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Abstract

VVe propose to investigate the space time structure of quark propagation

and hadronization by studying particle production in deeprinelastic scattering of

electrons from nucléons and nuclei with high statistics. We will make use of a 15

to 30 GeV electron beam impinging on targets of hydrogen, deuterium, helium,

carbon and lead and will detect the final state hadrons in a large solid angle
device.
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Part I

Physics Motivation

1 Introduction

The aim of the proposed investigation is to obtain information about soft interactions

between quarks and gluons by studying particle production in deep-inelastic scattering
of leptons from nuclei. In lepton-nucleus scattering a quark jet is produced inside the
nucleus, as illustrated schematically in Figure 1; the measurement of the final state

hadrons allows the study of the interaction of this jet in nuclear matter. Since the

results of these interactions depend on (a) the content and the structure of the jet (as

it is developing in space-time) and on (b) the nature and the strength of the interactions

of the target nucléons with quarks, gluons and hadrons forming the jet, one can learn

about these two aspects of the problem. The answer to these questions is not only

interesting, because it would shed light on the nature of state of matter before normal
final state hadrons appear, but it also provides important information, which is needed
for the understanding of the production of particles in high energy hadron-hadron and
nucleus-nucleus collisions.

The formation of hadrons is a process which is still not calculable by any theory. It

is well confirmed by many experimental facts that hadrons are composed of quarks and

that the interaction between the quarks is described by QCD. However, the hadroniza-

tion process takes place at a scale of four-momentum transfer, where perturbative field
theory techniques are not applicable anymore. Therefore, at present hadronic final-
state distributions can be calculated only with the help of phenomenological models.

The observation of hadrons in the final state in deep-inelastic scattering from free
nucléons does not provide much information on hadron formation. The most important

details of hadronization are hidden at its early stage. A nuclear target provides the

unique opportunity to look inside the process at microscopic times after it starts. From

the reinteraction of the quark-gluon system originating from the initial quark, during

its passing through a nucleus, one can infer precious information about the structure

of the system and the space-time pattern of its evolution.

The nucleus acts here as a kind of a passive 'detector' for any possible reinteraction
of the final-state particles at a scale of a few fermi. The stronger such final-state inter-



actions are, the more softened are the differential energy distributions of the hadrons
produced from nuclei, with respect to those from free nucléons. That results in a reduc-

tion of the observed multiplicity of fast forward produced hadrons (nuclear attenuation)

which increases with the size of the nucleus.

1.1 Structure of the Jet

The structure of high energy jets was already studied in many experiments of particle

production in high-energy collisions, particularly in e+e~ annihilation. The picture of
space-time development which has emerged from these studies looks as follows.

• Stage I:
Starting from a high-energy quark formed as a result of the primary hard inter-

action, a cascade of quarks and gluons develops. This cascade was shown to be
well described by perturbative QCD at high parton energies and virtualities.

• Stage II:
At medium and low energies the perturbative calculations are difficult to justify.
Therefore one has to rely on models.

• Stage III:
Partons change into hadrons. This process is little known and even models hardly

exist.

We hope to be able to investigate in more detail Stage II. To formulate the framework
let us first list a few questions (not pretending to completeness).

(a) What is the scale at which perturbative QCD actually stops to work? Is it a well
defined number or rather a broad spectrum of scales?

(b) What is the structure of the quark-gluon system at that stage? In particular,
what is the quark-gluon density and correlations between them? If one thinks in

terms of models one may ask:

(i) Is the cascade continuing but with modified rules? What are the rules?

(ii) Can one observe a clustering of partons (e.g., constituent quarks)

(i i i ) Is the colour-string picture valid in that region?



(c) Is there any definite scale at which the confinement forces start to operate and

turn quarks and gluons into hadrons?

1.2 Jet Interactions in the Target

In phenomenological approaches one assumes that hadrons and/or pre-hadron object

in the jet can be 'absorbed1 with some probability depending on their inelastic cross-

sections and on their formation times (lengths). In this section we consider more
explicitly the interactions of fast partons with the nucléons of the target nucleus. The

point is to understand how the phenomenological 'absorptive' cross-section is actually

built up from 'elementary' soft interactions of high energy quarks and gluons with the

target.

The most natural process leading to a large energy loss of the incident high-energy

parton in nuclear matter would be the soft-gluon radiation. However, the high energy

data which show no nuclear attenuation exclude the possibility that intense gluon

radiation could be responsible for substantial nuclear effects at lower energies. Some
small energy loss (dE/dx of the order of a few hundred MeV/fm) could be expected,

however. As this is a fundamental QCD process, it is of great importance to measure
it as accurately as possible. Our experiment can do it by collecting accurate data on

,4-dependence of the energy loss for fast hadrons.

To simplify the argument we shall neglect the soft-gluon radiation from now on

(once it is measured, it can be easily taken care of), so that we have to consider
soft elastic and colour-exchange scattering. (Hard scattering is excluded since at high

energy the nuclear effects in hadronization are shown to be negligible [I].) One can
observe that the soft elastic scattering is irrelevant to our problem because it does
not change significantly the energy of the incident parton and thus cannot contribute

to its 'absorption' (it will, however, change the transverse momentum distribution).

Therefore we are left with soft colour-exchange scattering which rearranges colour

structure of the incident parton system and, consequently, can affect the distribution
of energy and momentum of the final hadrons.

This is only possible, however, if the parton system has a non-trivial colour struc-

ture: indeed, if there are no colour correlations inside the system, soft colour-exchange
processes do not affect it (since they do not provide any longitudinal momentum trans-

fer). Since the nuclear effects are visible at medium energies of the virtual photon [2],

one must conclude that the emerging quark system retains (or develops) a non-trivial



colour structure. Whether this colour structure corresponds simply to a formation of
hadron, or if it is a more sophisticated phenomenon (string? colour coherence?) remains
to be seen and in fact we hope to investigate this interesting problem in the present

experiment.

2 Space-Time Structure of Hadronization Process

and Hadron Production from Nuclear Targets

2.1 Semi-Inclusive Hadron Production in Lepton-Proton Scat-
tering

To define the quantities measured in lepton-nucleus interactions let us first consider
the semi-inclusive leptoproduction of a hadron h from a proton (nucléon) target:

1 + P-* l' + h + anything. (1 )

The standard kinematic variables used in the analysis of such processes are listed below:

• / (H
the four-momentum of the incident (scattered) lepton;

• E (E')

the energy of the incident (scattered) lepton;

• Q^ = _( / _ j,)2

the invariant mass squared of the exchanged virtual photon;

• v = E - E'

the energy of the exchanged virtual photon in the LAB (target rest frame);

the Bjorken scaling variable (M being the nucléon mass);

y = v/E

the scaled energy transfer in the LAB;

s = W2 = M2 + 2Mv - Q2

the invariant mass of the hadronic final state;



Zh = Eh/ v
the fraction of the virtual photon energy carried by the produced hadron in the

LAB;

the Feynman scaling variable; the fraction of the total available longitudinal

momentum, in the virtual-photon-nucleon center-of-mass frame, carried by the

produced hadron;

• PJ.
the transverse momentum of the produced hadron in the lab frame with respect

to the direction of the virtual photon;

• y

the azimuthal angle of the hadron trajectory around the axis of the virtual photon.

