way but using the same model. According to formula (3.14) the mean
multiplicity is simply the integral of rapidity distribution of particles produced in cascading
process. This value obtained only for nd experiment at 205 GeV is

{N<) = 1.08+0.29. (5.3)
The calculations based on the Nikolaev model give similar value for this experiment
{N*y = 1.11+0.24. 5.4

The BLRW model has not included the cascading process. The dependence of mean multi-
plicity of negative particles produced in double scattering events on the incident momentum
is shown in Fig. 3 for eleven nd and pd experiments [30]. One can notice that the values
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Fig. 3. Average multiplicity <N of produced particles as a function of incident momentum for =d and pd
double scattering [30] together with BLRW model predictions [60]
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Fig. 4. The rapidity distribution of charged particles produced in cascade obtained using the model of
Ref. [59]. The curve has been drawn to guide the eye
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Fig. 5. The rapidity distribution of charged particles produced in cascade obtained using the model of
Ref. [11]. The curve has been drawn to guide the eye

predicted by the BLRW model are slightly but systematically lower than experimental
mean multiplicities. We can interpret this observation as the existence of some additional
mechanism presumably cascading which is responsible for the increase of multiplicity.

The rapidity distribution of particles produced through cascading was calculated
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by using the methods described in Sections 2.2 and 3.2. The detailed description of formulae
can be also found in Refs. [59, 64, 66]. The two versions of the additive quark model
[59] and [11] was used. The results are shown in Fig. 4 and 5. The experimental data
were taken from the nd experiment at 205 GeV [28] and from the np experiment at the
same energy [37]. The distributions look very similar and within experimental errors do
not depend on the model which was used to obtain them. It should be stressed that the
assumptions of the considered models are substantially different. The model of Bialas et
al. considers inclusion of cascade as an extension to the additive quark model necessary
to describe correctly the nd and pd double scattering cross section at various energies and
also the density of particles produced in central rapidity region. Nikolaev et al. introduce
the formation length concept and specify that the cascade is initiated by quarks produced
in the interaction with the first nucleon. The assumed upper limit of the momentum of
quarks which are able to interact with the second nucleon of the target is also checked
by using the available values of double scattering cross section in nd and pd collisions.

The rapidity distributions in Fig. 4 and 5 are very similar as in elementary low energy
hadron nucleon interactions. From the upper limit of rapidity of particles produced in
cascade Y., = 2.5 (ko ~ 2.2 GeV/c) we can expect that objects initiating the cascade
have the momentum not higher than 3 GeV/c.

As was mentioned in Section 3.2 the dual parton model proposed by Capella et al.
gives quantitative predictions for full range of rapidity of produced particles. The process
of cascading is not included in the model. The difference dn/dy,,, between the experimental
rapidity distribution for double scattering events and the distribution calculated from the
model [61]is shown in Fig. 6. If we assume that this distribution corresponds to the process
of cascading we can only compare the shape of rapidity distribution and the rapidity range
of particle production in this effect with the corresponding features of distributions in
Fig. 5 and 6. The distribution in Fig. 6 is normalised to the total double scattering cross
section. This is equivalent to the assumption of the presence of cascading in each act of
double scattering. The absolute values dn®/dy which can be compared with the distribu-
tions in Fig. 4 and 5 can be obtained by introducing an additional parameter — the fraction
of double scattering in which cascading effect occurs.

The fraction of double scattering going through cascading predicted by the models
is different — 839 in the Nikolaev model and 529 in the Biatas model. In other words
Nikolaev predicts that cascading takes part in about d = 13.3+19% of n-deuteron interac-
tions at 205 GeV. The same value in the model proposed by Bialas et al. is d = 8.3+19%,.

In Section 2.4 we have described the method of estimating the fraction of double
scattering for neutrino-deuteron reactions [47]. This value is energy independent and equals
d=9413.5%. We can treat it simply as the fraction of cascading in mnd interactions.
Unfortunately the errors are too big to decide conclusively which model gives the proper
value. The amount of the cascading process in the Nikolaev model is directly connected
to the formation length, in particular to the mass scale value m in formula (4.2). The m? is
taken equal to 0.7 GeV?2 and seems to be too high in comparison with estimates made using
different methods quoted in Section 4.