Figure 2 illustrates the geometry of the process with the kinematic variables indicated.
The same kinematic variables are used in description of the hadron production in

the lepton-nucleus (IA) collisions. It has to be emphasized that in the electron and
muon experiments the scattered lepton is detected and provides a well defined reference

system for the measurement of the kinematic variables of the hadrons.

In the one-photon-exchange approximation, the inclusive cross section for the deep
inelastic scattering of leptons off a proton target is usually expressed in terms of the
structure functions:

F1(X1Q2) + 2(1 - ,)/*(., Q') . (2)

The structure function F1 can be eliminated from the above formula using the Callan-
Gross relation:

2xF, - F2, (3)

and we get:
da lira2 y2 - 2 + 1

Contributions of the higher order corrections and the multiple vector boson ex-

change are found to be negligibly small for the energies reached in the running experi-
ments [3].



In the quark parton model (QPM) the inclusive cross section is interpreted as the
incoherent sum of the cross sections for the scattering of the lepton off pointlike con-
stituents of the proton, the quarks [4]. The structure functions are written in terms
of the quark distribution functions c;(x,Q2). In order to calculate the hadron distri-

butions, the QPM has to be combined with the models, which describe the formation
of a jet of hadrons out of the quark struck by the photon. The semi-inclusive cross
section for the reaction (1), normalized by the number of the scattered leptons, may

be written in the following general form:

1 dcr 1 \^ 2 ( nt\nh(

with e, being the charge of the quark and p,t, ph being the momenta the quark and

the hadron, respectively.

In Equation (5) the cross section for the hadron production has been factorized
into the parton ditributions q< and the fragmentation functions D^. The factorization
ansatz has been suggested by the experimental results [5] and is supported by the
observation that the fragmentation functions do not depend on the kind of the high-

energy reaction investigated [6, 7]. A slight Q2-dependence of £>£ is well understood
in the framework of the perturbative QCD [8]. Small factorization breaking terms can
be explained by considering the constraints of the phase space [9]. It would be of great
interest to check whether there exist any other phenomena causing the factorization
breaking. Such effects may also appear in the proposed experiment.

The fragmentation function D^ parametrizes the probability for the formation of
a hadron h with the momentum ph. given a struck quark qi wit the momentum pTi.
The hard gluon radiation and the non-perturbative effects like the influence of the
primordial transverse momentum of the struck quark (fcj_) or the soft gluon radiation
lead to a rather complicated dependence of D^ on zh, s, and Q2 [1O].

2.2 Formation Time of Hadrons — Historical Frame

The idea that in inelastic reactions hadrons are not formed immediately at the main
vertex, dates already from a long time before the QPM was established for the descrip-
tion of the high-energy particle collisions. Frank already noticed [11] that photons are

emitted by an electron along its path separated by a distance of

W^VA, (6)



where Ee, me are the energy and the mass of the electron and A is the wavelength
of the emitted photon. Landau and Pomeranchuk used this ansatz to compute the
intensity of the bremsstrahlung in the amorphous media [12]. Feinberg and Gribov
have formulated the analogue for the strong interaction and applied it to the meson
formation mechanism, which at that time was interpreted as an excitation of the meson

fields, which stimulates the radiation of pions along the trajectory of the incident
particle. At high energy, the time between two acts of emission in the laboratory

system is enlarged by the Lorentz factor [13, 14].

This is the origin of the 'Bremsstrahlungsanalogon' [15], on the basis of which the

general form for the hadron formation time is predicted to be

Eh. ,„,.
Th-T0 , ( l )

mh

where T0 is an unknown constant, which could be independent of the properties of the

hadron [16] or proportional to 1/m^ [17]. The possibility that Tf1 is proportional to the

energy of the struck quark (£quark ~ ")> nas als° been discussed [18].

Not much effort has been made to derive predictions for the hadronization length

from different fragmentation models, which are based on the QPM picture. One could
think of the possibility of applying the idea of the retarded photon emission to the

parton shower model, where the gluon may play the role of the photon. The effect
described by Frank originates from the quantum mechanical coherence. The ordering

of the gluon emission angles in a parton shower, which has been shown to be necessary
for the correct description of the data [19, 20], is also a quantum mechanical coherence
effect [21]. One great difficulty, however, is that the parton cascade has to be cut off
at some low value of Q-. As the main contribution to the formation time of a hadron

in this picture would come from the low Q2 part of the cascade, the prediction for Tj1

would be rather sensitive to this cutoff parameter.

2.3 Measuring the Formation Time in Lepton-Nucleus Scat-
tering

In the p.-oposed experiment we focus primarily on the measurement of the distribution
of the 'fast' hadrons in the current fragmentation region, i.e., the hadrons which take
a substantial fraction of the energy of the virtual photon. To be explicit, we propose

to measure the ratio of the hadron yields from the nuclear (A) and the deuterium (D)

10



targets:

(8)

for the hadrons carrying large energy fractions zh.

It is reasonable to expect that, in that kinematic region, the particle yield is domi-

nated by the events, in which no inelastic rescattering of the fast hadrons (or of that

part of pre-hadronic system from which the fast hadrons originate) took place. This

allows a rather simple interpretation of the experimental data: RA can be well ap-

proximated by the probability P0 that no such inelastic scattering happened inside the
nucleus. P0 depends on the cross-section for the (inelastic) rescattering and the length

of the path traversed by the system in question. Consequently, a measurement of the
ratio R^ gives information on that cross-section and on the formation time.

The existing data on RA [1, 2] were investigated in several papers [22, 23, 24,
25, 26, 27, 28] and some preliminary conclusions could be reached. At least three

phenomenological pictures were considered till now.

a) Direct production. It is assumed that the hadron produced at some point along

its path through the nucleus can be 'absorbed1 with the probability corresponding
to a typical hadronic inelastic cross-section of ~ 20mb. That allows to determine
the formation length at z^ « 0.3 (where the data exist). The ^-dependence of
the data turns out to be consistent with the formula

"F = V (9)

with /z K 25OMeV [22], but then one gets the attenuation strongly decreasing
with Zh, what is not confirmed by the data.

b) String model. The hadrons are produced by breaking of the colour string extended

between the kicked-out quark and the remnants of the broken nucléon. The

formation time is not well defined since various constituents of a hadron are
produced at different points, with Ar <

c) Gluon bremsstrahlung. The energy loss of the quarks of high virtuality Q2 is

dominated by the gluon emission [27]. The space-time pattern of that process

can be developed in analogy to that of the bremsstrahlung of accelerated electric
charges in QED.

The two latter cases will be discussed in more detail in the next sections.

11



2.4 String Model

In the string model [30, 31] the space-time structure of the hadronization process is
precisely denned. After the primary interaction, a colour string is spanned between
the knocked-out high-energy quark and the remnant part of the nucléon. Then, the

leading quark is decelerated by the colour field with the constant force K Ki I GeV/fm

(the string tension) till it looses all its energy at the time Tn^x — J//K. During that
time, the string is being broken by the qq pairs produced in the colour field. The
hadrons originating from the parts of the primary string are ordered in time, and thus,
can be numbered by their ranks [30, 32]. The energy fractions carried by the hadrons

of the subsequent ranks are determined by the fragmentation function.

In this context Chmaj derived the following expression for the formation time of a

hadron as a function of its energy [33]:

TV = ~2h(l-lnz t). (10)
Ki

That result is almost independent of the details of the energy scaling function of the

string (Lund) model. The subscript Y corresponds to the 'yo-yo' time, the time, when
the two constituents of the hadron meet for the first time. However, it is not evident

which time to choose for the formation time of the hadron because the two constituents
of one hadron are produced at different points, and the question of which time scale is

relevant for the calculation of the intranuclear interactions is open.

One can introduce a second time scale TC corresponding to the appearance of the

first constituent of the produced hadron [34]. Both in the string model and in the

hard-gluon bremsstrahlung model a relationship between these two scales exists:

TY-TC=ZhV/K. (11)

This relation is independent of the rank of the hadron. The two times differ mostly

for the largest energies of the hadron (zh —* 1) and they approach each other for small

values of zh (see Figure 3). Again, this result is independent of the parameters of the
string model; the only free parameter is the string tension K.

The existing data indicate [34, 22] that the constituent time (TC) determines the

moment, starting from which the inelastic interactions of the string can disturb the

production of the final hadron. Such a result can be explained by the soft colour-

exchange interactions of the ends of the string in the nuclear medium [23, 26, 28, 25].
This mechanism of interactions has also been applied to the simulation of the particle
production in the hadron-hadron collisions [35].

12



It has to be stressed that the string model, when applied to the production from

nuclear targets, indicates very strong attenuation of the hadrons carrying the largest

momenta — for r/, > 1 — TK/ v with r being the nuclear radius.

2.5 Gluon Bremsstrahlung Model

In this approach [25, 27], the formation time is defined as the time needed for screening

the initial quark colour, or production of a colourless wave packet, which does not

radiate and converts later into the final hadron. One expects a disappearance of that

formation zone //, if the energy fraction of the hadron ;/,-+! [34, 36, 37]. That follows

from the energy conservation, because the quark radiates hadrons and looses its energy

during the formation time. Thus, it has to convert into a colourless state quickly, in

order to keep the large part of the initial energy of the system. More precisely, at

large zh

'/<-(!---„). (12)
K

Here, K is the density of the quark energy loss per unit length.

At high Q2. the energy loss of the quark caused by the gluon bremsstrahlung can

be calculated in analogy to QED, and the result is [27, 38]

- T . (13)

The energy loss of the quark is found to be constantly distributed in time [38], like

in the string model. However, at large Q2, the gluon bremsstrahlung gives the main

contribution to «, considerably exceeding the static value of 1 GeV/fm. As the result

of the dramatic increase of Kcg with growing Q2 according to Eq. 13, the formation

length (12) contracts, and might become shorter than the nuclear size even at high

energies.

The nuclear attenuation is assumed to result from the interactions of the produced

colourless state with the nuclear medium. That colourless object interacts by exchang-

ing colour of its constituents with the nucléons. The cross section for such interactions

is determined by its transverse size, which is of about l/Q2 [39, 42]. Thus, in spite of

the fact that at high Q2 the formation length is very short, the attenuation is not as

strong as one could suppose. At high values of Q2 the cross section for the inelastic

interactions of the produced state is very small and the two effects almost cancel each

other. Nevertheless, some Q2 dependence of the nuclear attenuation remains in the
discussed model.

13



3 What Information Can Be Obtained by Mea-

suring Nuclear Attenuation at the EEF

3.1 Measuring Nuclear Attenuation vs. Parameters of the

Virtual Photon and of the Nucleus

The various models for the intranuclear interaction [34, 22, 26, 27] predict different

v dependences of the nuclear reduction of the fast hadron multiplicity. It has been

shown experimentally [1] that at high energies (v > 30 4- 50 GeV) the nuclear effects
are very small. Most of the models are in a reasonable agreement with the data in
this energy regime (see Figures 5 and 6). But at low energy a sizable reduction of the

hadron multiplicity in heavy nuclei has been observed [2]. However, with the limited
statistic in that experiment it was not possible to analyse the kinematic dependence of

those nuclear effects. Combining the result of the two experiments, one finds a strong
variation of RA(V) in the range of about ~ 5 -f- 25GeV. One of the primary aims of
the experiment proposed here, would be the precise measurement of RA(V) for leading

hadrons in this range.

The variation of v corresponds to a change of the time after which a final (leading)

hadron is created. This may happen outside the target nucleus even at moderately

high energies. Nevertheless, before the hadron is eventually formed, we can observe

the interactions of pre-hadronic states inside the nucleus. According to models, such an
intermediate state may be, for instance, a colour string or a colourless wave packet of a
small size. The energy transfer v (together with the size of the nucleus, being a function

of the atomic number A) is the parameter determining how significant the intranuclear
part of hadron formation is as compared to the entire hadronization process. Thus,
accurate measurement of the v- and .A-dependence of the nuclear attenuation would
test our knowledge about space-time evolution of the hadronizing system.

As mentioned already in Section 1.2, the A-dependence of the nuclear attenuation

ratio RA of leading hadrons could give us also information on their energy loss due to

the soft-gluon bremsstrahlung from high-energy virtual quarks in the early stage of jet
evolution.

14



3.2 Dependence of Nuclear Attenuation on Energy Frac-
tion Zf1

A very spectacular prediction of the string model is a drastic decrease of RA for large

2/,, i.e., a strong attenuation of very fast hadrons [22, 26]. On the other hand, one
could expect that the colour transparency phenomenon should dominate for 2/, —* 1
and give no dependence of nuclear attenuation of Z)1 in that limit [27]. The existing data
concerning the dependence of the nuclear attenuation ratio RA on the energy fraction

Zk of the produced hadron are shown in Figures 4 and 5 for two different energies v.

The SLAC data [2] are compared to the results obtained in the string model [26, 28]

and the gluon bremsstrahlung model [27]. The errors are too large to draw any firm
conclusions. Generally, the data indicate a stronger attenuation than any model. At

the moment, there are no data available in the most interesting region of z/, > 0.8,

where the predictions of the models differ very strongly.

The r/rdependence of the attenuation ratio reflects the nature of interactions of the
particles forming a jet with the nucléons. Thus, it is of great interest to measure the

attenuation precisely at that range of energy.

3.3 Broadening of p± Distribution and Low-Energy Nucléon
Rate

The comparison of px-distributions of hadrons carries additional information about the
interaction mechanism. Static forces, which retard an undressed quark should only lead
to an decrease of energy, whereas rescattering of either hadrons or quarks inside the

nucleus would increase the mean value of {px} of the hadrons observed. Thus the grade
of the correlation of the reduction of the hadron multiplicity and the broadening of the

transverse momentum distribution reveals the relative magnitude of the contribution

of the different interaction mechanisms.

Nuclear broadening of p^ distribution of inclusive electroproduction of hadrons is

mainly caused by reinteractions of the leading quark during hadronizav.ion and much
less by elastic rescattering of the produced hadron, or of the pre-hadronic colorless

state. So the string model predicts increasing energy dependence of the broadening,

as opposed to the gluon bremsstrahlung approach [4O]. Available data [1] demonstrate
that this broadening is much smaller than in Drell-Yan lepton-pair production [41] and

vanishes at high energies. This is in strong contradiction with the expectation of the

15



string model. It is highly desirable to have data at intermediate energies, where some

broadening was observed [I].