We can also roughly estimate this value using our results from the deuteron experiment.
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From formula (4.8) m% = k. R,, where k, is the maximal momentum of the hadron which
can interact inside nucleus and R, for deuteron is the internucleon distance. We assume
the mean value of internucleon distance equal to (R3>!/?> = 2fm. We can estimate the
mean value of k, as a mean value of the momentum of the products of cascading equal
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Fig. 6. The difference dn%/dy = dnPS¢*/dy—~ dnP5med/d, between the experimental rapidity distribution
for double scattering events and the distribution calculated from the model [61]. The curve has been drawn
to guide the eye. The normalization is to the total double scattering cross section

to about 0.5 GeV/c multiplied by their multiplicity <{#°>+2 = 3. Finally we obtain
m2 = 1.5 GeV/2 fm = 0.15 GeV>. (5.5)

This value is in a good agreement with the estimate coming from other experiments (see
Section 4).

6. Intranuclear cascade in heavy nuclei

The application of the methods described in Section 2.3 allows us to classify the infor-
mation about intranuclear cascade coming from different experiments on heavy nuclei.
Following the theoretical considerations discussed in Section 3.3 and the conclusions
from the experiments with the deuteron we concentrate on the phenomena occurring in the
target fragmentation region.

To examine the question of cascade in heavy nuclei in all its possible bearings we
collect the results of experiments in the following order:

1. the experimental phenomena generated by cascading process,

2. the kinematical localization and range of the effect,

3. the dependence on: energy, projectile and size of nucleus,
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4. the possibilities of estimation of the mean number of interactions of secondaries
inside nucleus,

S. the comparison with the predictions of the intranuclear cascade models.

All hadron emulsion experiments show that the total number of protons among the
grey tracks is much larger than the number of recoil protons v which could be struck in
the interactions of projectile with nucleons inside nucleus. For example it was found in

R(y[gb ) f| T T T T T , T T T
Anp<
{ pXe M2<ns4
100+ 3 e np>4 -
AQM + cascading
i ! —— Dp<2

np>4

i

o1
-2 0 2 4 & ylab

Fig. 7. The ratio R(») for different numbers of identified protons n, in pXe interactions at 200 GeV/c [2]

p-Em experiments at 67 and 200 GeV that 50609, of grey tracks belong to protons pro-
duced in the secondary processes in the nucleus [41]. Similar estimate is given by [81].
They calculate that {n,> ~ A%”. This dependence is stronger than v ~ A4'/> expected from
the models without any cascading of slow particles. The method proposed by Andersson
et al. [39] gives the relation between v(ng) and n,. This correspondence is independent of
the energy of projectile and weakly dependent on the type of incident particle. It indicates
that only slow particles produced in collisions of the projectile with nucleons inside nucleus
are responsible for cascading.

The excess of the ratio R, = o"™/o" for low rapidities can also be interpreted as an
evidence for the cascading effect. Very large values of R, for y < 1 exceed significantly
the average number of collisions. Such behaviour is shown in Fig. 1 for experiment p on
Ar and Xe target at 200 GeV/e [2] and was observed in many experiments: ©*, K*, p, p
on C, Cu, Pb, U at 50, 100, 200 GeV/c [43], p on Cr, W at 300 GeV/c [27], 7 p, p on Mg,
Ag, Au at 100 GeV/e, n%, K%, p on C, Cu, Pb at 50, 100, and 150 GeV/c [25], n*, v, v
on Ne [49]. It was also noticed that the large value of R, in TFR comes mainly from events
with large value of n, the observed protons. For small values of n, in Fig. 7 [2] the R,
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approaches 1 as would be expected for the reaction with the single nucleon. This is a further
evidence for the importance of the intranuclear cascading. The result of the analysis of the
average net charge distribution in experiment [2] is the value

dQjdy = ¢"(»)—e~ (), (6.1)

which is shown in Fig. 8 for p Xe interaction. The comparison of pp and p Xe net charge
distributions shows large positive net charge in the backward CMS hemisphere for the
Xe target. It also could be interpreted as an evidence of interactions of secondaries inside
nucleus.