Similarly, a study of the low-energy nucléons knocked out by the hadronizing quark
gives essential information on its propagation in nuclear medium [29]. Complementary
to the measurement of the fast hadrons originating from the struck quark, we propose

to measure the number of nucléons in the energy range of several tens of MeV ejected

from the target. This number is the higher the more frequent the interactions which
the particles forming a jet undergo in the nuclear medium. It would be very interest-
ing to have a possibility to relate the number of interactions (hence, the number of

nucléons kicked out from the target) with the ratio RA. Then, one could estimate how

many interactions actually contribute to the observed energy loss of a fast hadron and
discriminate between different models of jet interactions with the nuclear matter.

3.4 Production of Hadrons of Various Flavours

Measuring the modification of the kaon to pion production ratio in lepton-nucleus col-
lisions in comparison to iepton-nucleon interactions can also provide much interesting

information. In the string model the effective attenuation of a quark at the early stage
of hadronization depends on hadron formation time and on the behaviour of the quark

fragmentation function in vacuum towards 2^ —v 1 [25]. The latter is strongly flavour-
dependent. As a consequence, production of fast kaons should be suppressed more

than that of pions. Moreover, negative kaons should be attenuated stronger than the

positive ones. Thus, such measurement will enable us to differentiate between various
mechanisms of strangeness production.

In most models, hadrons produced inside the nucleus are 'absorbed' with the cross

section corresponding to that of hadron inelastic interaction with a free nucléon. There-

fore, one should expect some flavour dependence of nuclear effects at the stage when

the hadrons are already created. However, the 'absorptive' cross section of a leading
hadron may be also related to 1/Q2 and, thus, it could be very small [27] (colour trans-

parency). In such a scenario, the flavour-dependence of nuclear attenuation should be

marginal for zh —> 1. Nuclear attenuation effects should be even more visible when

studying the production of forward baryons — due to the larger baryonic cross section

as compared to the mesonic one. The mechanism of baryon creation is more compli-
cated than that of mesons and still not very well understood. Therefore, a measurement

of baryon production on different nuclear targets is of particular importance for our

16



knowledge of hadron interactions.

Study of baryon electroproduction on nucléons is also interesting since it is believed
that two-quark correlation (diquarks) may be present in nucléons, giving rise to some
dynamical effects in deep-inelastic lepton-nucleon scattering [43]. A virtual photon can
interact not only with single quarks, but also with clusters of quarks. Such interactions

should have influence on the production yield of forward baryons.

3.5 What Is Unique about the European Electron Facility

Experimental studies of the inclusive hadron production from nuclear targets at high

energies (v > 5OGeV) cannot provide much information about the underlying physics,

since both the data and the models show almost no attenuation (R& K 1) in that
region. However, at the energies of the EEF of 3 GeV < v < 30 GeV, the ratio RA

appears to vary extremely strongly, the shape and even the magnitude of that variation
being hardly known.

The most interesting region of momenta of the produced hadrons is that of z^ >

1 — TKJV (T being the nuclear radius). At the high energies that region is very narrow,

it corresponds to the very high values of z^, and, because of the low statistics, is almost

not accessible at present. At the EEF that boundary of 2/, lowers and opens the field,
which could not have been investigated till now.

Data of high statistics will provide also possibility of studying the flavour depen-
dence of the nuclear attenuation, what could not be aimed at in the experiments
heretofore.
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Part II

Experimental Aspects

4 Proposed Experiment

4.1 Semi-Inclusive Hadron Production

As discussed in the preceding sections, the energy range where hadronization of the

struck quark is most sensitive to the nuclear medium is between 3 and 30 GeV. The
formation length is usually of the order of the nuclear size when the energy transfer

v is around 10 GeV, whereas at higher energies (y > 100 GeV) the hadronization

takes place mostly outside the nucleus. New experiments aiming at understanding the
influence of the nuclear medium on the hadronization process should therefore focus

on the energy range 2 < v < 30 GeV, which requires incident electron energies up to

30 GeV. This kinematic range was only marginally covered by the EMC experiment
[I]. The SLAC [2] experiment, though covering the interesting kinematic range, has
by 2 to 3 orders of magnitude too low statistics for a conclusive interpretation of the

data.

We propose to measure the semi-inclusive hadron production rates for pions, kaons
and protons, focussing mainly on fast hadrons which carry more than half of the energy

transfer (z& > 0.5), as a function of i/, mass number A, four momentum Q2, z/, and

P2L. Taking advantage of the 100% duty cycle of the electron beam, considerably higher
luminosities than those achieved at SLAC can be obtained. In this way, the required

increase in statistics compared to the existing data of réf. [2] can be reached. This will

allow a fine binning of the data in the variables J/, Q2, Zh, p\ with enough discrimina-

tive power to distinguish between the different theoretical approaches described in the
introductory section.

Attenuation ratio

The main observable of the experiment is the attenuation ratio RA defined in section

2.3. as a function of the mass number A , kinematical variables i/, Q2 and z^, and the

hadron type (TT, K, p). Alternatively, measurements of RA can be regarded as studies

of a possible /!-dependence of the fragmentation function D(Z) which can be derived

from RA- The actual experiment will involve measurements on the proton, the deuteron
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and several medium and heavy nuclei, the deuteron data serving as reference target
for the measurement of nuclear effects. We will also measure with higher precision the

fragmentation function Di1(Zh) of the proton and the neutron (deuteron) both in terms

of statistics and particle identification.
Attenuation ratios will be measured on a set of nuclei with largely different root mean

square radii. (e.g 4He 1.68 fm, 12C 2.47 fm, 40Ca 3.45 fm, 208Pb 5.5 fm). Apart
from the attenuation ratio, hadron multiplicities, angular distributions and transverse

momentum (PJ.) distributions will also be measured.

Strange baryon production

Nuclear attenuation effects are believed to be even stronger for baryons, due to the

larger baryonic cross section as compared to the mesonic one. As opposed to mesons,

the mechanism of baryon production is still poorly known and we aim at measuring the

forward produced baryon rate as well. In order to be sure that the detected baryons

originate from the hadronization process, we will focus on produced hyperons not

present in the initial nucleus.

Low energy hadrons
The main focus of the experiment is the detection of leading hadrons which carry

most of the energy of the struck quark, because the factorization of the semi-inclusive

cross section is assumed to be more reliable in this case. However, also the low en-
ergetic hadrons produced are of interest in order to measure the multiplicity and pj.
distributions, which also carry information on the hadronization process.

In addition to the measurement of the fast hadrons originating from the struck
quark, we will thus measure the energy deposited in the nuclear remnant. If the

hadronization takes place outside the nucleus, the residual nucleus is expected to have
a low excitation energy, whereas it will have a large excitation energy if the hadrons

are produced inside the nuclear radius. A measurement of the low-energy hadron
distribution and multiplicity would therefore be an important complement to the study

of the attenuation ratio [29]. Experimentally, it is much easier to detect low energetic

neutrons than charged particles, as these later compete with a huge electromagnetic
background and travel only a short distance in matter.
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4.2 Experimental Requirements

Figure 7 shows the kinematical domain accessible for De-p Inelastic Scattering in the
(i',Q2) plane for an incident electron energy of 15 and 30 GeV. DIS is defined here
as being above the nucléon resonances region, i.e. s = W2 = M2 + IMv — Q2

> 4 GeV2. It is clear that a new cvv electron machine of 15 to 30 GeV opens up the

v region between 5 and 25 GeV over a wide range of x (0-.85) and Q2 (1-25 or 50

GeV/c2). This domain is hardly covered by the SLAC or EMC experiments due to low

luminosities (SLAC) and high incident energies (EMC).

In order to determine the optimum detector specification for a hadronization ex-
periment, simulations with the Lund fragmentation model [30] were performed. The

angular and momentum distribution of the scattered electrons and emitted hadrons
are shown in Figure 8 for an incident energy of 15 Gev, C2 in the range 3 to 4 GeV/c2

and for W > 2 GeV. As expected, the electrons are strongly forward peaked, with an
almost flat momentum distribution up to 11.5 GeV. Hence, the electron angle coverage

need not to exceed 30°, what does not limit the Q2 range severely (Q2 < 17 GeV/c2,

see Figure 7). In order to cover the whole DIS domain, the minimum scattering angle

should be less than 5°, depending on the incident energy.

The hadron angular distribution falls off less sharply than the electron one, but
the most energetic ones are produced at forward angles. If we select only the leading

hadrons by putting a cut on zh > 0.5, (Figure 9), it becomes clear that all relevant
hadrons are produced at lab angles below 40°. The hadrons with momentum above
5 GeV are even produced in a cone of 20°. The hadron momentum may vary from a

GeV up to almost the incident energy. As for the electron, the leading hadrons, which
are emitted in a cone in the direction of the virtual photon with an opening angle of

3°, need also to be detected down to less than 5°.

Because the angle/momentum correlation looks very similar for all particles, a good

particle identification is necessary in the energy range up to 30 GeV. Fast calorimeters

and ring imaging Cerenkov counters (RICH), in combination with conventional time
of flight and dE/dx separation techniques, will enable particle identification over the
required range in energy. Specific details about the particle detection are given sep-

arately in the description of FAST [44] and MEMUS [45] detectors, elsewhere in this
document.

There is no special need for high momentum resolution for the semi-inclusive hadron

production, because DIS cross sections have a very flat energy dependence. Only a
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Detector parameter Specification

Angular acceptance

Energy resolution

Angular resolution

particle ID

electron energy

hadron energy

3° to 30-40°

about 1%

few mrad

e, TT, K, p

1 to 30 GeV

1 to 25 GeV

Table 1 : Detector requirements for semi-inclusive hadron production experiment

resolution better than the expected finest binning is required, a few percent being rea-
sonable. However, the granularity of the detectors may need to be better than required
by resolution, for the purpose of false track rejection and good vertex reconstruction in
high luminosity conditions. The angular resolution needs to be best for small scattering
angles, Q2 being proportional to sui2(Q/2).

The various detector requirements for the semi-inclusive hadron production are
summarized in Table 1. Luminosities are discussed in the next section.

Low energy neutron detection requires a large solid angle setup in the backward
hemisphere as they originate from the recoiling nucleus at angles typically larger than
60°. The useful neutron energy ranges from 1 to few tens of MeV. We plan to use

arrays of liquid scintillators about 10 cm thick to detect these neutrons, the detection
efficiency being typically a few percent. Neutrons are separated from gamma-rays by
pulse shape discrimination, and large area plastic scintillators placed around will act as
a veto for the charged particles coming from the target. This detection system will be
placed at 2 m from the target, allowing enough flight path to reconstruct the neutron

energy by TOF. A detailed simulation remains to be done to optimize the angular
coverage and the design of the system.
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4.3 Count Rate Estimates

Count rates for semi-inclusive hadronization experiments have been obtained by sim-

ulations based on the Lund fragmentation model [3O]. This generator is not designed

to evaluate precisely the physics to be explored with 10-20 GeV electron beams, but

it is suitable for a first order estimate. The Lund model reproduces the main trends of

the SLAC data and has the advantage of including complete particle decay schemes.

Deep-inelastic lepton scattering events are generated using the PEPSI or LEPTO

codes, which evaluate the DIS cross section formula involving FZ. The elementary

interaction between the virtual photon and the struck quark is generated with use of

the QCD cross section to first order in aa. The fragmentation into final hadrons is then

simulated with JETSET routines using the Lund model, the fragmentation functions

Dq
h(zh) used being of Field-Feynman type and adjusted to reproduce e+-e~ data.

A detailed account of the count rates for different experimental solutions is given in

the next section. To summarize, a few months of running time at luminosities exceeding

1034 cm^'.s"1 with a large solid angle device yields a statistical precision better than

1% in all (A*/=lGeV,AQ2=l GeV2) bins up to Q2=10 GeV2. This corresponds to an

improvement about a factor 1000 compared to the existing SLAC data [2]. This will be

sufficient to discriminate between the various theoretical hadronization models.

5 Experimental Setups

Most hadronization studies up to now have been performed with large solid angle de-

tectors, because they presented the highest figure of merit for the product luminosity

times solid angle. However, the strong kinematical correlation between the electron and

the fast hadron as well as the high luminosity available at EEF lead us to investigate

the feasibility of using two spectrometers. In this section, we discuss the advantages

and disadvantages of using one of the following detectors :

- the two spectrometer solution [46]

- the forward angle spectrometer FAST [44]

- the 4?r solenoidal detector MEMUS [45]
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5.1 Two Spectrometers

Compared to large solid angle devices, spectrometers have the drawback of having small
solid angles ( less than 10 msr). Nevertheless, the strong angular correlation between
the electron and the fast hadron implies that only one solid angle limits the counting
rate: the hadron spectrometer will be placed in the direction of the virtual photon

accepting a significant fraction of the cone of 3°. Furthermore, spectrometers allow
a very efficient shielding against neutrals and all the low energy charged background.

The high luminosities up to 1038 cm~2.s~l that are envisaged for a two-spectrometer
setup partially compensate for the small solid angles.

The small angular (10 msr) and momentum (10%) acceptance of the spectrometers

means that one setting corresponds to one bin in the kinematical variables i>, Q2 and
=h.. A good coverage of the DIS phase space requires many settings, what makes this

solution costly if the full phase space has to be covered. The large solid angle devices

on the other hand accept at once most of the whole phase space. We did estimate

counting rates for this solution for the v and Q2 dependence of the attenuation ratio

ft.4(i>,Q2), both for pions and kaons. Tables 2. and 3. summarize the amount of beam
time required per nucleus for the v dependence at Q2 = 4 and 10 GeV2 and the Q2

dependence at v — 10 GeV for a beam energy of 15 GeV and at fixed value of zh of
about .75. The luminosity is assumed to be 1037 nucleons.cm"2^"1, corresponding e.g.

to a beam current of 10 fi.\ on a liquid hydrogen target of 4 cm. The decay in flight
for both pions and kaons is taken into account: cr/m is 56 m/GeV and 7.5 m/GeV

respectively, so 90% TT'S and 45% K's survive in the detector stack at p « 5 GeV/c.
The study of hadron production versus Zh. from 0.5 to 1. would require 6 different

settings of the magnetic field in the hadron spectrometer for each value of v and Q2.

Hence, to study the attenuation ratio at fixed v = 10 GeV as a function of z/, (0.5 to
1. by steps of 0.1) and Q2 (2 to 14 GeV/c2 by steps of 2 GeV/c2), one needs over 1000

hours of beam time to achieve 1% statistical precision for each setting.