The other way of presentation of the rapidity and 4 dependence of final spectra of
produced particles is used in Ref. [43]. Pions, kaons, protons, and antiprotons with mo-
menta ranging from 50-200 GeV/c were scattered on the targets ranging from beryllium
to uranium. The differential multiplicities N(4n)/4dn from the 12 angular regions were
seperately fitted to the form 4%, This method of looking for possible intranuclear cascade
is described in Section 2.3. The authors of Ref. [43] show in Fig. 9 the value of o'(n)
= a(n)—a, in order to get rid of the dependence of total cross section. The values a,
= 0.69, 0.79, 0.75 describe the 4 dependence of the total cross section of protons, kaons,
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Fig. 9. Exponent &', where the normalized inclusive cross section 1/0y4,0(A7)/4n is assumed to follow the
form 4% ™. x+, 7w, K+ and p induced data are shown in (a), (b). (¢) and (d) respectively [43]
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Fig. 10. Mean multiplicities of produced hadrons <{n> in w*-emulsion interactions (solid line) plotted

versus {wp>, together with mean multiplicities <nauc1) of produced hadrons in p+*-nucleon interactions

(dots connected by a dashed line) calculated from (6.2) for the value of (W) in a given wg bin. The two

values for {n) at the lowest wg bin (solid and dotted lines) show the estimates of the upper and the lower
bounds of {#) [46]

and pions respectively. The results in Fig. 9 show that a(n) becomes greater than unity in
the region 5 <C 1.5 indicating that cascading within the nucleus is taking place.

As was mentioned in Section 2.4, the study of deep in elastic lepton nucleus interac-
tions gives a possibility to select the processes in which particle multiplication must occur
through intranuclear cascading. This idea was tested experimentally in the p* Em experi-
ment at 150 GeV/c [46]. Fig. 10 shows the mean multiplicities of produced hadrons {n) in
put Em interactions (solid line) plotted versus {wg> together with mean multiplicities
{Npy> of produced hadrons in muon nucleon interactions (dots connected by dashed line).
The (n,,.> was calculated from the formula

ey = 2.3+0.28 In (W —m)+0.53 In*(W —m) (6.2)

for the value of (W) in a given wy bin. The two values for {(n) at the lowest wy bin (solid
and dotted lines) show the estimates of the upper and lower bounds of {n). For small,
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wg({wg) = 4.3 for the first bin) wiers the virtual photon interacts with only one nucleon,
one can observe that (n) > {n,,.). It means that the products of the first collision on their
way out of the nucleus interact with the other nucleons and produce the excess of particles.
Another way of looking at nuclear effects presented in Ref. [46] is the comparison of the
pseudorapidity distributions of produced particles for two classes of events: with N, = 3-8
and Ny, > 8(N, = n,+n, in the emulsion technique terminology). This comparison is
based on the well known observation in hadron-emulsion experiments. The average multi-

?— O 150 GeV p*
o 67GeV p~
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s 3
N (o}
1+ % hd
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: P9
or &8, Ll AR
-2 0 2 4 n

Fig. 11. The valuedn = 1/N dn/dn\n,ys— 1/ Ndn/dn|n,, = 3 s plotted for p+-emulsion interactions at 150 GeV,
p-emulsion interactions at 67 GeV and w-emulsion interactions at 60 GeV [46]

plicities and angular distributions of interactions having small N, are close to those in
hadron hydrogen reactions, whereas the interactions with high N, behave differently from
collisions with hydrogen target. The value

1 dn
"N dn

1 dn

4n
Nun>8 N d?’]