Because a large number of settings of the spectrometers are needed to cover a

large part of the phase space, time limitations imply that this solution is limited to

the exploration of only part of the selected kinematics. But an even more important

drawback concerns the access to the kinematics of Tables 2 and 3, which is limited

due to the minimum angle of the spectrometers with respect to the incident beam.

The spectrometers described in réf. [46] are limited to minimal scattering angles of

15°: that means zero phase space for DIS kinematics at incident energies above 15
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part

TT

K
ÎT

K

<?2

4

10

j/=5

Ih

2h

6

Ih
2h

7

Ih
2h

8

Ih

2h

3h

2Oh

9

Ih

2h

5h

25h

10

Ih

2h

1Oh

7Oh

11

12h

8Oh

12

2Oh

12Oh

13

5Oh

20Oh

total

6h

12h

10Oh

50Oh

Table 2 : Time estimates for the v dependence of semi-inclusive hadron production

on one nucleus with the spectrometer solution at L=I(P7 nucléons.cm~2 .s~l,

AH = 10 msr and Zh = 0.75 (to get 1% siat. precision for each setting)

part I v

TT II 10

K I

Q2=2

Ih
Ih

4

Ih

3h

6

Ih

1Oh

8

3h
3Oh

10

Uh
6Oh

12

16h

7Oh

14

3Oh

10Oh

total

63h

275h

Table 3 : Time estimates for the Q2 dependence of semi-inclusive hadron production

on one nucleus with the spectrometer solution at L=ICP7 nucléons.cm~2 .s~l,

AH = 10 msr and zh = 0.75 (to get 1% stat. precision for each setting)

GeV (see Figure 7); this minimum angle could be loweied to 10° with some loss in

solid angle, but a minimal angle of 5° is needed to cover a sufficiently interesting range

in (i/,Q2). Only dedicated spectrometer arrangements or use of septum magnets may

enable these small angles, but at the price of very small solid angles, KI 1 msr, what

would increase the aforementioned counting times by about a factor of 5 to 10.

5.2 Large Solid Angle Detectors

Large solid angle devices with electron and hadron detection capabilities operate at

lower luminosities than spectrometers, but enable the coverage of practically all the

phase space at the same time. The expected luminosities can be inferred Iu first order

form the SLAC experiments on hydrogen-deuterium [47] and Sn-Cu nuclei [2], taking

into account the huge gain in duty cycle expected for EEF. If we assume the gain to be

proportional to the ratio of duty cycles, luminosities above 1034 nucleons.cirT2^1 can

be obtained. This figure can even be higher if new high rate detection techniques are

used as well. Hence three orders of magnitude more statististics will be gained in the

same amount of beam time. We will now give quantitative estimates of counting rates
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[ Lum. nucl.cm"2^"1 |[ part | total | allows stat precision of |

1Q33

1034

1035

TT

K

TT

K

TT

K

12Oh

50Oh

12Oh

50Oh

12Oh

50Oh

<1% in all (Ai/=lGeV,AQ2=lGeV2)

bins up to Q2 = 4 GeV2

<1% in all (Aj/=lGeV,AQ2=lGeV2)

bins up to Q2 = 8 GeV2

<1% in all (A//=lGeV,AQ2=lGeV2)

bins up to Q2 = 14 GeV2

Table 4 : TZTTZC estimates for fast hadron (zh > 0.7) production on one nucleus with

a large solid angle detector for EO = 15 GeV

with large solid angle detectors, and then discuss the relative merits of the proposed
FAST and MEMUS detectors.

Counting time estimates summarized in Table 4 indicate that 1% statistical pre-
cision can be achieved in typically 100 (500) hours of beam time per nucleus for fast
pion (kaon) production (zh > 0.7) iii all bins of (i/,Q2) of size (1 Gev, 1 GeV2). The

counting rates are only weakly dependent on the energy transfer v but strongly depend

upon Q2. The maximum value of Q2 where 1% statistical precision can be achieved in
the indicated beam time is respectively 4, 8 and 14 GeV2 at luminosities of 1033, 1034

or 1035 nucleons.cm"2^"1. Of course considerable better precision is achieved in the
low Q2 bins.

Simulations of semi-inclusive hadron production have been performed with the

PEPSI code, assuming 250 hours of running time at a luminosity of 1034 nucl.cm^.s"1.

Angular acceptance is taken to be 3° to 25°, incident energy 15 GeV, invariant mass

W > 2 GeV and hadrons with momenta smaller than 0.1 GeV/c are rejected. Hadron
distributions as a function of zh are shown in Figure 10 for two ranges of Q2. Effects of
pion and kaon decay have been ignored. The hadron rates are dominated by pions, the

ratio îT/K/p being of the order of 4/1/.5, and decrease strongly with zh. The attenua-
tion ratio RA(v) at 3 <Q2 < 4 GeV2 for leading particles with zh > 0.5 is displayed in

Figure 11. In this simulation, the formation time is assumed to depend on the hadron

mass following réf. [48]: r — T0zv/mh, the quark-nucleon cross section is zero and
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the hadron-nucleon cross section is 20 mb. In Figure 12, results for the same quantity

for 40Ca are displayed, but now for two different models of the formation time. The

anticipated statistics clearly allow a definitive experimental conclusion on the various

possible models for the formation time. The simulation has been run for much less

events than would be collected in reality, thus explaining the larger variation in the

data than expected from the error bars. Note that a good ff/K/p separation is needed

in order to enable a discrimination between models on their possible dependence on the

hadron mass. Hence, it is clear that a large solid angle device operated at a luminosity

of 1(P* to 1CPS nucléons. cm~2 .s~l enables a very precise study of semi-inclusive hadron

production in terms of statistical accuracy.

5.3 Optimal Choice of Apparatus

From the discussion above, it is clear that the optimal choice of detector for the ex-

periment in terms of statistics is a large solid angle device. We discuss now how the

proposed large solid angle devices FAST and MEMUS match the specific requirements

of our experimental program in terms of kinematical coverage, flexibility and system-

atics.

As is evident from Figure 13 which shows a simulated deep inelastic scattering

event in MEMUS, hermetic 4?r coverage is not needed for detection of the fast hadrons.

The angular range only needs to extend up to 30-40° (see "experimental aspects").

The FAST detector has been specifically designed for this purpose and seems to be

more suitable, also considering cost constraints, although an improvement of the max-

imum angle from the presently foreseen 25° to 35° would be desirable. Concerning

particle detectors, both devices will be equipped with modern detectors (fast calorime-

ters, fast liquid-gas ring imaging Cerenkov counters, thin scintillating fiber chambers)

allowing separated detection of TT, K, p up to 30 GeV at luminosities of 1034-1035

nucleons.cm"2^"1. Research and developments for SSC and LHC detectors might en-

able us to access luminosities of 1036. Both FAST and MEMUS detectors will be

equipped with drift chambers of around 100 /im resolution and will match the re-

quired angular and momentum resolutions of Table 1. Hence both MEMUS and FAST

detectors are suitable for the proposed study of fast hadron production in the deep

inelastic region, although MEMUS is oversized for this purpose. The advantage of us-

ing MEMUS would be the possibility to study the complete fragmentation yield (fast

hadrons from struck quark versus slow hadrons from remnant diquark), as well as neu-
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tral hadron production like 7r°'s by making use of it's 4:r coverage of the electromagnetic

calorimeter.

The geometry of FAST allows a more flexible coverage of the large angle sector

were a neutron detector will be used for the thermalized energy measurement. A more
important advantage of FAST is that there is sufficient space available at the target

location for installing a fast changing target device, which was shown to be crucial in
the EMC experiment [1] to minimize the systematic errors in the measurement of the

attenuation ratio due to non constant efficiencies of the detector setup. Due to the high

intensity of the EEF beam, our experiment will make use of relatively thin targets (

about 100 mg/cm*) and systematic errors due to vertex reconstruction will be much

smaller than for the EMC experiment. Use of thin targets also allows to achieve higher
luminosities, because the low energy electromagnetic background scales as the target

thickness. We reasonably hope to maintain the total level of systematic errors below a
few percent.

To summarize, the FAST detector seems the most appropriate choice for studying

fast hadron production in deep inelastic scattering; the MEMUS detector may be used

as well, although with some limitation on the target space; a pair of spectrometers is

only useful for low background investigations of selected kinematics.



6 Conclusion

In this Proposal, we discussed an experiment that can be carried out at the European

Electron Facility (EEF) which addresses the issue of quark propagation and hadroniza-

tion in nuclear matter. Very little is known about the interaction of a colour string

with the nuclear medium. By measuring ratios of semi-inclusive hadron production

cross sections for heavy nuclei and deuterium, we will be able to observe attenuation

effects due to quark-nucleon interaction. In the energy range of EEF (3 to 30 GeV),

the existing models show maximum sensitivity of the observed attenuation ratio RA

to the energy transfer, hadron energy, hadron transverse momentum and hadron type,

but the existing data in this energy range have too small statistics to enable any con-

clusion about the importance of q-N interaction. Due to the high intensity and 100%

duty cycle of the EEF electron beam, 1% statistical precision can be achieved up to 25

GeV energy transfer and 15 GeV2 squared momentum transfer in a reasonable amount

of beam time. Such a precision is well sufficient to discriminate between the recent

models of quark propagation in nuclear matter.

We have investigated the feasibility of the experiment when using either a two

spectrometer arrangement to detect both the scattered electron and the hadron or a

large solid angle device. Although it offers the best background rejection, the two

spectrometer solution suffers the drawbacks of being limited in the detection of very

forward particles and of requiring a huge number of settings to cover an interesting

part of the phase space. We therefore consider it only useful for an investigation of

few selected kinematics, whereas the experiment will make use of a large solid angle

device allowing at once coverage of the whole phase space. Count rate estimates show

that the experiment can be carried out in approximately two months of beam time at

a luminosity of 1035 nucleons.cm^.s-1 with the FAST or MEMUS large solid angle
devices.
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7 Figure Captions

Fig.l. Hadron jet developing inside a nucleus.

Fig.2. Definition of the variables used to describe the hadronic final state

Fig.3. Formation time in the string model. The yo-yo time corresponds to the point,
where the two constituents of the hadron meet for the first time. The constituent

time is the time of creation of the first constituent of the hadron.

Fig.4. Nuclear attenuation ratio RA vs. the energy fraction carried by the hadron for
the Sn target. The data [2] are averaged over a broad range of v with an average
value of ~ 10 GeV. Theoretical predictions for the gluon bremsstrahlung model
[27] (dotted line) and the string model of réf. [26] (dashed line) and réf. [28] (full

line) are shown - see text for more details.

Fig.5. Nuclear attenuation ratio RA vs. zh at v = 35GeV in Cu. The string model [28]

predicts a very strong attenuation at the highest values of 2^ (curves as in Fig.4).

F5g.6. Dependence of the nuclear attenuation on v. The data are from SLAC [2] and
EMC [1] experiments. The gluon bremsstrahlung model [27] predicts a Q2 de-
pendence of RA (curves as in Fig.4).

F5g.7. Lines of constant XB, s = W"1, 0e/, Q^. (w 0/,) in the plane (//, Q2) (see text for
definitions).

Fig.S. Energy and angular distributions of scattered electrons and produced hadrons.

Fig.9. Correlation between momentum and angle in the laboratory for particles pro-
duced in deep inelastic scattering. E0 = 15GeV, 2 < v < 15GeV, Q2 > 1 GeV2,
zh > 0.5.

Fig. 10. ^-distribution for semi-inclusive hadron production in two different Q2 regions.

The top panel corresponds to 1.5 <Q2 < 7.5 (GeV/c)2. The calculations assume
a luminosity of 1O34Cm-2S"1.

Fig.l 1. Attenuation ratios for semi-inclusive scattering of 12C (top) and a fictious A = 208

nucleus with N = Z (bottom) as a function of the energy transfer v. The ratios
have been evaluated relative to deuterium with a cut on z, i.e., zh > 0.5. The

mass-dependent model of réf. [48] has been used to account for the attenuation.
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Fig.l 2. Attenuation ratios for semi-inclusive scattering off 40Ca as a function of the energy
transfer t/. The ratios have been evaluated relative to deuterium with a cut on Zh,

i.e., Zh > 0.5. In the top panel the same model [48] as in Figure 11 was applied,
while in the bottom panel the mass-independent model of réf. [18] was employed.

Fig.13. Pion production event in the MEMUS detector in the longitudinal view (e =
15 GeV, e' = S GeV, Q2 = 6 GeV2). The fast hadron here is the TT+.

30



References

[I] EMC, J. Ashman et ai, Z. Phys. C52 (1991) 1.

[2] L.S.Osborne et al., Phys. Rev. Lett. 40 (1978) 1624.

[3] L.S.Rochester, Phys. Lett. 36 (1976) 1284; D.L.Fancher, Phys. Lett. 37 (1976)

1323.

[4] J.D.Bjorken, S.D.Paschos, Phys. Rev. 185 (1969) 1975.

[5] R. Mc Elhaney, S. F. Tuan, Phys. Rev. D8 (1973) 2267; L. M. Seghal, Proc. of 8-th
Int. Symp. Lepton and Photon Interaction at High Energies, Hamburg 1977, 837.

[6] EMC, M. Arneodo et al., Z. Phys. C35 (1987)

[7] TASSO coll., M. Althoff et ai, Z. Phys. C22 (1984) 307.

[8] R.Baier, K. Fey, Z. Phys. C2 (1979) 339.

[9] EMC, J. Ashman et al., Z. Phys. C52 (1991) 361.

[10] EMC, M. Arneodo et al., Phys. Lett. 145B (1984) 415; EMC, M. Arneodo et al.,

Z. Phys. C36 (1987) 526; CLEO coll., S.Behrends et al., Phys. Rev. D31 (1985)
2161; TASSO coll., M. Althoff et al., Z. Phys. C17 (1983) 5.

[II] I. M. Frank, Izv. Akad. Nauk SSSR, Ser. Fiz. 6 (1942) 40.

[12] L. D. Landau, I. Y. Pomeranchuk, Dok. Akad. Nauk SSSR 92 (1953) 535 and 735.

[13] E. L. Feinberg, Soviet Phys. JETP 23, 1 (1966) 132.

[14] Y.N.Gribov, Soviet Journ. Nucl. Phys. 9 (1969) 369.

[15] L. Stodolsky, Proc. of 6-th Int. Symposium on Multiparticle Dynamics, Oxford
1975.