(6.3)

Np=3-8

is plotted in Fig. 11 for p* Em interactions at 150 GeV together with p-Em data at 67 GeV
and n~-Em data at 60 GeV. It is clearly seen that the increase of multiplicity due to the
nuclear effects exists and is localized in the range of small values of #.

The precise determination of the rapidity range of the cascading process is difficult
on the basis of existing experimental data. The transition area between TFR and the
central plateau in rapidity R, fluctuates between 1 and 2 for various experiments. The esti-
mate depends on the accuracy of the experimental data and of the current theoretical
suggestions concerning the height of the central plateau.

The exponent () Eq. (2.14) in Fig. 9 becomes greater than unity in the region y < 1.5.
‘The average net charge distributions for pXe and pp interaction shown in Fig. 8 indicate
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that the rapidity limit is about y & 2. The similar rapidity limit is suggested by ptn*, p-Em
data presented in Fig. 11. However in these experiments it is difficult to estimate the
uncertainties coming from the nuclear composition of the emulsion target. The assumption
that the events with N = 3-8 behave as a sample of interactions with the hydrogen target
leads also to additional uncertainties. The relative multiplication R, of produced particles
in TFR in the v/v Ne experiments (3 < W < 6 GeV) presented in Ref. [49] is greater
than 1 up to the rapidity +1.

The range and the 4 dependence of the cascading effect seem to be independent of
the incident particle type and of the incident momentum. This hypothesis was put for the
first time by Migsowicz [76] in 1978. He has shown that the rapidity range of multiplica-
tion of secondaries in the collision with nuclei is determined by the length of the formation
zone and that it is independent of nature and energy of projectile. Such a conclusion can
be also deduced from Fig. 9. The values of o’ for the nt, n~-, K+ and p beams for three ener-
gies 50, 100 and 200 GeV show the same A dependence in TFR within experimental errors.
The comparison of results of nt/n--Ne with v/v-Ne experiments [49] and of p+Em at
150 GeV with p-Em at 67 GeV and n-Em at 60 GeV leads to the same conclusion. The
changes of value of 5, the critical rapidity between TFR and central region, was measured
in experiment [23, 25]. The result indicates the independence of #, of the projectile mo-
mentum i.e. that 4n is less than 0.2 for incident momentum of 50-150 GeV. The authors
of this experiment observe also small projectile dependence for small .

The attempt of the estimation of the mean number of interactions of secondaries inside
nucleus was undertaken in Ref. [38]. If one assumes that the mean number of collisions
of the projectile is given by formula (1.2) then from simple charge conservation considera-
tions described in Section 2.3 one can estimate the average value of secondary interactions
v, inside nucleus. This value obtained for Ar and Xe target is 4.84+0.4 and 10.740.8
respectively and shows the strong A dependence.

The comparison of experimental results with the predictions of the model including
the cascading effect [57] was performed in [2]. General conclusion is that the model describes
the data quite well for y > 0. The model cannot describe the data for y < 0 (see Fig. 1).
The subsample of events characterised by the number of observed protons n, bigger than
2 is also not satisfactorily described (Fig. 7).

A simple phenomenological model [62] applied to most of available data reproduces
very well the distribution of grey tracks. The comparison of the data with the model pre-
diction is shown in Ref. [62], [25]. The model assumes a simplified physical picture of
interaction (Section 3.3) and describes the data using one free parameter o, — the effective
cross section of cascading objects. This cross section is between 0.7gyy and 1.4oyy. It is
a typical hadronic cross section. It indicates that cascading is caused by hadrons formed
in the target nucleus. One can imagine that this effective cross section describes the effective
cascading of some products of primary interactions.
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7. Production of fast backward particles. Cumulative effects