[16] A. Bialas, Acta Phys. PoI. BIl (1980) 475.

[17] N.N.Nikolaev, Z. Phys. C5 (1980) 291.

[18] A. Bialas, T.Chmaj, Phys. Lett. 133B (1983) 241.

31



[19] EMC, M. Arneodo et ai, Z. Phys. C36 (1987)

[20] JADE coll., W.Bartels et al., Phys. Lett. 101B (1981) 37.

[21] B. R. Webber, Nucl. Phys. B238 (1984) 492.

[22] A.Bialas, J.Czyzewski, Phys. Lett. B222 (1989) 132; J.Czyzewski, Acta Phys.

Pol. B21 (1990) 41.

[23] A. Bialas, Proc. of the Topical Conf. Electronuclear Physics with Internal Targets,

SLAC, Stanford 1989, page 65.

[24] N.A.Pavel, Nucl. Phys. A532 (1991) 465C.

[25] B.Z.Kopeliovich, Phys. Lett. B243 (1990) 141.

[26] M.Gyulassy, M. Plumer, Nud. Phys. B346 (1990) 1.

[27] B.Z.Kopeliovich, J.Nemchik, preprint JINR E2-91-150, preprint INFN-ISS

91/3.

[28] J.Czyzewski, P.Sawicki, Z. Phys. C56 (1992) 493.

[29] K. H. Hicks, Proc. of 4-th Intersection between Particle and Nuclear Physics

Meeting, Tucson 1991, page 742.

[30] B. Andersson et al, Phys. Rep. 97 (1983) 31; G.Ingelman, Lund preprint LUTP-
87-3 (1987).

[31] X. Artru, Phys. Rep. 97 (1983) 147.

[32] B. Andersson et al., Z. Phys. C3 (1980) 223; B. Andersson et al., Z. Phys. C9
(1983) 233.

[33] T.Chmaj, Acta Phys. Pol. B18 (1987) 1131.

[34] A. Bialas, M. Gyulassy, Nucl. Phys. B291 (1987) 793.

[35] K. Werner, Phys. Lett. 219B (1989) 111; K. Werner, P. Koch, Z. Phys. C47 (1990)
225.

[36] B. Z. Kopeliovich, L. I. Lapidus, Proc. of the VI Balaton Conf. on Nuclear Physics,
Balatonfured, Hungary 1983, page 73.

32



[37] B.Z.Kopeliovich, F. Niedermayer, Yad. Fiz. 42 (1985) 797.

[38] F. Niedermayer, Phys. Rev. D34 (1986) 3494.

[39] B. Z. Kopeliovich, L. I. Lapidus, Zamolodchikov, JETP Lett. 33 (1981) 612.

[40] J. Dalejshi, J. Hiifner, B. Z. Kopeliovich, to be published.

[41] NAlO, P.Bordalo et a/., Phys. Rev. D 193 (1987) 373.

[42] J. Bertch, S. J. Brodsky, A. S. Goldhaber, J. G. Gunion, Phys. Rev. Lett. 47 (1981)

297.

[43] Diquarks, Proceedings of the 1988 Torino Workshop, edited by M. Anselmino

and E.Predazzi, World Scientific 1989; M. Anselmino, E. Predazzi, S.Ekelin,

S. Fredriksson, D. B. Lichtenberg, Research report TULEA 1992:05, Lulea Uni-
versity of Technology.

[44] The Forward Angle SpecTrometer, Workshop on "European Electron Facility",
Mainz, October 7-9, 1992.

[45] Multiparticle Electroproduction Modular Upgradable Spectrometer, Workshop on
"European Electron Facility", Mainz, October 7-9, 1992.

[46] A pair of spectrometers for 15 to 30 GeV electrons, Workshop on "European
Electron Facility", Mainz, October 7-9, 1992..

[47] J.F. Martin et a/., Phys. Rev. D20 (1979) 5.

[48] F.E. Low and K. Gottfried, Phys. Rev. D17 (1978) 2487.

33



Figure 1



hadcon photon
plane

q e e

electron - scattering plane

Figure 2



0.5-

Figure 3



e + Sn -*• h"

< v > =10 GeV

1.0

0.5

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4



RA

0.8

0.6

0.4

0.2

JJ + Cu —• h

=35 GeV

gluon
bremsstrahlung

0.2 0.4 0.6

Zh

siring model

0.8 1.0

Figure 5



1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

string model

Q2 =6.5 GeV2

gluon bremsstrahlung

Q2 = IGeV2

50 100 150 200 250
^ IGeV]

Figure 6



E=15GeV

8 10 12 ,14
v (GeV)

E=3DGeV

4 -

S 12 16 20 24
v (GeV)

Figure 7



10s

CO
oc

<3io4

§

S
(O

I10'
O
O

Crosses - Kaons

Stars - Protons

5.0 10.0
Energy (GeV)

60.0 120.0 180.0
Angle (degrees)

Figure 8



: ^_^^

^ 14

"î 10
Cu

8u

6

4

2

1 n
0C

o "

Xl
a

CL 9-

•

3-i

\
t1 n -. U

"»

— ^~'-:i-*-' ""-s-" " V^

1 W^- V/:
•4.*".;... -. - .'•••.'

~ 'V^ '"-'""-'••: '-'• ' .' : - -•
" - " . ' . • • . ' • • ' ' ' - " . -

'•;'•_: '\ • ' . ' - • • ' . • - ' •

' •-.': • ' ' " ' - • ' : '- • '" . ''-, :• •
i i i i I i i i i I i • i" * t. i. J i . r i . i

J 10 20 30 4

Q,ob (deg)

TY+'"

_,

-

I T I I I I I i [ I I I — I — I — I — 1 — I — I J~~

O 10 20 30
QiQb (deg,

0 I

O

CL 9-

-
6-i

-
3-

-

,-*

0 1

1?15~

Ox
12^

a
CL 9-

6i
3^

'"
)

P

i

, -

'̂ *'1?''

) ' ' ' Vo' ' ' '21Q1 ' ' '31O' ' ' '41O
0,ab (deg)

K+'-

-
- ' ''''' ",. -L '-'

I I I ! I I I I I I I I I I 1 I I I I I

D 10 20 30 40
0,ob (deg)

Figure 9



8f

O
O

107 T 1 T

Circles - Pions

Crosses - Kaons

105

Stars - Protons

z distribution for Q2 = 2 GeV/c*

(O

I

Circles - Pions

10

10"

Crosses - Kaons

Stars - Protons

10'
z distribution for Q = 7 GeV/c

0.0 0.2 0.4 0.6 0.8 1.0

Figure 10



1.05

1.00

0.95

0.90

1.00

0.90

ce 0.80

0.70

0.60

0.50

Pions

Kaons

Protons

Pions

Kaons

Protons

Ratio of 12C to deuteron for z>0.5

Ratio of A=208 to deuteron for z>0.5

-I . 1 . 1 . L.

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
v (GeV)

Figure 11



1.10

Ratio of Ca to deuteron for z>0.5

1.00

Pions

oc 0.90

0.80

Kaons

Protons

1.00
Ratio of 40Ca to deuteron for z>0.5

0.90

0.80

0.70
Protons

0.60
0.0 5.0 10.0

V (GeV)
15.0

Figure 12



MEMUS detector longitudinal view 15GeV/c e- beam

n

Ty

V

100cm

Figure 13