To complete the discussion of the cascade mechanism of particle production in TFR
we give a short description of other proposed production mechanism. The cumulative
effects causing the production of cumulative particles give a simflar experimental conse-
quences as the process of cascading [83]. By cumulative particles we mean secondary
particles produced on nuclei in the region forbidden for scattering off free nucleon. Such
particles, mostly fast backward protons (but also mesons) populate TFR. The classical
mechanism of the Fermi motion of nucleons inside nucleus cannot explain the momenta
of backward protons greater than 300 MeV/c. The effect can be quantitatively described
as a manifestation of short-range few nucleon correlations in the nucleus wave function
(mostly two-nucleon correlations). The oversimplified picture of such effect is following.
For short range phenomena one can expect the high momenta correlated nucleons. The
incident hadron going through the nucleus knocks out a nucleon moving forward (in the
nucleus rest frame) releasing the backward moving nucleon of the correlated pair. A natural
mechanism of production of fast backward mesons is the scattering of incident hadron
from fast backward nucleons. Similar picture can be adopted for lepton-nuclei interactions.
Here y or W strikes one of the nucleons of the correlated system.

The possible sources of short range few nucleon correlation inside nucleus are discussed
in [84]. On the other hand the effect of cumulative particle production in high energy
processes can be used to find the answer to the basic questions about the short-range
nuclear structure i.e. amount and shape of high momentum components in the wave
function.

The inclusive cross section for the production of cumulative protons can be para-
metrized as follows [83]:

Ed’c**A~P*X = 5. (aN)C, exp (— B(6)p?), (7.1)

where o;, (aN) is the elementary a-N cross section, E and p are the energy and momentum
produced proton, 0 is the angle of production. The following experimental features char-
acterize the production of cumulative protons. The slope B is independent of the type
of projectile and the nucleus mass 4, and also of the energy of incident particle above
few GeV. The value B strongly depends on the angle of production of the cumulative
proton. The value C, for high energy (<10 GeV) is also constant. These features (except
of the 6 dependence) are similar to the characteristics of the cascading process so that it is
rather difficult to separate these two mechanism.

Another approach which relates fast backward particle production to the presence of
high momentum nucleon component in nuclear wave function are the average field models
[85-87]. In these models it is assumed that the fast nucleon momentum is balanced by the
rest of the nucleus, but not by one or two nucleons. The hadron projectile interacts with
several nucleons producing v ~ 4'/* forward nucleons in association with fast backward
particle. It was also suggested [88-89] that fast backward particles are produced in the
projectile interaction with a nucleon-cluster called the fluctuon.
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The problem of fast backward particle production was also considered on the basis
of the coherent tube model or the effective target model [90]. In this approach it is assumed
that the incident hadron interacts coherently with v nucleons at its impact parameter as
if it were a single hadron of mass vmy.

It should be noticed that the mechanisms described in this section introducing the
dependence of fast backward particle production on shape of nuclear wave function can
also affect the other kinematical regions of particle production in TFR.

8. Conclusions

The experimental analysis of the available data performed in this paper shows that
the process of intranuclear cascading exists and can be observed in interactions with the
deuteron as well as with the heavy nuclei. Due to the different experimental and phenome-
nological possibilities the effect was studied separately in deuteron and in heavy nuclei.
The results obtained in these two ways are in most cases complementary but general features
can be deduced from both the deuteron and the heavy nuclei data.

Summary of results contains: the list of experimental phenomena generated by the
existence of the cascading effect in TFR, general features of such process, the comparison
of the experimental results with the phenomenological models, and with other proposed
mechanisms of particle production in TFR.

The following experimental observations point to the existence of cascading phenome-
non in TFR:

1. The mean number of protons observed in the interactions with nuclei is much
larger than the expected value — the average number of collisions of projectile with target
protons;

2. The multiplication of particles in TFR in comparison with elementary process
is greater than predicted by models of multiple collisions of projectile or its constituents;

3. The positive net charge in TFR cannot be explained without assumption of the
secondary interactions inside nucleus;

4. The mean multiplicity of particles produced in pt-nucleus interactions is bigger
than for elementary interactions. The result was obtained for the subsample of interactions
with wg < 5, where virtual photon is expected to interact with only one nucleon of the
target;

5. The investigation of deuteron interactions in terms of two versions of additive
quark model shows that besides the double scattering of projectile one should introduce
interactions of objects produced in the first collision. It should be stressed that the assump-
tions in the considered models referring to the cascading effect are substantially different;

6. In the neutrino deuteron interactions the assumption of the amount of double
scattering is necessary to obtain the ratio of v-neutron to v-proton cross section consistent
with the quark parton model prediction. The projectile in the nd collisions interact only
with one nucleon. Then we can assign the ocurrence of double scattering to the existence
of cascading.

The features of single act of cascading process can be deduced only from interactions
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with deuteron. The results are model dependent. However, two versions of additive quark
model applied in analysis give very similar results:

1. The value of the effective cascade cross section is the typical hadronic cross section
equal to:

g* = 20.24+0.7 mb obtained from nd interactions,
o* = 25.54+1.9 mb obtained from pd interactions;

2. The fraction of cascade interactions in deuteron scattering at 205 GeV is:

d = 13.3+1Y% from the model proposed by Nikolaev et al.;
d = 83+1Y% from the model proposed by Bialas et al.

The same quantity estimated from neutrino-deuteron interactions using a linear fit
d = a+bo; and confirmed by the measurement of the ratio of v-neutron to v-proton cross
section is d = 9.44+3.5%;

3. The mean multiplicity of particles produced through cascading obtained using
two different methods and two models is:
ny = 1.11+0.24 from the Nikolaev model,

{n®y = 0.95+0.47 from Bialas model using formula (3.9),
(n*> = 1.08+0.29 from Bialas model using formula (3.14);

4. The rapidity distribution of particles produced in cascade is very similar to that
observed in low energy elementary hadron-nucleon interactions and does not depend on
the model used;

5. From the upper limit of rapidity of particles produced through cascading y,, & 2.5
we can expect that the objects initiating the cascade have the momenta not higher than
3 GeV/e.

This last value can be also deduced from experiments with heavy nuclei. The upper limit
of the rapidity range of cascading fluctuates between 1.5 and 2.5 for different experiments
and different applied methods.

The questions of the dependence of cascading on: energy, projectile and size of nucleus,
and also amount of cascades inside nucleus can be studied in the interactions with heavy
nuclei. On the basis of the analysed data we can summarize these problems as follows:

1. The rapidity range and the 4 dependence of the cascading seems to be independent
of the incident momentum and incident particle type. It seems to be a simple consequence
of the fact that secondary interactions inside nucleus can be induced by low momentum
objects;

2. The mean number of interactions of secondaries obtained in pAr and pXe experi-
ment is 4.84+0.4 and 10.7+0.8 for Ar and Xe respectively and thus shows strong 4 de-
pendence.

We can conclude that the models including the mechanism of cascade proposed for
hadron-deuteron interactions describe quite well the phenomena in TFR. The model
proposed by Levchenko and Nikolaev for hadron-heavy nucleus scattering reproduce
the data well for y,, > 0 but cannot describe the region y,, < 0. Also for the sample
of events with a big number of observed protons which corresponds probably to interac-
tions characterized by greater amount of secondary collisions inside nucleus, the agreement
of the predictions of the model and the experiment is not satisfactory.
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The other mechanism of production of particles in TFR based on the assumption
of short range few nucleon correlations in the nucleus wave function was only applied to the
description of fast backward produced particles. The effect of dependence of the multiplica-
tion of particles in TFR on the number of visible protons is difficult even to qualitative
understanding in terms of this model. Also a large value of the net charge in interactions
with heavy nuclei cannot be explained by this mechanism. Nevertheless the influence of
such effects should be taken into account in experimental analyses of TFR.

To use the TFR phenomena to study such basic concepts as space time development
of hadronic interactions, we need more data of good accuracy especially for interactions
with the deuteron. The lepton-heavy nucleus experiments are also very promising. The
most important experimental problem is to have precise evidence and description of all
particles produced in TFR.

The authoress thanks Professor A. Bialas, Professor W. Czyz, Professor M. Miegso-
wicz and Professor K. Zalewski for useful discussions. Thanks are also due to Professor
A. Eskreys and to other colleagues from the Cracow Bubble Chamber Group for their
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